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The above figure shows various transformations possible using magnesium bis-
amides in organic synthesis. Additionally, the image “Doppelkopf” (1997), by the
Scottish artist Margaret Hunter, is used here to depict the divalent nature of mag-

nesium; this artist is represented within The Collins Gallery at the University of
Strathclyde.
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Magnesium Bisamides as Reagents in Synthesis

Kenneth W. Henderson*?! and William J. Kerr*!2!

@ N

Abstract: As part of the continued requirement for more
selective reagents in organic synthesis, magnesium bis-
amides are becoming established as a class of organo-
metallic bases with considerable potential. Their rela-
tively mild reactivity, combined with their high degree of
steric congestion, leads to a distinct class of reagents with
significantly different chemo-, regio-, stereo- and enan-
tioselectivities when compared with existing species and
protocols.

Keywords: aldol reaction - amination - asymmetric
Cynthesis - magnesium - N ligands )

Introduction

Magnesium bisamides, (R,N),Mg, have recently emerged
from relative obscurity and are fast becoming significant
agents for use in organic synthesis. In particular, their utility
thoroughly complements the use of lithium amides, R,NLi,
which are firmly established as one of the premier classes of
organometallic reagents.!]

With respect to the preparation of Mg anion (or bisanion)
species, traditionally a typical process would involve initial
lithiation of a substrate followed by a transmetallation
reaction with either a Grignard reagent or a metal halide to
introduce the desired cation.”! Clearly such methodologies
are problematic; the identity of the reactive organometallic is
somewhat ambiguous and commonly the generation of salts
within the reaction mixture introduces added complications,
especially in subsequent processes. These problems may be
overcome by the use of various ‘pure’ organometallic
reagents. In this respect, the use of magnesium-nitrogen
complexes in synthesis has mainly concentrated on the readily
prepared Hauser bases, R,NMgX (where X =halide); these
are simply accessed by the direct reaction of an amine with a
Grignard reagent.’! Indeed, these Hauser bases have been
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shown to be highly efficient in the formation of Mg enolates,
which further react in a wide variety of coupling processes.[*
On the other hand, a problem with these Hauser species is
their complex solution behaviour, where Schlenk-type equi-
libria occur.’] Nonetheless, now with the advent of simple
synthetic methods for the facile preparation of ether-free and
halide-free Mg bisamides, this latter family of compounds is
beginning to be studied as a distinct class of reagents in their
own right. In this respect, five key features of Mg bisamides
combine to make them excellent candidates as reagents in
synthesis: 1) their solution aggregation is generally simple and
predictable, 2) both homo- and heteroleptic Mg organo-
metallics are readily attainable, 3) the divalency of magne-
sium, coupled with the previous point, allows for the use of
both a reactive anion and a spectator anion, 4) they are easily
prepared in highly purified form, and 5) they are less reactive
and more thermally stable than their lithium analogues
leading, in turn, to selectivity differences between the two
different sets of bases. This article will detail the methods
available for the preparation of Mg bisamides, highlight a
series of applications in which these bisamides have been
found to be useful and, in addition, give a flavour of the nature
of the organometallic intermediates involved in their reac-
tions.

Preparation of Magnesium Bisamides

A number of routes to Mg bisamides have been developed.
These include the direct reaction between the metal and a
protic amine,[® 7 various transmetallation strategies,®! dispro-
portionation of alkylmagnesium amides,””) and transamination
reactions!!”! (Scheme 1). On the other hand, the most
straightforward and most routine synthesis involves the
reaction of a dialkylmagnesium with two equivalents of

heat or current

2R,NH + Mg Mg(NR2)2 + Ha

Hg(NR2), + Mg

Mg(NR2)2 + Hg

2RMgNR', Mg(NR»), + MgR,

Mg(NRy), + 2R',NH Mg(NR'5), + 2R,NH

2R,NH + R,Mg Mg(NR;), + 2RH ]

Scheme 1. General preparative methods for magnesium bisamides.
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amine.['!l In some instances, the amination reaction ceases
after the transfer of one amino function but gentle heating of
the reaction mixture is usually sufficient to ensure complete
conversion to the bisamide. Without doubt, this route is now
the method of choice since ether-free Bu,Mg (supplied as a 1:1
mixture of n- and s-butyl, with 5% n-octyl, in heptane) has
become commercially available (Aldrich).['”

Solution and Solid-State Structures of Magnesium
Bisamides

Bn Bn
4
,N\ 2 equiv HMPA
anN*Mg /MQ*Nan —_—
N
IS
Bn Bn
Bn = CH,Ph

HMPA = OP(NMe,)s

solvation.

The simple bisamide (Me,N),Mg is believed to be polymeric
in structure and consists of linked Mg,N, rings.''l However,
when bulky amides are utilised, the aggregation of the
complexes is generally limited to either monomers or
dimers.'*! Indeed, this specific feature will be advantageous
in the use of these complexes as selective reagents, since easily
reproducible solution aggregation is possible. In turn, this will
allow transformations to be accomplished in an identical

physical environment for each molecule. Importantly, this is in

selectivity in many instances.

Bn Bn
4
BnyN, /N*
Mg Mg
HMPA" N I/Nan

2 equiv HMPA

BnoN
2 3
Mg..

HMPAY B2
HMPA

Scheme 2. Magnesium bisamide aggregation dependence on HMPA

Reaction Chemistry of Magnesium Bisamides

Magnesiation: Removal of an acidic proton by a Mg bisamide
is a versatile reaction akin to that of the widely used lithium
amides. However, the reactivity (and thermal stability) differ-
ences between the bases leads to differing and complementary

stark contrast to the well-studied and highly complex solution

chemistry of the analogous lithium reagents.['4]

With the Mg systems, the position of the solution equilibria
is dependent on the size and nature of the amide, the
concentration and polarity of the solution, and the stoichi-

ometry and denticity of any Lewis bases present

Scheme 2).181 In general, monomers are prevalent in highly
polar solvent media or in the presence of two or more
equivalents of strong Lewis bases such as hexamethylphos-
phoramide (HMPA). Higher aggregation of magnesium-
nitrogen complexes can however be achieved using speci-
alised ligand systems such as dianionic amides and imides

(RNZ—).[IS]

Eaton first developed the use of magnesium bis(2,2,6,6-
tetramethylpiperamide), (TMP),Mg, as a selective proton
abstractor (Scheme 3).['l Of particular note, is the ease with
which ortho-magnesiation reactions can be accomplished in
the presence of esters, which are normally more susceptible to
nucleophilic attack using conventional Li-based reagents.
Furthermore, the mild reactivity of the Mg reagents allows the
carbocubane systems to be selectively monometallated (ad-
jacent to each amide unit) and subsequently carboxylated.

As can also be noted in Scheme 3, THF solutions of the
base (TMP),Mg were found to be stable on heating to reflux
over several hours, opening up its application with relatively
unreactive or low solubility substrates. In a similar ‘high-

(e.g.

CO,CHs

CONiPrz
CO,CH
N 2 3
=
H3CO,C CON/Pry
< CO,CH3 CO,CH3
A<CONIPT2 @ /Nlpfz
TMP),M
%CONPI‘Z
Pr,NOC CONEt,
<> CONEt,
HsCO,C CONEt CO2CHs CO,CH3
CON/Pr, CO,CHg
CONEt, "
Pr,NOC HCO,C
CO,CHs CO,CH3
CONEt, CONE,
CO,CHg 3 : 1
CONEt,

Scheme 3. Carboxylation reactions using (TMP),Mg. Reagents and conditions: THF, CO,, CH,N,, temperatures: between room temperature and reflux,

45 min to 2 h. Yields: >80%.
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temperature’ metallation strategy, indoles may be deproto- o OTMS OTMS
nated exclusively at the 2-position by (iPr,N),Mg. Subsequent Ph ijph (R2N)Mg Ph Q\ . ph Q\/Ph
quenching with a variety of electrophiles leads to 2-subsituted \
indoles in good to excellent yields (Scheme 4).['7] E Ph 5
R =Pr 91 : 9
R' R = Me;3Si: 98 . 2

R

(ProN)Mg + @j THF, RT, 1.5h m Scheme 6. Highly E-stereoselective enolization reactions. Reagents and
N -PrNH N MaNRPr conditions: heptane, THF, Me;SiCl, —78 or 0°C to room temperature, 3 —
R R gNIPT2 18 h. Conversions: >90%.

R = SO,Ph or CO,Bu

R'=H, Me, CO,Me or CN

E = CH(OH)Ph, |, CO,Me, CH,CH=CH, or Ph

Electrophile

characterized the organometallic produced in the reaction of
THF, RT, 12h

{(Me;Si),N},Mg with propiophenone (Figure 1).['1 The com-

R plex is dimeric and, significantly, contains a 65:35 ratio of E to

Z isomers of the enolate, which represents an unusually high

level of stereoselection for the kinetic product of this
R enolate.*!

Scheme 4. Substiution of 1- and 1,3-substituted indoles. Yields: 44-93 %.

Overall, the main advantage of the Mg base approach for
direct magnesiation is the ability to carry out these reactions
at ambient temperature, whereas the lithium-mediated reac-
tions are routinely conducted at low temperatures due to the
instability of the reagent or metallated substrate.

Regio- and stereoselective formation of enolates: Mg bis-
amides can also be used as strong and selective bases in the
formation of synthetically useful enolates. In this respect,
Bordeau et al. have demonstrated that Mg salts of 2-pyrro-
lidone and hexamethyldisilazane, formed by electrochemical
methods, react with a range of unsymmetrical ketones in a
highly regioselective fashion to give predominately the kinetic
enolates (Scheme 5).[518]

In addition, these bases afford high levels of selectivity in a
stereochemical sense. Interestingly, by utilising magnesium
bisdiisopropylamide, (iPr,N),Mg, prepared from Bu,Mg and
diisopropylamine, high levels of (E)-silyl enol ethers may be
prepared from benzylic ketones (Scheme 6).'%! Our own
work in this area has concentrated on utilising {(Mes-
Si),N},Mg, prepared from Bu,Mg and hexamethyldisilazane,
as a sterically encumbered base.['”] These studies indicate that

Figure 1. Molecular structure of [{(Me;Si),NMg{u-OC(Ph)=CHMe}-
THF},] (only the E isomer is shown).

even higher levels of regio- and stereoselectivity can be
achieved compared with the electrochemically generated base
or (iPr,N),Mg. Furthermore, we have also crystallographically

OTMS

. _Ph
Ph)\/ Ph)J\/ Ph
100%, Z
{(Me3Si)2N}Mg
'electrogenerated’

Ph/K/ )\j)\

100%, Z

HMPA, Et,NBF,, Me;SiCl, —78°C, 3 h. Conversions: >95%.

Chem. Eur. J. 2001, 7, No. 16

OTMS

T e slel

OTMS
)\K * =
97 : 3

Scheme 5. Regio- and stereoselective enolization reactions. Reagents and conditions: dimethoxyethane (DME),

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Aldol additions: We have recently shown that Mg enolates
generated from Mg bisamides can be utilised in aldol addition
reactions using alkyl, aryl and cyclic ketones.?!l As shown in
Scheme 7, these reactions are
significant in that the self-cou-
pling of ketones in aldol reac-
tions to give tertiary S-hydroxy-
ketones are also possible.
More specifically, these trans-
formations are achieved princi-
pally by the use of relatively
OTMS high reaction temperatures
ranging between 25°C and
60°C. Such conditions are a
notable departure from the
widely used lithium-mediated
aldol additions, where increas-

OTMS
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o 203 O OH
{(Me3Si),N}Mg ) + k% )k /E ,
R? R? R3R

Scheme 7. Aldol additions mediated by {(Me;Si),N},Mg. Reagents and
conditions: hexane, —78 °C, 30 min for aldehyde additions; room temper-
ature to reflux for ketone additions. Yields: 38-94%. R! =alkyl or aryl;
and RZ=R! R3=Me; or RZ=Ph, R*=H.

ing the reaction temperature results in retro-aldol processes
and also elimination of LiOH to give enone products.?

The thermal stability of the Mg aldolates is most likely a
consequence of the strong chelation of the carbonyl function
with the highly Lewis acidic metal within their dimeric
structures. The amide/aldolate shown in Figure 2 is derived
from the self-coupled aldol reaction between pinacolone and
{(Me;Si),N},Mg.

An interesting point to note is that the bisamide has
mediated the reaction of two equivalents of ketone to produce
an aldol product, even though a reactive amide function is still
attached to the enolate intermediate (cf. Figure 1). The
preference for the aldol addition is rooted in the preferential
energetics of this transformation compared to bisenolate
formation. However, we recently revealed that bisenolate
formation can, indeed, be a viable alternative reaction
pathway on the addition of two equivalents of ketone to a
Mg bisamide (Scheme 8).?21 The specific outcome of these
reactions is determined by a combination of factors including
the steric and electronic nature of the ketone, the solvent
media employed, and the reaction temperature.

Bisenolate formation has been definitively confirmed
through the structural analysis of the product of the reaction
between 2.4,6-trimethylacetophenone and {(Me;Si),N},Mg

Figure 2. Molecular structure of [{(Me;Si),NMg(u-OC(Me)rBuCH,C(tBu)=0)},].

3434
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R
a %0 Mg
o / 2
OMgNR, +J\ “RoNH
R R \ [0) OMgNR,
° M

R R

Scheme 8. Formation of a) bisenolate or b) amido(aldolate) via an
amido(enolate).

(Figure 3). A fascinating aspect of this unusual tetrameric
complex is the coordination of ketone in the presence of
enolate, that is, this can be viewed as a pre-aldol intermedi-
ate.[” This supports the assessment that formation of an aldol
product in this instance is unfavoured. The elucidation of
these ‘intermediates’ has proved, and will continue to be, vital

CHj
Figure 3. Molecular structure of [Mg,{OC(Mes)=CH,}s{O=C(Mes)Me},],
where RO = (Me;C4H,)C(O)=CH, Mes =2,4,6-MeC¢H,. All carbon atoms
are omitted for clarity, except the a-carbon atoms of the bridging enolates.

in aiding our understanding of
the reactivity and selectivity of
these Mg-mediated reactions.

A final point to note about
these reactions is that alde-
hyde can be added to the base
before addition of the ketone,
without the formation of aldi-
mine or other addition prod-
ucts.?!! This allows the use of
an in situ trap for the enolate,
which has a close parallel with
the Corey internal quench
procedure for the synthesis of
silyl enol ethers in lithium-
mediated enolization reac-
tions.’]

Asymmetric synthesis: Evans
and Nelson first illustrated the
potential of Mg bisamides in
asymmetric synthesis by the
enantioselective amination of

0947-6539/01/0716-3434 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 16
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02?
6 o Ph, N
O)kN)JvAr + ): Mg BocN=NBoc
/ % D-
\ ; Ph ’}‘ 20 mol% p-TosN(H)Me
0,8
Boc = COzc(CHg)g
10 mol%

Scheme 9. Enantioselective amination reactions. Where Ar is for example Ph, p-F-C¢H,, p-CH;0-C¢H,, 2-C, H,.
Reagents and conditions: CH,Cl,, —65°C, 4872 h. Yields: >80 % and e.r. values range between 90:10 and 95:5.

N-acyloxazolidinones (Scheme 9).?%) These reactions are not
only highly enantioselective but are also catalytic in the chiral
reagent.

Our own efforts in this area have concentrated on the
enantioselective deprotonation of conformationally locked
ketones. Initial results in this field have proved to be highly
promising and, as Scheme 10 shows, very high levels of
enantioselection can be achieved.?"]

The most remarkable feature of these reactions is the level
of asymmetric induction produced using a structurally very
simple amide base. For comparison, the enantioselective
deprotonation of tert-butylcyclohexanone using the lithiated
derivative of the same amine, (R)-N-benzyl-a-methylbenzyl-
amine, gives a much-reduced enantiomeric ratio of
75.5:24.5.281 The Mg-based approach offers an advantage to
existing methods in that the amine is commercially available
(Aldrich) and is relatively inexpensive. In addition, the more
practically acceptable additive N,N'-dimethyl-N,N'-propylene
urea (DMPU) may be used to replace HMPA with compa-
rable conversions (R=tBu; 89%) and enantioselectivity
(R=1Bu; 90:10 e.1.).

The deprotonation of cis-2,6-dimethylcyclohexanone shows
an excellent e.r. of 97:3 using the Mg base, and is a dramatic
improvement over the analogous lithium-mediated reaction
using the same base, where a very modest 64.5:35.5 e.r. was

B g
i N/\Ph | /

o
R
R a
b
o}
MeW)H,Me
~ Me

OTMS

R = Bu : conv. 82%, 91:9 e.r
R =Ph: conv. 79%, 87:13 e.r.
R = Me : conv. 81%, 91:9 e.r.
R = nPr : conv. 88%, 88:12 e.r.
R = /Pr:conv. 77%, 95:5 e.r.

OTMS

Scheme 10. Enantioselective deprotonation and silyl enol ether formation. Reagents and conditions: a) THF,
0.5 equiv HMPA, trimethylsilyl chloride (TMSCI), —78°C, 1 h; b) THF, 0.5 equiv HMPA, TMSC], 6 h.

Chem. Eur. J. 2001, 7, No. 16

Me
-78 °C, 17% conv., 97:3 e.r.
-60 °C, 86% conv., 93:7 e.r.
-40 °C, >99% conv., 92:8 e.r.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

achieved using acetic anhydride
as a trapping agent./””! Further-
more, the high degree of selec-
tivity of the Mg-based trans-
formation is not unduly affect-
ed by significantly raising the
reaction temperature (—78°C
to —40°C) but the conversion
achieved increases substantially
(17% to >99%). The potential
to carry out these reactions at
elevated temperatures is clearly
exciting in terms of the more
widespread use of the Mg re-
agents. Also of note, is that by
changing the ketone to cis-2,6-diisopropylcyclohexanone we
have been able to achieve the highest asymmetric induction
yet observed for such an enantioselective deprotonation
reaction (Scheme 11).53%

o o
O)J\N)JVN
\_/ =

cN
N(H)Boc

O OTMS

Pr Pr + /L M iPr. N Pr
9
P >N Ph/p

54% conv., >99.5:<0.5 e.r.

Scheme 11. Enantioselective deprotonation of 2,6-diisopropylcyclohexa-
none. Reagents and conditions: THF, 0.5 equiv HMPA, TMSCI, —78°C,
39 h.

Finally, the development of solid-supported chiral amines,
and ultimately supported Mg amides, affords certain practical
and economic advantages: 1) ease of reagent removal and
subsequent chiral analysis, 2) re-use of the valuable amine
moiety, and 3) the possible development of libraries of chiral
amine units. Our initial studies in this area have shown that
the chiral Mg amide reagents derived from reaction of
Merrifield or soluble polystyrene resins (A and B) with
Bu,Mg, have already proved capable of inducing good levels
of enantioselection (Scheme 12).531

Other transformations: San-
chez and co-workers have de-
veloped the use of Mg bis-
amides containing a f-hydro-
gen atom to act as selective re-
ducing agents.”? By using
(iPr,N),Mg in nonsolvating me-
dia, such as cyclohexane or
n-heptane, the reductions of
carbonyl, nitro, nitroso and
azo compounds are possible
(Scheme 13). These reactions
exemplify the inherent weaker
metallation ability of the Mg
bases compared with their Li
counterparts, which lead to al-
ternative reaction pathways.[!
Amidations are also possible
through the direct reaction of a
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OTMS
resin A or B, BupMg,

TMSCI, 0.5 equiv DMPU,
THF, -78°C, 75 min

resin A resin B

- Merrifield resin: 77:23 e.r.

Scheme 12. Solid-supported enantioselective deprotonation reactions.

OH Ar—N=N—Ar )ci'
R/ﬁ)\R o Ph R
R RNAR ArNO,
R or ArNO [e)
Ph)J\R
(iPraN),Mg
NO,
Ar—N=N—Ar
: l\\/¢0 NHOH
ArNH,

bm

Scheme 13. Reduction reactions. Reagents and conditions: cyclohexane or
heptane, >75°C, 1.5 to 48 h.

Mg bisamide with a carboxylic acid or carbon dioxide,
resulting in the formation of carboxamides and bis(N,N'-
diorganocarbamoxy) compounds respectively, in good yields
(Scheme 14).1% These procedures again provide an alterna-
tive to existing, and more traditional methods.

R3CO,H RC(O)NR'R?
a

(RIR?N),Mg
b

€O, (RIR2NCO,),Mg

Scheme 14. Amidation reactions. Reagents and conditions: a) heptane/
CH,Cl,, 65°C, yields: 52-89 %; b) alkenes, room temperature, yields: 60—
89%.

Conclusion

In summary, Mg bisamides offer an exciting alternative to
existing metal bases in a number of applications. In combi-
nation, their properties of strong basicity, weak nucleophilic-
ity, good thermal stability, high steric encumbrance, and more
simple solution aggregation behaviour, lead to them possess-
ing excellent properties as highly selective reagents in syn-
thesis. The divalency of the metal, allowing formal bonding
with two anionic ligands, clearly also has significant conse-
quences on both the reactivity and selectivity of the Mg
bisamides compared with similar lithium reagents. Indeed, the
Mg reagent can be designed to formally bond simultaneously

3436 ——

- soluble polystyrene resin: 85:15 e.r.
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to two dissimilar units, each with potentially differing
reactivities, opening up numerous possible heteromolecular
transformations. Indeed, our current work on asymmetric
addition reactions indicates that this methodology is robust.
The future of these reagents in organic synthesis certainly lies
in their use in a variety of stereoselective and asymmetric
applications, and those outlined in this review already show
outstanding promise.
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The novel disc-like molecule It is one of the largest alkoxide
[Mn,05(moe) 4(moeH),] - molecules as well as one of
MOEH (MOE =O0OC,H,OCH,) very few Mn alkoxides report-
can be prepared by metathe- ed. The solubility and reac-
sis from MnCl, and potassium tivity, together with the layer
methoxyethoxide, and its solid- structure, make it a very good
state structure has been precursor for Mn-containing
determined by single-crystal ceramics based on MnO,
X-ray diffraction. layers.

For more information see the following pages.
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Preparation, Structure, and Properties of a New Giant Manganese
Oxo-Alkoxide Wheel, [Mn,,0,,(OC,H,OCH,),,(HOC,H,OCH,),] -

HOC,H,0CH,

I. Annika M. Pohl,* L. Gunnar Westin,*! and Mikael Kritikos!"!

Abstract: Alkoxides are of great inter-
est as precursors for sol-gel processing of
advanced ceramic materials, but there is
very little general knowledge about the
low-valent 3d-element alkoxides. The
novel oxo-alkoxide, [Mn;yO;,(moe)y-
(moeH),(]-MOEH  (MOE =OGC,H,-
OCH;), was prepared, by metathesis
and auto-decomposition, from MnCl,
and potassium methoxyethoxide in tol-

wR2=0.1609. The individual molecules
are shaped as flat discs and all Mn atoms
are divalent and octahedrally coordinat-
ed by oxygen atoms in a CdI,-type layer
structure. The central Mn atom is coor-
dinated by six u;-oxo atoms, the six
middle ring Mn-atoms by two u;-0xo
atoms and four MOE(H) groups, while
the peripheral ring contains twelve Mn
atoms coordinated by one u;-oxo atom

and five MOE(H) groups. Differential
scanning calorimetry studies showed
that the first and irreversible changes
start at about 100°C. The continuous
decrease of y 7' with decreasing temper-
ature below 150K in the magnetic
susceptibility measurements is probably
due to antiferromagnetic interactions.
FTIR and UV/Vis spectroscopy of solid
and dissolved samples showed that the

uene/MOEH, and the solid-state struc-
ture was determined from single-crystal
X-ray diffraction data: trigonal cell,
space group R3 (no. 148), a=27.560(3),
c=192942) A, Z=3, R1=0.0737

Introduction

Alkoxides are the most popular precursors for the sol-gel
processing of complex high-tech ceramics in the forms of thin
films and nanophase powders. Their popularity stems from
the extensive possibilities of adjusting the properties by
varying the alkyl parts of the alkoxo groups and from the
possibility of introducing two or more different types of metal
ions into the same molecule through sharing of alkoxo
bridges. Thereby, heterometallic precursors are obtained that
provide an atomic-scale mixing of the constituent metallic
elements. The extreme homogeneity of the metal composition
is valuable when the target ceramic materials are prepared at
low temperatures; this reduces the loss of volatile oxides,
prevents unwanted reactions with film substrates and permits
one to obtain metastable amorphous or crystalline oxides.
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solid-state structure changes at least to
some extent on dissolution in toluene/

structural elu- MOEH.

Many functional ceramics contain low-valent 3d elements,
but comparatively few studies have been conducted on
alkoxide precursors for these materials, even for the homo-
metallic alkoxides, and reliable high-yield synthetic routes
and structural data are very rare. Instead, mixtures of
alkoxides and 3d-element salts are normally used as precur-
sors; this limits the possibility to control the particle size,
crystallisation and oxidation state of the ceramics, and
normally increases the preparation temperatures.

Manganese-containing materials have received much inter-
est lately, and a wide span of applications are in actual or
intended use. Perhaps the most rapidly growing interest has
been devoted to the preparation and studies of Lag4;Cagss-
MnO; and its derivatives; this is due to the fact that the
highest Colossal Magnetic Resistance (CMR) effects known
today are found in these compounds.['*l Other manganese-
containing ceramics have also proved interesting from a CMR
point of view, for example, (La,Sr)MnO;* * and T1,Mn,O,.1 7]
A large number of simple or complex oxides, such as Mn
oxides, Mn-substituted perovskites and barium hexaalumi-
nates are of interest as various types of catalysts,®l and the
spinel LiMn,0y is being investigated as a cathode material in
high-performance batteries.) The compound hex-YMnO; has
attracted attention as a candidate for magnetic data storage
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with less severe fatigue problems than the presently used
piezoelectric transducer (PZT).'™"3l A large variety of
manganese spinels with designed hard or soft magnetic
properties are already used in many applications.['*]

The manganese alkoxides form one of the least studied
alkoxide systems. Only a few synthetic routes have been
reported, and some of them are questionable, since the
materials are reported as dark brown or black viscous liquids,
which indicates extensive oxidation. Almost all of the divalent
manganese alkoxides are insoluble polymers, for example,
[(Mn(OMe),},], [{Mn(OEt),},] and [{Mn(OiPr),},], or are
soluble only with the aid of bulky alkoxo groups and adducts
that contain strong donors, for example, pyridine and
tetrahydrofuran.'> 91 For alkoxo groups that solely contain
hydrocarbon radicals, only very large R groups result in
soluble compounds, for example, R=OCH(Pr),.'"”V The
structures of some heterometallic alkoxides containing man-
ganese are known: [Ge,Mn(OrBu),],['*! [Mn,Sn,(OBu),],['*!
[Mn,Sb,(OEt)6],1  [Mn,Sb,O,(OEt),s(HOEL),]?  and
[MngSb,04(OEt)y] .1

In the search for a soluble Mn alkoxide for sol-gel
processing, we found that the manganese methoxyethoxide
has a high solubility in suitable organic solvents such as
toluene/MOEH (MOE = OC,H;OCHj;). After crystallisation
and structure determination, the alkoxide turned out to have
the composition [Mn,;,0;,(moe),,(moeH),,] - MOEH. To our
knowledge, this is the largest molecular methoxyethoxide
reported. The number of structurally determined methoxy-
ethoxides is small, but a few other divalent compounds have
been reported: [Pb(moe),},], which consists of linear
chains,®! and [Cag(moe),gs(moeH),], which consists of non-
anuclear molecules in a coplanar CdI, layer structure.” The
[Cu(moe),] compound, for which the structure has not been

Abstract in Swedish: Alkoxider dr av stort intresse som
utgangsimnen for sol-gel-framstillning av avancerade kera-
mer, men det finns mycket lite av ens elementir kunskap om
ldgvalenta alkoxider av 3d-element. Den nya oxo-alkoxiden
[Mn,;,0,(MOE),(MOEH),,]- MOEH (MOE=O0C,H,0-
CH;) framstilldes, genom metates och sjilvnedbrytning, ur
MnCl, och kalium metoxy-etoxid i toluen/MOEH, och krist-
allstrukturen bestimdes med enkristall-rontgendiffraktion:
trigonal cell, rymdgrupp R3 (no 148), a=27560(3), c=
19.294(2) A, Z=3, R1=0.0737, wR2=0.1609. De enskilda
molekylerna har formen av platta skivor, med en lagerstruktur
av Cdlytyp, dir alla Mn-atomer dr divalenta med oktaedrisk
koordination av syreatomer. Den centrala Mn-atomen koor-
dinerar sex oxo-syren, den mellersta ringens sex Mn atomer tva
oxo-syren och fyra MOE(H) grupper, medan den perifiera
ringens tolv Mn-atomer vardera koordinerar ett oxo-syre och
fem MOE(H)-grupper. Studier med svepdifferentialkalorimet-
ri (DSC) visade att den forsta forindringen sker med borjan
vid ca 100°C. Den magnetiska susceptibilitetskurvan visar att
xuT kontinuerligt minskar med sjunkande temperatur under
150 K, vilket troligen beror pd antiferromagnetisk viixelverkan.
FTIR- och UV/Vis-spektroskopi pd fasta och upplosta prover
visade att strukturen i fast tillstand dndras dtminstone i viss
utstriackning vid upplosning i toluen-MOEH.
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reported, is not very soluble, but soluble Cu alkoxides can be
prepared using stronger donor-atoms in the ligands, as in the
nitrogen-donor containing [Cu(OC,H,NMe,),],*!! or by add-
ing more ether oxygen donors that can interact with the
solvent or form more extensively chelated complexes.?> ]
With higher metal-ion valencies, the methoxyethoxides are
usually soluble, for exmple [Gd¢O(MOE)], [Y(MOE);],,
[{Bi(MOE);}..] and [Pr,0,(MOE);].7-

Here, we report the synthesis of [Mn;gO;,(MOE),
(MOEH),(]- MOEH from anhydrous MnCl, and potassium
methoxyethoxide, and its solid-state structure determined
from single-crystal X-ray data. Characterisation was per-
formed by FTIR and UV/Vis spectroscopy, magnetic suscep-
tometry, and differential scanning calorimetry.

Results and Discussion

Synthesis: The preparation of a soluble Mn alkoxide was
achieved by metathesis of potassium methoxyethoxide and
Mn(l, in toluene/MOEH. The same product, identified by IR
spectroscopy, has also been obtained by ligand exchange from
a mixture of KCI and the insoluble Mn(OiPr), or Mn(OEt),
by adding an excess of MOEH. Often small amounts of K or K
+ Cl were present in the product, and therefore recrystallisa-
tion was necessary for a pure product to be obtained.
Eliminating K and Cl impurities became much more difficult
in the presence of even small amounts of Mn'!, and it was
therefore crucial to prevent any oxidation during the prepa-
ration. This requires absolutely inert atmosphere and oxygen-
free solvents, as the Mn! ion is extremely susceptible to
oxidation because of its highly basic ligands. The crystallisa-
tion of [Mn;yO;,(moe),(moeH),(]- MOEH was rather slow,
taking approximately two weeks or more, so that a decom-
position of the alkoxide into the structurally determined oxo-
alkoxide was suspected. However, the UV-Vis spectra of
solutions obtained before and after work-up were quite
similar (see Figure 3 below), showing that the same Mn
compound was present before and after crystallisation, and
thus an explanation for the slow crystallisation has to be
sought elsewhere. Formation of unexpected oxo groups in
alkoxides have been explained by hydrolysis from uninten-
tionally added small amounts of water stemming from the
solvents or precursors. In our case this seems unlikely, since
we have used the same manganese source and solvent-drying
procedures to prepare high yields of other alkoxides that do
not contain oxo-ions, and, therefore, we believe that the oxo-
alkoxide is formed immediately by decomposition of the
organic ligands when the precursors react. [Mn;yO;,(moe);4
(moeH),]- MOEH is stable over time and is soluble in
MOEH, toluene and iso-propanol, although partial ligand
exchange cannot be excluded in the latter case. The solubility
is very low in hexane.

Thermal studies: Inspection of crystals in the melting-point
apparatus showed that liquid condensed in the cold part of the
capillary at temperatures around 120—-140°C, but no melting
or other changes could be observed until a temperature of
about 200 °C was reached and the crystals darkened. Heating
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the alkoxide at 5°Cmin~! in the differential scanning calo-
rimetry (DSC) apparatus resulted in two endothermic peaks
(Figure 1). The first peak, with an onset at 99-101°C and a
minimum at 107 —-109 °C (three separate runs), corresponds to
an enthalpy of approximately 180 kJmol~!. On cooling after

=D
i ——
C N
> B A
=
b
g
=
=
g
=
e L |
50 100 150 200 250 300

Temperature/ °C =~ ——>
Figure 1. DSC runs obtained of [Mn,yO,,(moe),,(moeH),)]-MOEH at
5°Cmin'; Sample 1: 20-270°C (A), Sample 2: first heating 20-130°C
(B), then cooling 130-20°C (C), and renewed heating 20-270°C (D).

passing this endothermic peak at 130°C, no peak due to
recrystallisation was observed, as seen in Figure 1; neither was
any endothermic peak observed on renewed heating from
room temperature; this shows that the reaction is irreversible.
This behaviour was also observed for [Er,Ti;O,(OEt)s-
(HOE),],B which irreversibly lost its two ethanol molecules
at 102-106 °C with an enthalpy of —220 kJ mol~’. In compar-
ison, the melting enthalpy of alkoxides is normally smaller
and reproducible, for example, about 20kJmol™' for
[ErsO(OiPr),5].B8 Thus, the loss of liquid observed in this
temperature range indicates that this endothermic peak is
mainly due to loss of MOEH, and the size of the peak
indicates that roughly one MOEH is lost. The fact that the
endothermic peak starts at a temperature even lower than the
boiling point of the MOEH (125 °C) might indicate that the
interstitial MOEH molecule is lost in connection with
melting, increased motion of the [Mn;yO;,(moe);,(moeH);]
molecules, or some reaction. The IR spectrum of the faintly
pink plastic material obtained from a DSC run to 130°C
showed changes both in the IR bands associated with the
MOE(H) groups and in the Mn—O band, compared to the
original alkoxide, indicating that major structural changes had
occurred. The next endothermic peak had an onset at
approximately 186°C and a minimum at about 195°C,
corresponding to an enthalpy of ~20 kJmol~'; greyish-green
spots, which indicated formation of MnO, were observed in
the material quenched from this temperature.

Magnetic susceptibility studies: The 7 versus T curve of
[Mn;yO,,(moe),,(moeH);,] - MOEH is shown in Figure 2. A
constant 7 value of 56.1 cm®*Kmol~! was observed above
200 K. Curie — Weiss behaviour is observed for the suscepti-
bility in the temperature range 150 to 320 K. A linear least-
squares fit gave C=55.5cm*Kmol~" and @=-4.15K (R*>=
0.9992). The expected value of the Curie constant for 19
completely uncoupled Mn ions (with g=2.00) is

Chem. Eur. J. 2001, 7, No. 16
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Figure 2. The y\T versus T curve of [Mn;,O;,(moe),,(moeH),,]- MOEH.

[~}

83.12 cm*Kmol-%. The continuous decrease of u. with
decreasing temperature below 150 K may originate from
antiferromagnetic interactions between the manganese cen-
tres within the molecule. However, these exchange interac-
tions would probably give a nonzero-spin ground state of the
molecule, since it contains an odd number of Mn! ions
arranged in an inner and outer ring structure.

UV/Vis and IR spectroscopy: The solid-state UV/Vis spec-
trum of the very faintly pink compound is shown in Figure 3.
The peaks could be ascribed to electron transitions within the

Absorbance

400 500 600 700

Wavelength /nm —»

Figure 3. UV/Vis spectra of the synthesis solution 24 h after the mixing of
the starting compounds and before the work-up (A); crystals dissolved in
toluene/MOEH (2:3 vol/vol) solvent (B); crystals of [Mn;qO;,(moe)4
(moeH),o]- MOEH (C).

d orbitals of octahedrally coordinated high-spin Mn! ions:*!
(*Tio(G) —°A;, 18730cm™!, *T,(G)<—°A4,, 21790 cm™!
(shoulder), “A,,(G) —°A,, and *E,(G) < °A,, 23470 (shoul-
der) and 23870 cm ™!, *T5,(D) «— %4, 26600 cm™" and *T,(D) —
%4, 28120cm™"). These peaks fit well into the energies
obtained for a ligand-field splitting (A,) of 7500 cm™! in the
Orgel diagram provided by Lawrence et al.* The nephelaux-
etic parameters, B and C, were calculated according to the
method described in reference [39] to be 620 and 3505 cm™!,
respectively. To fit the strong shoulder at 16950 cm~! of the
peak of lowest energy, the best fit in the Orgel diagram was
obtained at a A, value of about 9400 cm~'. Whether the double-
peak shape of the lowest-energy peak stems from different
ligand fields at the different Mn atoms, from splitting due to the
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asymmetric coordination of the outer-ring Mn atoms, or from
other effects, is not known at present.

The solution spectra obtained before and after work-up and
after crystallisation were nearly identical, indicating that the
solution structures are very similar, but somewhat different
from that of the solid state. The peaks in the solution spectrum
obtained by dissolution of the crystalline material in toluene/
MOEH were assigned in the same way as for the solid
alkoxide; ‘T, (G)—°A4,, 18180cm™Y, “T,(G)—°A,,
21600 cm~! (shoulder), *A,(G)—°A4,, and *E,(G)—°A,,
23260 (shoulder), 23650 and 24140 cm™, *T,(D)«—°A4,,
27530 cm™! and *T,(D) < %A, 28740 cm~". The peaks were
fitted to the Orgel diagram at a A, value of about 8500 cm~/,
and the B and C parameters were determined to be 690 and
3400 cm™!, respectively. The ligand field in the solution is
between the higher and lower fields that were observed for
the solid state, but the peak at the lowest energy, which is the
most sensitive to the ligand field, is quite broad and might be
composed of several peaks with a wide spread.

The ligand-field splitting in [Mn;yO,(moe),4(moeH) ]
MOEH is comparable to that observed for [Mn(H,O)¢]*" in
water (8500 cm™"),™! but clearly higher than the values of
5260-7710 cm™! reported by Horvath et al. for manganese(tr)
alkoxides with methoxo, ethoxo, iso-propoxo and tert-butoxo
ligands.*

From the IR spectra presented in Figure 4, and also the UV/
Vis spectra, it is apparent that the structure changes to some
extent when [Mn;yO;,(moeH),,(moeH),;]-MOEH is dis-
solved. Virtually all peaks of the solid-state spectrum appear

Absorbance —

Wl e

T 1 T 1 ¥ 7 1 17 1 T 1 717 7 1 1T
1200 1100 1000 900 800 700 600 500 400
Wavenumber / cm™! «—
Figure 4. FTIR spectra of: [Mn,O,,(moe),,(moeH),)]-MOEH as solid
crystals (A), dissolved in toluene/MOEH/hexane (1:2:3 vol:vol:vol) solvent
(B). Parts of the graph have been deleted where the spectrum is unreliable
because solvent absorption is too strong to be corrected for.

in approximately the same place in the solution spectrum, but
are split or changed in intensity. Peaks of the solid-state
spectrum in the C—O, C—C and Mn—O regions were found at:
1125, 1114, 1088, 1020, 903, 838, 580, 570, 428 and 370 cm~!,
while peaks of the solution spectrum were found at: 979, 962,
927 (sh), 912 (sh), 904, 839, 832 (sh), 583, 627 (sh), 452,
424 cm~! (sh). In the solution spectrum, a broad absorption
peak ascribed to O—H stretching of the solvating groups was
observed, with a maximum at 3230 cm™! well separated from
the O—H stretch peak of the MOEH solvent at 3410 cm™'; this
indicates rather weak hydrogen bonds in the alkoxide-bonded
MOE(H) groups.

3442
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But although there are some small changes in the UV/Vis
and IR spectra when the alkoxide is dissolved, which indicates
some change in the structure, it is probable that the structure
in solution is rather similar to that of the solid state.
Chemically, a disproportionation is also difficult to imagine,
owing to the large number of oxo-bridges stretching through-
out the molecule that should be very difficult to break up. The
formation of two Mn alkoxides, one more and one less rich in
oxo oxygen atoms, should be less likely because the number of
oxo oxygens atoms is so high that this would most probably
lead to precipitation of MnO, which is not observed.

The solid-state structure: The structure of [Mn;,O;,(moe),,-
(moeH),o]-MOEH in the solid state was determined by
single-crystal X-ray crystallography, and the molecular struc-
ture is shown in Figure 5. Selected bond lengths and angles are

Figure 5. ORTEP (ellipsoids at 50 % probability level) view of [Mn;,O,-
(moe),(moeH),;] - MOEH.

given in Table 1. The unit cell contains three formula units of
the disc-like Mnj, complex together with three MOEH
molecules. The M;4,0s, core of the molecule is encapsulated
by an organic shell built up of MOE and MOEH. The C-O
bond lengths in these ligands are in the range 1.393(8)-—
1.444(9) A. The Mn,, complex consists of four crystallograph-
ically independent Mn atoms that are connected to each other
through oxo oxygen atoms or MOE(H) oxygen atoms. The
central Mn1 atom, which has 3 symmetry (Wyckoff position
3a), is coordinated by six u;-oxo0 atoms that are also connected
to an outer ring consisting of six Mn2 atoms. These Mn2
atoms, in turn, are connected to an additional peripheral ring
consisting of a total of twelve alternating Mn3 and Mn4 atoms.
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Table 1. Selected bond lengths [A] and angles [°] for [Mn;yOy,(moe),, : -r}-.

(moeH),] - MOEH.E! L

Mn1-01 2.193(3) Mn3-06 2.118(4) 3] {2187 el o =

Mn2—01 2.134(4) Mn3-03¢ 2.199(2) .' e ii.'.!’f "3 g
Mn2-01¢ 2.182(2) Mn3-02 2201(3) . ST g R @
Mn2-03 2.185(4) Mn3-04 2.243(5) & 1 e 0 I

Mn2-04 2203(3) Mn3-08 2309(4) o o -

Mn2—-02¢ 2.213(3) Mn4—06¢ 2.072(2) ot &

Mn2-02 2.255(4) Mnd—05 2.080(4) e 04

Mn3-05 2.079(5) Mnd—03¢ 2.136(4)

Mn3-06 2.118(4) Mnd—04¢ 2.199(3) L Pos

Mn3-03¢ 2.199(2) Mn4—09 2.385(4) {2447 | 2.084

Mn3-02 2201(3) Mnd—07 2.404(4) on | 06 | s

Mn3-04 2243(5) [a Ef“'ﬂ;_-—? 201,gy12 2ans s e
01-Mn1-01* 99.02(10) 04-Mn2-02 82.99(13) 2304 RT S sl
01-Mn1-01¢ 99.02(13) 04-Mn2-02¢ 96.63(10) [ J : <34 ;
01-Mnl1-01" 179.99(12) 04-Mn3-08 75.24(13) o8 % 190 keorr

01-Mnl1-01° 80.98(10) 04¢-Mn4-0O7 154.44(13) ®o o

01-Mn2-01¢ 82.59(10) 04¢-Mn4-09 107.70(13)

0O1-Mn2-02¢ 105.40(13) 05-Mn3-02 105.18(14) Figure 6. Comparison of the MnOg coordination geometries for Mnl,
01-Mn2-02 82.79(14) 05-Mn3-03¢ 78.12(15) Mn2, Mn3 and Mn4.

01¢-Mn2-02¢ 82.71(3) 05-Mn3-04 171.01(15)

01-Mn2-02 97.16(9) 05-Mn3-06 102.23(17)

01-Mn2-03 171.14(16) 05-Mn3-08 95.81(15) Table 2. Bond valence analysis for the different Mn atoms in [Mn;,O,-
01¢-Mn2-03 93.25(10) 05-Mn4-03¢ 79.54(13) (moe),,(mocH),g] - MOEH.

0O1-Mn2-0O4 100.91(15) 0O5-Mn4-04¢ 105.88(12) —

O1-Mn2-04 176.48(10) 05-Mnd-07 99.59(15) ~ ‘Atom Assumed oxidation state

02-Mn2-02 171.68(10) 05-Mn4-09 74.02(15) Mn' Mn™

02-Mn3-04 83.32(13) 06-Mn3-02 98.81(15) Mnl 1.997 1.842

02-Mn3-08 154.75(13) 06-Mn3-03¢ 179.29(14) Mn2 2.023 1.865

03-Mn2-02¢ 81.71(11) 06-Mn3-04 78.94(16) Mn3 2.070 1.909

03-Mn2-02 90.00(14) 06-Mn3-08 90.11(15) Mn4 2.024 1.866

03-Mn2-04 83.23(14) 06¢-Mn4-03¢ 108.32(10)

03°-Mn3-02 81.66(13) 06¢-Mn4-04¢° 80.95(11)

03°-Mn3-04 100.61(13) 06°-Mn4-05 170.31(15)

03¢-Mn3-08 89.25(14) 06¢-Mn4-0O7 74.05(14)

03°-Mn4-04° 84.47(12) 06°-Mn4-09 97.52(15) two possible oxidation states, Mn! and Mn!. The bond
03*-Mn4-07 98.26(14) 09-Mnd-O7 8116(13)  valence analysis was based on the method by Brese and
03*-Mn4-09 153.02(13) O’Keeffe."> #] The result of the bvs analysis, namely divalent
Mn2-O1-Mn2* 99.44(17) Mn3-02-Mn2 96.37(13) oxidation state for all the manganese atoms, is in accordance
Mn2-O1-Mnl 98.83(15) Mn3-O5-Mn4 103.34(21) . X . ?

Mn2:-O1-Mnl 97.37(13) Mnd¢-O3-Mn2 97.31(16) with the magnetic and spectroscopic measurements.
Mn2¢-02-Mn2 94.93(16) Mn4°-03-Mn3¢ 97.60(14) The title complex exhibits a metal-oxygen structure very
Mn2-O3-Mn3¢ 98.76(18) Mn4°-04-Mn2 94.96(16) much like a fragment of the brucite-group Mn(OH), pyro-
Mn2-04-Mn3 96.67(14) Mn4®-04-Mn3 95.00(17) chroite mineral.* This similarity holds also for some of the
Mn3-02-Mn2° 97.88(15) Mn4e-06-Mn3 102.81(20)

[a] Symmetry codes:a: —y,x —y, z;b: —x, —y, —z;¢ciy,—x+ y,—z;d: —x
Ty X zieix—yx —z.

The oxygen bridges between the Mn2 atoms and the
peripheral Mn3 and Mn4 atoms are alternately u;-oxo atoms
and u;-O-C,H,0OCH; oxygen atoms.

The geometrical distortions exhibited at the outer Mn3 and
Mn4 atoms are very pronounced in comparison to the
comparatively regular MnO, coordination sphere of the
Mnl and Mn2 atoms (Figure 6). These distortions were
analysed by a method that uses root harmonic mean squares
for estimating the effective shapes and sizes of Jahn-Teller
active ions such as Mn'" in oxides and fluorides.[*!l As a result,
although the coordination octahedra of Mn3 and Mn4 are
severely distorted, these atoms should not be considered as
trivalent ions. In order to further assess the divalent oxidation
state of the Mn atoms from the X-ray diffraction structural
parameters, bond valence sums (bvs) were calculated and are
given in Table 2. These calculations were performed for the
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geometrical parameters such as bond lengths. The Mn—O
bond lengths in the pyrochroite mineral and those of Mn1—O1
in the complex are identical within one standard deviation.
The Mn—Mn distances in the complex are in the range of
3.242(2)-3.327(2) A and compare well with the Mn—Mn
separation of 3.32 A in the mineral. In addition, the metal -
metal distances in [Mn;yO;,(moe),(moeH), ] MOEH are in
agreement with the Mn!—Mn!" distances reported for other
divalent Mn complexes, such as Mn,!! dimers.*!

The inner “Mn1Mn2,” core of [Mn;yO;,(moe),,(moeH);] -
MOEH is similar to the previously described Anderson
structure,[*! which consists of a central, octahedrally coordi-
nated metal atom surrounded by six additional MO octahe-
dra. A few other manganese-containing Anderson-type
molecules have been reported to date, and of particular
interest are two molecular magnets, the mixed-valence
heptanuclear alkoxo manganese cluster [Mn,(OMe);,-
(dbm)e] - CHCl;- 14MeOH™ and the ferromagnetic cluster
[NaMng(OMe),,(dbm)s|BPh, -2 CHCI;,* in which the cen-
tral Mn atom has been replaced by a non-magnetic alkali-
metal ion.
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Although no polynuclear manganese Mny, cluster has been
reported to date, a cationic hydroxo(oxo)iron cluster exists,
with the composition [Fe;o(u3-O)e(us-OH)¢(1,-OH)g(heidi),o-
(H,0),,]*  (Hzheidi = N(CH,COOH),(CH,CH,OH)),”® in
which the 19 Fe atoms arranged in a planar fashion. This
complex also has a cluster core whose geometry is related to
the AB, structural type found in, for example, Mn(OH),.

Conclusion

A novel disclike molecule, [Mn;,O;,(moe),,(moeH),]-
MOEH, has been prepared by metathesis from MnCl, and
potassium methoxyethoxide, and its solid-state structure has
been determined by single-crystal X-ray diffraction. It is one
of the largest alkoxide molecules as well as one of very few
Mn alkoxides reported. All Mn atoms are divalent, and there
are magnetic exchange interactions between the spins of the
Mn atoms so that the molecule could have interesting
magnetic properties that are of importance in the field of
molecular magnetism. A collaboration on a more detailed
study on the magnetic properties is presently being conduct-
ed. The solubility and reactivity, together with the layer
structure make it a very good precursor for Mn-containing
ceramics based on MnOy layers, for example, perovskites such
as Cag;;La,;MnOj; in which the Mn-oxide layers alternate
with Ca,j;La,¢-oxide layers, and sol-gel syntheses with this
precursor are undertaken presently.

Experimental Section

Chemicals and equipment: All reactions, mixing of solutions and prepa-
ration of samples for analysis were carried out in a glove-box with dry,
oxygen-free Ar atmosphere (Mecaplex GB80 or Braun MB200). The
solvents were dried by distillation over CaH, under N, atmosphere. The
anhydrous MnCl, (Merck p.a.) and K (Acros 98+ %) were used as
purchased.

The IR studies were performed with a Bruker IFS-55 FT spectrometer in
the range 360-5000 cm~! on samples prepared as paraffin mulls between
KBr discs and solutions in a closed KBr cell of 0.1 mm path length. The UV/
Vis/NIR spectra were recorded with a Perkin—Elmer Lambda 19 dis-
persive spectrometer in the range 250-1000 nm for liquids or solids in
quartz cells, in the case of the solid-state studies equipped with a 60 mm
reflectance sphere using a transmission mode. A Jeol 820 scanning electron
microscope equipped with a Link 10000AN energy-dispersive X-ray
spectrometer (SEM-EDS) was used for determination of the K, Cl, and
Mn contents in crystals or solutions that had been air-hydrolysed and dried.
The detection limit is about 0.3 mol%. The thermal stability was
investigated by differential scanning calorimetry (DSC) with a Perkin—
Elmer Pyris1 instrument, by using crystals in sealed steel capsules, and by
ocular studies in sealed glass capillaries, with a Gallenkamp melting-point
apparatus. The temperature and enthalpy were calibrated with standards of
In, Pb, and bensoic acid. The in-phase component AC magnetic suscept-
ibility of polycrystalline [Mn,;¢O,,(moe),,(moeH),,] - MOEH was measured
(500 Hz and 125 Am™') on a sample in an air-tight teflon container, in the
temperature range 11-320 K by using a Lake Shore AC Susceptometer,
Model 7130, equipped with a helium cryostat. Diamagnetic corrections
were made using Pascal’s constants.?*!]

Crystal structure determination: Single-crystal X-ray data for [Mn;yO,,-
(moe),,(moeH),;] - MOEH were collected on a STOE-IPDS image-plate
diffractometer at 7=110 K and were corrected for Lorentz, polarisation
and absorption effects by using the X-shape program package.’?l Addi-
tional crystallographic data are given in Table 3. The structure was solved
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Table 3. Selected crystal data for [Mn,;,O,,(moe),,(moeH),,] - MOEH.

empirical formula

C12Hi75Mn;904. CH;O,

M, 3124.12
crystal system trigonal
space group R3 (No. 148)
a[A] 27.560(3)
c[A] 19.294(2)
VA4 12691(2)

V4 3

crystal size (mm?) 0.09 x 0.34 x 0.42
Peaca [gem™] 1.226(1)

T [K] 110(1)

# (Moy,) [mm™] 1.43

F(000) 960.0
reflections observed 2948
parameters 240

R(int) 0.163
S(goodness of fit) 0.909
R1/wR2, [I>20(1)] 0.0737/0.1609
APl AP min [6 A3 0.867/ —0.584

by direct methods (SHELXS97)** and refined by full-matrix least-squares
on F?(SHELXL97).53* 3 The anionic MOE groups and the solvate MOEH
molecules could not be distinguished from each other, due to the relatively
poor quality of the diffraction data. Highly disordered MOEH molecules
with partial occupancy factors for the C and O atoms were located in the
Mn,, intermolecular voids. The structure was analysed by the SQUEEZE
option of PLATONE in order to find further disordered solvent molecules.
However, the residual void electron density in the three possible cavities
did not give any chemically reasonable MOEH molecular geometries. The
total electron count per cavity was 73 ¢ ~, a number which approximately
corresponds to two MOEH molecules. This indicates that the cavities
between the Mn;, molecules are partially filled with very diffusely
positioned solvent molecules. Moreover, since the data were collected at
low temperature, it is likely that the MOEH molecules are statistically
disordered. The R values are defined as: R(int) = Z|F? — F2(mean)|/Z[F?],
S=[Z[w(F; — F2)’M(n—p)]'?, RI=Z||Fyi| — |F[I/Z|F,|, wR2=[Z[w(F; —
FEPNZw(FE )™

Synthesis: Elemental K (1.000 g, 25.58 mmol) was dissolved in MOEH or
MOEH/toluene (2:1 vol/vol; 25mL), whereupon MnCl, (1.610g,
12.79 mmol) was added under stirring. After 24 hours, the mixture was
centrifuged to separate the white KCl formed, and the pale pink solution
part was evaporated; this resulted in the formation of a husk of crystals on
the vessel walls. Frequently, the obtained Mn alkoxide contained small
amounts of K or K + CI, according to the SEM-EDS analyses. After
redissolution in toluene/MOEH and centrifugation, a crystal husk on the
vessel walls was slowly formed on evaporation of the solvent, which
contained no detectable K or Cl. The crystals used for X-ray analysis were
cut out from such a husk and cleaned. Yield: typically 85%.
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First Total Syntheses of Aeruginosin 298-A and Aeruginosin 298-B, Based on
a Stereocontrolled Route to the New Amino Acid 6-Hydroxyoctahydroindole-

2-carboxylic Acid

Nativitat Valls, Meritxell Lopez-Canet, Merce Vallribera, and Josep Bonjoch*!?!

Abstract: The first total syntheses of
aeruginosin 298-A (1) and aerugino-
sin 298-B (3) are described. The synthe-
ses of the alternative putative structures
2 and 4 were also accomplished. The key
common strategic element is the stereo-
controlled synthesis of (25,3aS,6R,7aS)-
6-hydroxyoctahydroindole-2-carboxylic
acid (L-Choi, 5) from L-tyrosine. The
synthesis of this new bicyclic a-amino
acid, which is the core of aeruginosins,
involves Birch reduction of O-methyl-L-
tyrosine (6) and aminocyclization of the
resulting dihydroanisole 7 in acid me-
dium, followed by N-benzylation to give
the diastereoisomers 12 and 13. Upon

two produce an equilibrium mixture in
which the endo isomer 13 significantly
predominates. Hydrogenation of 13 in
the presence of (Boc),0O gives 16, which
on reduction with LS-Selectride fur-
nishes the alcohol 22, a protected L-
Choi. Successive couplings of 22 with D-
leucine, protected (R)-(4-hydroxyphe-
nyl)lactic acid, and L-arginine fragments,
followed by reduction to the argininol
level and a deprotection end step com-
plete the synthetic sequence to produce

Keywords: aeruginosins amino
acids - peptides - total synthesis -
thrombin inhibitor

aeruginosin 298-A (1). Spectral compar-
ison showed that peptide 2, with the
structure previously proposed for aeru-
ginosin 298-A, was different from the
natural product. However, synthetic 1
was found to be identical to the isolated
natural sample of aeruginosin 298-A.
These results unequivocally establish
that the absolute stereochemistry of
aeruginosin 298-A, formerly assigned
incorrectly, is D-Hpla-p-Leu-L-Choi-L-
Argol, as shown by structure 1. Aerugi-
nosin 298-B was also synthesized and
shown to be a mixture of rotamers of bD-
Hpla-p-Leu-L-ChoiNH, (3), rather than
an epimeric mixture of 3 and the L-Leu-

acid treatment with HCI-MeOH, the last

Introduction

Cyanobacteria (blue-green algae) are prokaryotic, photo-
synthetic microorganisms that have been shown to be a rich
source of a variety of structurally novel, bioactive nitrogen
compounds.!l Among the wide range of serine protease
inhibitors found in cyanobacteria, aeruginosins are a group of
linear peptides that have in common a new, nonproteinogenic
a-amino acid that contains a cis-perhydroindole ring. The
aeruginosins isolated from Microcystis species contain the
new bicyclic amino acid 2-carboxy-6-hydroxyoctahydroindole
(Choi),?! while those found in Oscillatoria agardhii incorpo-
rate a 6-chloro analog (Ccoi).Pl Other common structural
trends in aeruginosins are: i) a b-amino acid unit linked to the
Choi nitrogen atom, ii) an (R)-(4-hydroxyphenyl)lactic acid

[a] Prof. Dr. J. Bonjoch, Dr. N. Valls, Dr. M. Lépez-Canet, M. Vallribera
Laboratory of Organic Chemistry
Faculty of Pharmacy, University of Barcelona
Av. Joan XXIII s/n, 08028-Barcelona (Spain)
Fax: (+34)93-4021896
E-mail: bonjoch@farmacia.far.ub.es

Supporting information for this article is available on the WWW under
http://wiley-vch.de/home/chemistry/ or from the author.
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incorporating 4.

(p-Hpla) moiety or derivative at the N-terminus, and iii) a
guanidine-containing unit at the C-terminus (except for
aeruginosin 298-B), in which the arginine is present in a
reduced (Argol or Argal) or decarboxylated (Agmatin) form.
In addition to the thirteen aeruginosins isolated by Murakami
since 19945! (see Scheme 1), Carmelli has reported the
isolation of microcin SF608, a closely related peptide, from
Microcystis sp. waterbloom.®]

Aeruginosin 298-A was the first member of this family to be
reported and our initial synthetic target. It was isolated from
the toxic strain of M. aeruginosa NIES-298 and found to
inhibit thrombin and trypsin.[?!l The absolute stereochemistry
of aeruginosin 298-A was determined in 1998 by single-crystal
X-ray diffraction analysis of the ternary complex of aerugi-
nosin 298-A bound to hirugen-thrombin,[”! but the putative
structure 2 assigned then should be revised in the light of the
data presented in this work.F®l

In this paper, we describe the first synthesis of the amino
acid (28,3aS,6R,7aS)-6-hydroxy-octahydroindole-2-carboxylic
acid (5, L-Choi), which is the common structural motif shared
by almost all aeruginosins, and we report the use of Choi
derivatives for the total syntheses of aeruginosin 298-A (1)
and the peptide 2, the structure of which is the same as that

0947-6539/01/0716-3446 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 16





3446-3460

previously proposed for aeruginosin 298-A.*71 Our results
have led to a revision of the structure originally assigned to
the natural product, which we have concluded to be 1 rather
than 2. We also describe the syntheses of aeruginosin 298-B
(3) and its epimer 4 (Scheme 2), thus clarifying that this
natural product exists as a mixture of conformational isomers
and not a mixture of Leu epimers as has been reported.

The construction of the whole carbon skeletons for these
peptides involves the synthesis of an appropriately function-
alized and stereochemically pure octahydroindole (Choi
core), and its stepwise elongation with the other fragments,
the unit linked at the C-terminus being incorporated in the
last step.

Results and Discussion

The first stage: synthesis of azabicyclic ketone 13: Our
approach to the synthesis of the amino acid L-Choi (5)
involved the stereoselective formation of ketone 13,10
which could be obtained by Birch reduction of tyrosine
derivative 6, followed by an aminocyclization onto the
masked enone present in the Birch reduction compound
(Scheme 3). This synthetic route to octahydroindol-6-ones
takes advantage of the presence of the f-amino ketone moiety
for the formation of the last bond, which involves an

Abstract in Spanish: Se describen las sintesis totales de las
aeruginosinas 298-A (1) y 298-B (3). Tambien se han llevado a
cabo las sintesis de las estructuras putativas 2 y 4. El elemento
estrategico comuin es la sintesis estereocontrolada del dci-
do (28,3aS,6R,7aS)-6-hidroxioctahidroindol-2-carboxilico (L-
Choi, 5) a partir de la L-tirosina. La sintesis de este nuevo
aminodcido biciclico, niicleo central de las aeruginosinas,
implica la reduccion de Birch de la O-metil-L-tirosina (6),
seguida de aminociclacion en medio dcido del dihidroanisol 7
resultante y subsiguiente N-bencilacion, proporcionando los
azabiciclos 12 y 13 que posteriormente se equilibran bajo
tratamiento dcido (HCI-MeOH). La hidrogenacion del mayo-
ritario isomero endo 13 en presencia de (Boc),0 proporciona
16, que por reduccion con LS-Selectide rinde el alcohol 22,
una forma protegida de L-Choi. Sucesivos acoplamientos a
partir de 22 con fragmentos de D-Leucina y formas protegidas
del dcido (R)-hidroxifenilldctico y L-arginina, seguidos de una
reduccion al grado de argininol y una etapa final de
desproteccion, completan la secuencia sintetica para la obten-
cion de la aeruginosina 298-A.

La comparacion de los datos espectroscopicos mostro que el
peptido 2, con la estructura propuesta para la aeruginosi-
na 298-A, era diferente al producto natural. Sin embargo, el
compuesto sintetico 1 mostro ser identico a la aeruginosi-
na 298-A natural. Estos resultados establecen de forma inam-
bigua que la configuracion absoluta de la aeruginosina 298-A,
incorrectamente asignada anteriormente, es D-Hpla-D-Leu-L-
Choi-L-Argol.

La aeruginosina 298-B tambien fue sintetizada y su estructura
es una mezcla de rotameros de D-Hpla-D-Leu-L-ChoiNH, (3)
en vez de la anteriormente propuesta de una mezcla epimerica
de 3 y 4, que incorpora una L-Leu.

Chem. Eur. J. 2001, 7, No. 16
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R’ R2 ref

Aeruginosin 89-A> CHO p-Leu 2e

Aeruginosin 98-B° p-alloLeu 2b

Aeruginosin 102-A° CHO o-Tyr 2c
Aeruginosin 103-A CHO  p-Tyr 2d
Aeruginosin 298-A° CH20H bp-Leu 2a/4

HO4;SO

Aeruginosin 205-A (-Plas, (2R,35)-HLeu ref 3
Aeruginosin 205-B p-Plas, (25,3R)-HLeu

Microcin SF608 ref 6

Scheme 1. Structure of aeruginosins. [a] Phenol ring sulfated and o-
substituted by a chloro atom. L-Argal unit has hemiaminal form.
Aeruginosin 89-B has a D-Argal unit. [b] Aeruginosins 98-A and 98-C
have a chloro and a bromo atom, respectively, as o-substituents in the
phenol ring. Aeruginosin 101 is the o,o-dichloro derivative. The Choi
6-hydroxyl is sulfated in all cases. [c] Sulfated phenol ring. L-Argal unit has
hemiaminal form. Aeruginosin 102-B has a D-Argal unit. [d] Hemiaminal
cyclic form (O-ethyl). [e] Aeruginosin 298-B has a carboxamido group at
Choi C(2).

Revised structure of aeruginosin 298-A (1)
Original structure of aeruginosin 298-A (2, L-Leu epimer at C*)

CH.oH H

Revised structure of aeruginosin 298-B (3)
Original structure of aeruginosin 298-B
(3:1 mixture of 3 and its L-Leu epimer at C* 4)

Scheme 2. Previously proposed and revised structures for aerugino-
sins 298-A and 298-B.
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Scheme 3. Retrosynthesic analysis of L-Choi.

|i| '?l COoMe
Bn

@/\(COZH

intramolecular 1,4-addition of an amino group across a
cyclohexenone intermediate.[']

Our studies began with the Birch reduction of O-methyl-
tyrosine (6), by using lithium in ammonia and ethanol.['?l In
our initial studies,™ the resulting dihydroanisole 7 was
treated in aqueous acid medium (3N HCI) to give a mixture
of cis compounds 8 (exo and endo isomers),'*l which was
submitted to a benzylation process (BnBr, EtOH, NaHCO5)
to give the two octahydroindoles 10 and 11 in a 1:1 ratio and
44 % overall yield from 6 (Scheme 4). Both 10 and 11 were

J@/\(COZH o o

NH, NH

MeO EtOH or MeO 2
tBuOH

7
path a H,O

0’ : l ‘cozR o’ : "CO3R
path b MeOH

patha R=H exo-8 BnBr,
pathb R=Me exo-9 NaHCO3
H H
O« 1
o] H rl\l COsR o) °N” NCO,R

endo-8
endo-9

H |
Bn
Dowex 10 patha R=Bn 11 Dowex
MeOH 12 pathb R=Me 13 MeOH

| 4

MeOH-HCI

Scheme 4. Synthesis of cis-6-oxo-octahydroindole-2-carboxylic acid deriv-
atives.

converted by a transesterification process into the corre-
sponding methyl esters 12 and 13. Although the configura-
tions of 10—13 were unequivocally assigned by NMR experi-
ments (see below), both 12 and 13 were transformed into the
corresponding N-acetyl derivatives 14 and 15 for analytical
purposes, by hydrogenation in an acetic anhydride medium, in
order to check their NMR data against those corresponding to
the endo derivative (rac-15), the X-ray structure of which had
been reported previously.[*]

Taking into account that only the ketone 13 (endo isomer)
can be considered to be a precursor of the target Choi, we
were pleased to find that treatment of exo isomer 12 with
methanolic HCI produced the desired endo isomer 13 in 87 %
yield, accompanied by about 11 % of starting material, which
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could be removed by chromatographic separation and then
reused. The equilibration of these B-amino ketones!”! may
occur through acid-mediated S-elimination, vinylogous enol-
ization, and intramolecular Michael readdition.

At that point, we thought we might improve the synthesis of
azabicyclo 13 by carrying out the cyclization of dihydroanisole
7 under the same reaction conditions as used for the
equilibration (12— 13) so as at least to avoid the trans-
esterification process (Scheme 4, path b). Thus, dihydroani-
sole 7 was treated with a methanolic solution of hydrogen
chloride to give a mixture of octahydroindoles 9 (exo/endo),
which was benzylated to furnish a diastereomeric mixture of
exo and endo isomers 12 and 13 in a 1.8:1 ratio, in 52 % overall
yield. The probable explanation for this improvement (milder
reaction conditions and better yields) is that cyclization takes
place much more readily when a-amino esters are used
instead of a-amino acids for the intramolecular 1,4-addi-
tion.” After the acid-mediated equilibration of the mixture
of diastereoisomers 12 and 13, enantiopure octahydroindol-
one 13 could be obtained in multigram amounts, the overall
yield for these four initial steps being 44 %. The stereo-
chemical integrity of 12 and 13 was confirmed by '"H NMR by
using the Pirkle alcohol procedure.['"!

The above results indicate that the secondary amine exo-9 is
slightly more stable than the isomer endo-9, but that, after V-
benzylation, 13 (the endo isomer) is thermodynamically more
stable than 12 (the exo isomer). This stability change agrees
with molecular mechanics calculations,'”? which showed the
hydrochloride of 13 to be at least 2.65 kcalmol~! more stable
than the hydrochloride of 12, probably because only the endo
isomer 13 can incorporate an intramolecular hydrogen bond
between the carbonyl of the ester group at C(2) and the
proton of the amine salt.

NMR structural analysis of octahydroindolones: Two NMR
features clearly differentiate the exo and endo series of cis-6-
oxo-octahydroindole-2-carboxylic acid alkyl esters: i) the
'H NMR coupling constant pattern of H-2 [which is a doublet
in the exo series (10, 12, and 14) but a doublet of doublets, in
fact a pseudo triplet, in the endo series (11, 13, 15, and 16]'5 1]
and the zero values of the 3J coupling between H-2 and H-3
in exo compounds—indicating that the pyrrolidine ring adopts
a conformation in which C(2) is puckered in toward the exo
surface of the bicyclic system, and ii) the chemical shifts of
H-3a and H-7a, which are more deshielded in the exo
derivatives than in the endo compounds due to the syn
relationship of the alkoxycarbonyl group with both protons
(Figure 1).

NMR studies also allowed us to assign the conformational
preference of cis-6-oxo-octahydroindole-2-carboxylic acid
alkyl ester derivatives, including the positions of the nitrogen
lone-pair electrons, when present. As shown in Figure 2, ¢,
and c, refer to the N-outside and N-inside conformers of the
conformationally mobile cis-octahydroindole system,?! re-
spectively (H-7a axial and H-7a equatorial with respect to the
carbocyclic ring). N-Benzylated compounds (10-13) have
deformed ¢, conformations (half-boat in the cyclohexanone
ring), rather than the flip form ¢, (chair). The H7-H7a
coupling constants (both 5 Hz) are consistent with gauche
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exo series endo series
H
v /" doublet /7 triplet
mH !
19) ) '|\‘ CO,R (e} H ll\l COzR
R’ R

10 R=Bn;R'=Bn
12 R=Me; R'=Bn
14 R=Me; R =Ac

11 R=Bn;R'=Bn
13 R=Me; R'=Bn
15 R=Me; R'=Ac
16 R=Me; R'=Boc

CO,R H-3
H-3p COyR
c-3 .
V>90 O 150°
C-7a7N 3'6|o'2a —N
BN e C7a Ng A0 s
a C-3a H-2, a

Figure 1. NMR behavior of exo and endo cis-octahydroindole-2-carboxylic
acid derivatives.

¢, conformation ¢, conformation

Figure 2. Conformational equilibria in octahydroindoles.

couplings; this indicates that the H-7a proton is equatorially
situated with respect to the carbocyclic ring. NMR NOESY
data and molecular mechanics calculations!™¥ agree with the
twisted conformation depicted in Figure 3 for azabicyclic
compound 13.

MeO,C._H equatorial attack
-CH,Ph bulky H- CO,Me
H
H
H X ~
W H 13 g i Boc 16
twisted ¢, o H o
H small H°
small and bulky reagents axial attack

Figure 3. Different behavior in reduction processes involving ketones 13
and 16.

In contrast, N-acetyl derivatives 14 and 15, together with N-
Boc compound 16, had ¢, as the preferred conformation
(compare, for example, the H7ax-H7a coupling of 11 Hz).
These derivatives have a strong preference for a ¢; conforma-
tion to avoid the A' strain between the N-substituent and the
C(7) methylene group.”!! Whereas the 500 MHz 'H NMR
spectrum of the N-Boc derivative 16 at 20°C is difficult to
interpret, owing to the hindered rotation around the carbon—
nitrogen bond of the carbamate moiety, all protons are well
resolved in the spectrum at 80 °C, and the proton H-2 appears
as a broadened triplet (J/=8.5 Hz) at  =4.26.

Synthesis of L-Choi (5): To reach the target 5§ from ketone 13,
which is available in multigram quantities following path b

Chem. Eur. J. 2001, 7, No. 16

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

shown in Scheme 4, we needed to produce the alcohol with
the 6R configuration. All attempts to satisfactorily obtain the
alcohol 18 from ketone 13 were fruitless, because under all the
conditions used (NaBH,, L-Selectride, LS-Selectride, and so
on) the 6S alcohol 17 was the major product (Scheme 5,

H
; 13 R=Bn
15 R=Ac
O H II\I CO,Me 16 R=Boc
R
5 ( g
HOQa\T/kcone HO" G ll\l CO,Me
R R
17 R=Bn 18
19 R=Ac 20
21 R = Boc 22

Scheme 5. Reduction of octahydroindolones (cf. Table 1).

Table 1). However, we decided to optimize the synthesis of
alcohol 17 in order to subject it to the Mitsunobu inversion
and so achieve the 6R configuration. When the reduction of 13
was carried out with NaBH, in MeOH at — 23 °C with addition

Table 1. Yields and diastereoselectivities obtained in reductions of azabi-
cyclic ketones 13, 15, and 16 as shown in Scheme 5.

Substrate R Reagent Compounds (yield)

1 13 Bn NaBH,, CeCL* 17 (75%) 18 (10%)
2 13 Bn LS-Selectridel® 17(51%) 18 (14%)
3 15 Ac NaBH,! 19 (88%) 20 (5%)
4 15 Ac LS-Selectridel®! 19 (9%) 20 (56 %)
5 16 Boc NaBH,, CeCL,l 21 (91%) 22(3%)
6 16 Boc LS-Selectride®™ 21 (7%) 22 (56%)

[a] at —23°C in MeOH. Mat —78°C in THF.

of Ce(Cl;, the process occurred in 85% yield, the ratio of
alcohols 17 and 18 being 7.5:1. By submitting pure alcohol 17
to Mitsunobu conditions (BzOH 1.1 equiv, PPh; 1.5 equiv,
diethyl-azodicarboxylate (DEAD) 1.1 equiv, THF, RT, 17 h)
we isolated the benzoate 23 in 59 % yield;?? this represents a
triprotected derivative of target 5 (Scheme 6). It is noteworthy
that benzoylation of the alcohol 18, with the correct config-
uration at its four stereocenters, gave 23 in poor yield; this
indicates the low reactivity of its hydroxyl group.

At the same time, we investigated ketone reduction in the
N-acetyl derivative 15. The most interesting finding was that
the reduction took place with a different stereoselectivity to
that observed in the endo derivative 13, which incorporates an
N-benzyl substituent. Thus, when ketone 13 was reduced with
L-Selectride, it gave alcohol 20 as the major product, with the
correct configuration at C(6). When NaBH, was used, the
epimeric alcohol 19 was formed almost exclusively, as
expected.
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H
NaBH,,  Ha, Pd(OH), H
CeCl3 Boc,0 :
HOZ >N 13 |
hy oo coMe 0 o NS cogme
Bn Boc
16
17
BzOH, PPh; )
DEAD \ LS-Selectride
g .
Bzo““(jﬁ\?kcozm Ho““Qa\;\T/kcone
Bn Boc
23 22
Ha, Pd(OH), a0.1n LiOH
Boc,0 for 26 b 2n HCI
H H
6N HCI :
- .
BzO" 7E N HO™ ™"2"N""NCo,H
z q CO,Me G ||4 )
R 5 L-Choi
5R=H
26 R =Boc via 16 3 steps, 44%
via 17 4 steps, 40%
“ H
T LiOH TFA :
o 22
HO™ ™77 "N” “COoH HO SN
H 2 a CO,Me
Boc
27 28

Scheme 6. Synthesis of L-Choi and protected derivatives.

With this information, and taking into account the same
preferred conformation of N-acetyl compound 15 and the N-
Boc derivative 16 (vide supra), we decided to study the
reduction of this latter ketone to avoid the extra step of
inversion at C(6) required when reducing the N-benzyl ketone
13. Ketone 16, which is available from 13 (H,, Pd—C, Boc,0)
(Scheme 6), was reduced with LS-Selectride to afford a
chromatographically separable 8:1 mixture of alcohols 22
and 21. The different reaction course taken by the basic
nitrogen azabicyclo 13 and the N-acyl and N-Boc derivatives
15 and 16 can be explained by their different preferred
conformations, as shown in Figure 3.1

Although the isolated yield of the desired 6R alcohol 22
could not be improved to more than 56 %, the simplicity of the
procedure enabled us to prepare this valuable protected a-
amino acid in amounts sufficient to achieve the target Choi
and also to carry out the peptide synthesis in the aeruginosin
field. The new amino acid Choi was prepared from both 22
and 23. Debenzylation of 23 was sluggish, and the secondary
amine 25 was accompanied by N-alkylation products from the
alcohol used as solvent.?*l However, 23 was easily converted
to the N-Boc compound 26 in 95% yield by catalytic,
hydrogenolytic debenzylation in the presence of (Boc),O.
The three protecting groups of 26 underwent solvolysis in 6N
HCl to give Choi in its hydrochloride form. The target Choi,
as well as its monoprotected derivatives 27 and 28, was also
obtained from 22, as outlined in Scheme 6.

The identity of our synthetic L-Choi § and the natural
compound isolated by Murakami from aeruginosins by acid
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H H
O CO,Me
A
FN come AR
Bn Ac
24 29

hydrolysis was confirmed by the conversion of 5 into 29, and
comparison of its 'H NMR data (500 MHz) with those
described for the same compound prepared from the natural
source by bisacetylation and coupling with (S)-methoxy-
phenylglycine.!

NMR structural analysis of L-Choi derivatives: The 6-hydroxy-
octahydroindoles 5 and 17-29 show different conformational
behavior depending on the substituent on the nitrogen atom,
as occurs in the ketone derivative series. Compounds with a
benzyl substituent at the nitrogen atom adopt the inside c,
conformation, whereas N-acetyl and N-Boc compounds
prefer the outside ¢; conformation (Figure 4). As a conse-

¢, conformation

Figure 4. Conformations of 6-hydroxy-octahydroindole-2-carboxylic acid
derivatives.

quence, in compound 23, with the correct 6R configuration,
the benzoyloxy substituent at C(6) is equatorial (0 =5.37, tt,
J=10.5 Hz and 4 Hz for H-6), whereas in compound 22, with
the same configuration, the hydroxyl group is located axially
(0=4.11, brs for H-6). NMR data show that the secondary
amine 28 exists as a mixture of conformers ¢, and ¢, and the
preferred conformation of the hydrochloride of Choi (5) is ¢;.
The disposition of the hydroxyl group can also be diagnosed
by IR spectra, since the C—O bond appears at longer
wavelengths for alcohols with an axial hydroxyl group than
for those with an equatorial one. For instance, absorptions
were observed at 1017 cm™! in 22 and 1066 cm™! in 21.

The synthesis of the putative aeruginosin 298-A (2): Among
several possible scenarios for the use of the Choi derivatives in
the preparation of aeruginosins, the strategy used to produce
p-Hpla-L-Leu-L-Choi-L-Argol (2), thought at the time to be
natural aeruginosin 298-A, was centered around an initial
coupling with L-Leu, followed by incorporation of p-Hpla
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and, finally, a unit of L-Arg (Scheme 7). Later on, the same
reaction sequence was successfully used for the synthesis of
the real aeruginosin 298-A (1), by incorporating D-Leu.
Having successfully achieved the preparation of Choi, we
had at our disposal two derivatives, 22 and 26, suitable for the

H
HO"™ H N” ~CO,Me
Boc
22
b c
AN
| OMe
%
BnO OAc 35aR=H
35b R = COCF3
HO.,,
e
o .2
H NH
T N N M
OoH H \I/\/\N NHNO,
BnO R |1|

[ 37 R = CO,Me

38 R = CH,OH
Scheme 7. Synthesis of the putative aeruginosin298-A (2): a) TFA,
CH,Cl,, 0°C, 45 min; Boc-L-Leu, BOP, NMM, CH,Cl,, 0°C, 30 min, then
22 h,43 % from 22; b) TFA, CH,Cl,, 0°C, 45 min; 34, BOP, NMM, CH,Cl,,
0°C, 30 min, then 18h, 60%; c) 0.In LiOH, THF, 20 h, 92%; L-Arg-
(NO,)OMe-HCl, BOP, NMM, DMF, 0°C, 30 min, then 24h 46%;
d) LiBH, (2™ in THF), THF, 3 h, 50%; ¢) H,, Pd-C 10%, EtOAc-MeOH,
6N HCI, 1 atm, 8 h, 70 %.

aeruginosin synthesis. Preliminary studies showed that the
hydroxyl group at C(6) did not require protection against
unwanted coupling reactions, and consequently we carried out
the synthetic sequence using the N-Boc derivative 22, which
has a free hydroxyl group. Removal of the Boc group from
Choi derivative 22, followed by coupling to Boc-L-Leu, by
using benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP), gave dipeptide 30.2

As summarized in Scheme 8, the protected D-Hpla 34 was
synthesized in a straightforward sequence. Enantioselective
reduction of (4-hydroxyphenyl)pyruvic acid by using the

CO,H  (H)-DIP-CI, TEA CO.H
/Q/\W THF, 20 °C /@N
o OH
HO RT,8h(92%) HO
31 (p-Hpla)
BnBr, K,CO
CHCls, MeOH AcCl, CH,Cl,

RT, 16 h (87%)

/@/\/COZR
OH
BnO

32R=H 0.1N LiOH,
33R=Bn THF, RT, 24 h

/@/\/COQH
EA
BnO OAc

34

Scheme 8. Synthesis of D-Hpla and protected derivatives.

60 °C, 6 h (70%)

ee>98% after
crystallization with
(R)-phenylethylamine
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methodology recently described by Wang [(—)-DIP-Cl, THF,
Et;N],1?% resulted in a 92 % yield of the a-hydroxy acid 31 (b-
Hpla) in 86% ee.’’? After sequential protection of both
hydroxyl groups and recrystallization with (+)-1-phenylethyl-
amine, we obtained the required 34 in >98 % ee.

Removal of the Boc group from 30, followed by coupling
with the p-Hpla derivative 34 by using BOP, gave compound
35.251 After saponification of the methyl ester in 35, which
simultaneously induced deprotection of the acetate group in
the Hpla fragment, coupling to the desired tetramer unit
system was achieved by treatment of acid 36 with arginine
(N®-NO,) methyl ester in DMF medium, by using BOP.

At this point, only two operations were now required to
complete the synthesis: reduction of the ester moiety of the
arginine unit in compound 37 and removal of phenol and
guanidino protecting groups. LiBH, reduction® of 37
(1.75 mmol for each mmol of ester)? in THF brought about
the transformation of the arginine moiety methyl ester to the
hydroxymethyl group. Finally, treatment of the resulting
compound 38 with palladium on charcoal in acid medium
effected the cleavage of the benzyl group and the depro-
tection of the guanidine moiety to give the target 2.
Purification by reversed-phase HPLC provided pure 2
(positive Sakaguchi test) in 63 % yield. However, the 'H and
13C NMR spectra of our synthetic aeruginosin 298-A (2)
unexpectedly showed some chemical shifts different from
those reported in the literature for the natural product,
although the patterns of the peaks were quite similar. The
most significant differences in the NMR data of 2 in
comparison with those reported for the natural compound
correspond to the signals attributable (COSY, HSQC) to H-7a
(0 =4.4) and H-7eq (6 =1.83) of Choi and the methyl groups
of Leu (0 =0.84 and 0.85), as well as to C(7) of Choi (0 =34.4)
and C(1) of Leu (0 =170.5). For detailed NMR data of 2, see
Tables 2 and 3.

At this stage, we concluded that the original structure
elucidation 7 of aeruginosin 298-A was incorrect and should
be revised. After careful analyses of NMR data of 2 and
several aeruginosins, as well as microcin SF608, which has an
L-amino acid linked to the Choi nucleus, we suspected that the
correct configuration for aeruginosin 298-A should include a
D-Leu unit. Working from this perspective, stereoselective
synthesis of 1, an aeruginosin incorporating a b-Leu instead of
an L-Leu, was carried out.

The synthesis and structural reassignment of aeruginosin 298-
A (1): Working as described for the synthesis of 2, but
coupling the Choi derivative 22 with Boc-p-Leu, we prepared
the new peptide D-Leu-L-Choi 39. In this series, the Choi
hydroxyl group was more reactive in the coupling processes
than it had been in the above series, undergoing trifluoro-
acetylation more easily. Thus, peptides 39 and 40 were isolated
as a mixture of compounds with both free and trifluoroacety-
lated Choi hydroxyl groups. Although this lengthened the
analytical process, it did not constitute a synthetic problem,
since the trifluoroacetate was removed in the saponification
step to provide 41. More importantly, the higher solubility of
the trifluoroacetylated intermediates enhanced the yields of
the coupling steps. Thus, following the sequence depicted in
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Table 2. '"H NMR data of natural, putative, and synthetic aeruginosins 298-A and 298-B[?
298-A 1 (b-Leu) 2 (L-Leu) 298-BIY! 3 (p-Leu) 4 (L-Leu)
[l trans cis trans cis major minor trans cis trans cis
Hpla 2 4.04 m 4.04 m 4.01 ddd 4.01 m 4.00 m 40lm 4.00m 4.01 m 395 m
(8,4,5)
3 2.64 dd 2.64dd 2.55dd 2.55dd 2.63 dd 2.61 dd 2.63dd 2.61dd 253 dd 2.45dd
(14,17.5) (14,7.5) (14,7.5) (14,8) (13.3,7.7) (144,73) (14,7.5) (14,7) (13.8,4.8) (13.8,7.8)
2.85dd 2.85dd 2.80dd 2.78d 2.84 dd 2.81 dd 2.85dd 281d 2.78 dd 2.87 dd
(14, 3.6) (14, 3.6) (14,3.6) (14,4.5) (14.1, 3.9) (13.7,43) (14,35) (14,4) (13.8,4.8) (13.8,4.8)
5,9 698d 698d 694d 694d 6.98 dd 6.95 dd 6.98d 695d 6.95d 6.98 d
(8.5) (8.5) (8.5) (8.5) (8.6,1.7) (8.6,1.7) (8.5) 8.5) (8.4) (84)
6,8 6.60 6.62d 661d 6.60d 6.62 dd 6.60 dd 6.62d 6.60d 6.60 d 6.64 d
(8.5) (8.5) (8.5) (8.5) (8.6,1.7) (8.6,1.7) (8.5) 8.5) (8.4) (6.0)
20H 572d 546d 540d 5776 br 5.5 br 5.32d 5.53d
(5.5) (6.0) (6.5) (6.0) (6.0)
70H 9.12 brd 9.16 s 9.14 s 9.10s
Leu 2 4.51 ddd 451 m 4.51 ddd 4531t 419ddd 452t 4.19ddd 4.50 br
(10.1, 83, 3.5) (11,93,3.5) 9,0) (10,9,3) (9.0 (135,125, 3.5)
3 120t 120t 1.40 12-13m 1.20 ddd 124 m 120m 124m 125 m
3.5) 3) (13.3,9,4.7)
1.40 m 140m 1.60 14-1.6m 133 m 141 m 134m 141m 149 m
4 1.35m 1.35m 14-1.6m 1.32m 128 m 132m 127m 149 m
5 0.82d 0.81d 068d 084d 0.80d 0.80d 0.76 d 080d 0.71d 0.84d 0.82d
(6.4) (6.0) (6.0) (6.5) (7.0) (6.4) (6.0) (6.4) (6.0) (6.6) (6.6)
0.88 d 087d 0.77d 085d 0.88d 087d 0.87d 087d 0.76d 0.85d 091d
6.5) (6.5) (6.0) (6.5) (7.0) (6.4) (6.0) (6.0) (6.0) (6.6) (6.6)
NH 745d 746d 750d 7.69d 7.40d 7.33d 740d 735d 7.62d
(8.3) (6.0) (6.0) (9.0) (8.5) (9.0) (9.0) (9.0) (8.4)
Choi 2 416t 417t 4.63 423 dd 429dd 412t 4.64t 412t 464t 4.19 dd 424 m
(8.9) (8.7) (9.5, 8.5) (9.5, 8.5) (8.0) (8.6) (9.0) (9.0) (10.2, 1.8)
36 1.80td 1.80 td 1.83 m 1.80 ddd 1.85m 180m 1.85m 1.80 m
(12.7,10.1)  (13,9) (14.2,13.3, 8)
3a 20m 2.0m 1.96 ddd 1.98 m 222 m 19m 222m 1.99 m
(12,7,7)
3a  227m 227 m 2.2 ddddd 225m 222 m 225m 222m 2.18 ddddd
(13,7,7,7,0.5) (13,7,6.5,6.5,1)
4 143 m 143 m 14-1.6m 1.41 m 145m 142m 145m 143 m
2.02m 2.00 m 2.04 m 2.02 m 2.02 m 202m 220m 1.99 m
5 143 m 143 m 12-13m 142 m 139m 142m 139m 143 m
1.98 m 1.98 m
6 392s 391s  38ls 391s 3.84s 3.92 br 3.84 br 3.91 brs 3.84 brs 3.90 brs 3.85brs
7ax 1.65t 165t 172 t 1.65ddd 143 m 165m 143 m 1.70 t
(11.8) (11) (12) (14, 11.6,2) (12)
7eq 2.02m 2.00 m 1.83 m 2.00 m 1.85m 200m 1.85m 1.80 m
7a  4.04m 404m 4.28ddd 4.40 ddd 4.05 ddd 4.02m 427ddd 4.02m 427 ddd 4.39 ddd 424 m
(11, 6,6) (11,6, 6) (11, 6, 6) (11.5, 6, 6) (11.5, 6, 6) (11, 6, 6)
NH, 6.83 br 7.10 br 6.84 br 7.10 br 6.80 br
7.22 br 7.60 br 723 br 7.60 br 7.25 br
Arg 1 3.21dd 321dd 324 dd
(10.7, 6.2) (10.5, 6) (11.5,5)
3.31dd 3.31dd 3.31dd
(10.7,5.1) (105, 4) (105, 5)
2 3.64m 3.60 m 3.67m 342 m
3 130 m 130 m 12-13m
1.60 m 1.60 m 14-1.6m
4 1.50 m 1.50 m 14-1.6 m
5 3.07m 3.07 m 3.06 m
10H 463t 470t 470t 474 t
(6.1) (6.1) (5.5) (5.5)
2NH 7.54s 7.58d 7.80d
(8.5) (8.0)
SNH 7.52s 755t 7.60t 7.42 brs
(5.5) (5.5)

[a] All spectra were recorded in [D¢]DMSO at 500 MHz (1-3) or 600 MHz (4) and the peak assignments are derived from COSY and NOESY experiments.
[b] Described as a p-Leu and L-Leu mixture of epimers. [c] trans/cis rotamer ratio 6:1 for 1, 5:1 for 2; 3:1 for 3, and 7:1 for 4.
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Syntheses of Aeruginosin 298-A and -B 3446-3460
Table 3. ®C NMR Chemical shifts of Natural, Putative, and Synthetic Aeruginosins 298-A and 298-B[?
298-A 1 2 298-B 4
trans trans major!® minor trans!®! cislel trans
Hpla 1 172.8 172.7 173.1 172.3 172.3 172.5 172.5 173.3
2 721 72.0 72.4 71.8 72.0 72.1 721 72.4
3 39.3 39.2 394 39.0 39.0 39.2 39.2 40.0
4 128.1 128.0 126.2 127.9 125.2 128.1 125.0 129.0
5,9 130.4 130.4 130.3 130.0 129.9 130.4 130.3 130.6
6,8 114.7 114.6 114.8 114.4 1144 114.6 114.6 115.0
7 155.7 155.7 155.7 155.4 155.4 155.6 155.6 156.0
Leu 1 169.8 169.6 170.5 169.4 169.8 169.5 169.7 170.6
2 48.1 48.0 479 47.4 46.9 47.8 47.8 48.1
3 41.8 42.0 41.6 41.8 41.7 422 42.1 42.1
4 239 239 243 23.6 23.7 23.8 23.8 24.5
5 23.3 234 23.6 22.9 23.0 23.3 23.4 23.9
5 21.4 21.4 21.7 21.4 21.3 21.5 21.0 22.0
Choi 1 171.3 171.2 171.4 173.0 173.3 173.3 173.4 173.6
2 59.9 59.9 60.4 59.4 59.1 59.5 59.4 59.5
3 30.7 30.5 30.4 30.1 30.1 30.4 30.4 30.7
3a 36.0 36.0 36.6 35.8 359 36.0 36.1 37.0
4 19.0 19.0 19.2 18.8 18.7 19.0 19.0 19.4
5 26.0 26.0 26.1 259 259 26.0 25.9 26.3
6 63.9 63.8 64.1 63.7 63.7 63.8 63.8 64.3
7 334 334 343 332 334 33.5 33.5 34.6
Ta 54.0 54.0 54.5 53.6 53.9 53.9 54.0 54.7
Argol 1 63.3 63.2 63.5
2 50.2 50.2 50.1
3 28.0 27.8 28.3
4 25.0 25.1 25.1
5 40.8 40.7 40.9
C=N 156.7 157.0 156.8

[a] All spectra were recorded in [D¢]DMSO at 75 MHz and the assignments were aided by HSQC experiments. [b] These data correspond to the major and
minor components described for the natural product. [c] trans-cis rotamers of the pb-Leu derivative.

Scheme 9, we synthesized 1, which had NMR spectral data
matching those reported by Murakami when he isolated
aeruginosin 298-A.1? Thus, we concluded that the stereo-
structure of the natural product corresponds to that of 1.3

In fact, aeruginosin 298-A (1) in DMSO solution appears as
a 6:1 mixture of trans and cis rotamers about the Choi—Leu
peptide bond. The relative populations of the amide cis and
trans isomers were measured in the 'H NMR spectra by
integration of the isomeric methyl proton signals of Leu. The
assigned isomer geometry was based on NOESY experiments
and the chemical shift values for the signals of H-2 and H-7a
of Choi. In the '"H NMR spectra of 1 and its precursors, which
also exhibit this phenomenon,?!l the H-2 and H-7a protons
appear more shielded in the trans isomer than in the cis isomer
(see Table 2). The NMR of the L-Leu epimer peptide 2 and its
precursors (Scheme 8) also show this rotational isomerism,
although the change in the chemical shifts of H-2 and H-7a
follows a different rule: in the L-Leu compounds, the H-2
signal of the trans isomer appears upfield to that of the cis
isomer, but the H-7a signal of the trans isomer appears
downfield from that of the cis isomer®? (see Table 2).

With hindsight, the p-configuration of the Leu subunit is
consistent with the absolute configuration of related members
of the aeruginosin family that are also potent inhibitors of
thrombin. Assuming a related biosynthetic pathway and
function for other aeruginosins, it would have been surprising
to find that 298-A is an exception. Furthermore, from the
X-ray co-crystal structure of the aeruginosin 98-B (a relative
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of 298-A)/thrombin complex reported by Clardy,*! the
configuration of the allo-Ile unit corresponds to D on the
basis of its van der Waals interactions with Trp215 and Leu99
and neither an L-Ile nor L-allo-Ile side chain could be
accommodated by thrombin. In addition, the D-configuration
of the P3 substituent is consistent with the structure —activity
relationship of b-Phe-L-Pro-arginine inhibitors of thrombin[34
and recently described peptidomimetics.[*!

The synthesis of aeruginosin 298-B (3). Our next concern was
to synthesize aeruginosin 298-B (3) by utilizing the same
advanced intermediate 41 as in the above synthesis of
aeruginosin 298-A (1). At the same time, we also decided to
synthesize the epimer 4, which incorporates an L-Leu, since
the natural product isolated from microcystis aeruginosa in
19992¢] had been reported to be a 3:1 mixture of 3 and 4 (see
Scheme 2).

From the p-Hpla-p-Leu-L-Choi derivative 41, a two-step
sequence consisting of coupling with ammonium hydroxide by
using PyBOP to give the amide 44 and a deprotecting
debenzylation gave aeruginosin 298-B 3 (Scheme 10).

Aeruginosin 298-B (3) showed minor NMR signals with
approximately 20% of the intensity of the major signals.
Virtually all signals were doubled. In fact, the 'H and
3C NMR data of 3 matched the duplicate signals reported
by Murakami for the natural product. It was therefore
concluded that the dichotomy of the signals observed in 3,
and hence in the natural aeruginosin, was due to geometrical
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Scheme 9. Synthesis of aeruginosin 298-A (1): a) Li, NH;, THF-‘BuOH
(2.5:1), —78°C; b) MeOH, 8N HCI, 35°C, 48 h; ¢) BnBr, NaHCO;, EtOH,
70°C, 6 h; d) MeOH, 9N HCI, 65°C, 17 h (44 % from 6); ¢) H,, Pd(OH),
20%, Boc,O, EtOAc, 48 h, 79 %, f) LS-Selectride (1M in THF, 1.3 equiv),
THEF, —78°C, 53% for isomer 22; g) TFA, CH,Cl,, 0°C, 45 min; Boc-D-
Leu, BOP, NMM, CH,(Cl,, 0°C, 30 min, then 22 h, 73 % from 22; h) TFA,
CH,Cl,, 0°C, 45 min; 34, BOP, NMM, CH,Cl,, 0°C, 30 min, then 18 h,
60%; i) 0.In LiOH, THF, 20 h, 85%; L-Arg(NO,)OMe-HCI, PyBOP,
NMM, DMF, 0°C, 30 min, then 22 h, 90 % j) LiBH, (2™ in THF), THF, 3 h,
53%; k) H,, Pd-C 10 %, EtOAc/MeOH (1:1), 6N HCI (2 drops), 1 atm, 8 h,
95%.

isomerism in the Choi—Leu peptide bond and not to a mixture
of p- and L-Leu residues. The 'H chemical shifts of the major
peaks, based on NOESY studies, corresponded to attributable
signals for the trans isomer (Choi, H-2 6 =4.12; H-7a 6 = 4.02;
Leu, H-2 6 =4.52), while the minor peaks (Choi, H-2 6 =4.64;
H-7a 0 =4.27; Leu, H-2 6 = 4.19) corresponded to those of the
cis isomer. Thus, as had been observed in the aeruginosin 298-
A series, both the H-2 and H-7a protons of Choi appeared
further upfield in the trans rotamer than in the cis rotamer.

As expected, the NMR data of 4 (Table 2)—the L-Leu
epimer of aeruginosin 298-B (3), prepared by starting from
acid 36 and following the same procedure as used for the
synthesis of 3 (Scheme 10)—are clearly different from the
minor signals described for the natural product and errone-
ously attributed to 4 when aeruginosin 298-B was isolated. In
fact, duplicate signals again appear in NMR spectra of
compound 4, due to cis-trans amide isomerism, but they do
not correspond to those reported for the natural aeruginosin.

3454
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45 R=Bn
H2,Pd/C|:
4 R=H

Scheme 10. Syntheses of aeruginosin 298-B (3) and its epimer 4.

Conclusion

In conclusion, we have accomplished the first total syntheses
of aeruginosins 298-A (11 steps, 3.1 % yield) and 298-B (10
steps, 2.6 % yield); this allows the unequivocal reassignment
of the absolute configuration of both natural aquatic peptides.
Interestingly, this fact shows that all aeruginosins® 3l have the
D (R) configuration in the a-amino acid attached to the
perhydroindole nitrogen.

Since our previous communication™ and the writing of this
manuscript, another synthesis of aeruginosin 298-A has been
published.®! The synthesis, reported by Wipf, is conceptually
different from that reported here, the main differences being:
i) L-Choi was prepared by an oxidative process rather than a
reductive one, ii) D-Hpla was synthesized from (R)-benzyl-
glycidol instead of from a phenylpyruvic acid derivative,
iii) orthogonal protecting groups requiring two deprotection
steps were used instead of one-step removal protecting
groups, and iv) a different coupling sequence was used.

Experimental Section

General: All reactions were carried out under argon atmosphere with dry,
freshly distilled solvents under anhydrous conditions. Unless otherwise
noted, analytical thin layer chromatography was performed on SiO, (silica
gel 60 F,5,, Merck), and spots were located with iodoplatinate reagent
(compounds 5-30), 1 % aqueous KMnO, (compounds 3, 4, 31-44) or the
Sakaguchi reagent (compounds 1 and 2). Chromatography refers to flash
chromatography and was carried out on SiO, (silica gel 60, SDS, 230-240
mesh ASTM). Drying of organic extracts during workup of reactions was
performed over anhydrous Na,SO,. Evaporation of solvent was accom-
plished with a rotary evaporator. Optical rotations were recorded with a
Perkin—Elmer241 polarimeter. 'H and *C NMR spectra were recorded
with a Varian300 or a Varian VXR-500 instrument. Chemical shifts are
reported in ppm downfield (6) from Me,Si. IR spectra were recorded on a
Nicolet205 FT-IR spectrophotometer, and only noteworthy absorptions
are listed. Melting points were determined in a capillary tube. Micro-
analyses and HRMS were performed by the Centro de Investigacion y
Desarrollo (CSIC), Barcelona. Abbreviations: BOP, benzotriazol-1-yloxy-
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tris(dimethylamino)phosphonium hexafluorophosphate; NMM, (N-meth-
ylmorpholine); PyBOP (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate

O-Methyl-L-tyrosine hydrochloride (6): This compound was prepared
following the previously reported procedure,’” either from N-Boc-L-
tyrosine (Fluka) or N-acetyl-L-tyrosine (Fluka) on 82 mmol and 112 mmol
scales (90 % and 77 % overall yield, respectively) in two steps (i, Me,SO,,
aq NaOH; ii, 4N HCI).

Methyl (2S,3aR,7aR)- and (28,3 a$,7 aS)-1-benzyl-6-oxo-octahydroindole-
2-carboxylate (12 and 13): Ammonia (200 mL) was added to a cooled
(—78°C) solution of 6 - HCI (13.85 g, 60 mmol) in a mixture of THF/fBuOH
(2.5:1) (250 mL). Small chips of lithium (2.35 g, 0.34 mmol) were added
with vigorous stirring until the solution was a persistent deep blue, and
stirring was maintained for 90 min. The cooling bath was removed, the
ammonia was allowed to evaporate overnight, and the reaction mixture was
concentrated to give lithium (25)-2-amino-3-(2,5-dihydro-4-methoxyphen-
yl)propanonate (7) as a white solid: '"H NMR (200 MHz, D,0): 6 =1.8-2.2
(m, 2H), 2.45 (brs, 4H), 3.03-3.07 (m, 1H), 3.29 (s, 3H), 4.56 (brs, 1H),
5.24 (brs, 1H); ®*C NMR (50 MHz, D,0): 6 =31.0 (t), 31.2 (t), 45.1 (1), 56.6
(dand q), 94.8 (d), 123.5 (d), 134.8 (s), 154.9 (s), 185.6 (s). The lithium salt 7
was dissolved in a freshly prepared 8.5 N solution of HCl in MeOH (70 mL),
and the solution was stirred at 35 °C for 48 h. The mixture was concentrated
to dryness, and the residuel®! was dissolved in EtOH (100 mL). NaHCO;
(35 g, 0.42 mol) and benzyl bromide (25 mL, 0.21 mmol) were added, and
the mixture was stirred at 70°C until the disappearance of the starting
material 9 was observed by TLC (7 h). If necessary, additional NaHCO;
(1 equiv) and benzyl bromide (1 equiv) were added. The reaction mixture
was filtered, the solvent removed, and the residue taken up with CH,Cl,
(25 mL) and extracted with 2~ HCI (4 x 10 mL). The aqueous extracts
were basified with Na,CO; to pH 10—-11 and extracted with CH,Cl, (6 x
50 mL). Purification of the latter organic extracts by chromatography
(CH,Cl,) provided a partially separated 1.8:1 mixture of compounds 12 and
13. The first purification gave 3.6 g of 12, 2.52 g of an exo-endo isomer
mixture, and 2.57 g of 13. 4 Further careful chromatographic treatment
allowed the separation of the fractions containing mixtures of exo and endo
isomers. After the overall process, 5.47 g (32 %) of 12 and 3.10 g (18 %) of
13 were isolated as colorless oils (combined yield 50% from 6). On
standing, 13 solidified as colorless needles

Exo isomer 12: R;= 0.64 (hexane/CH,Cl,/EtOAc 6:9:2); [a]}) = —43.4 (c=
3.6 in CHCLy); '"H NMR (300 MHz, CDCl;, COSY, NOESY): 6 =1.72 (dq,
J=14,5Hz, 1H; H-4,,), 1.85 (dt, /=14, 75 Hz, 1H; H-3,), 1.98-2.09 (m,
2H; H-3; and H-4,,), 2.21 (dt, /=14, 5.7 Hz, 1H; H-5.,), 2.41 (ddd, J =14,
10.4, 5 Hz, 1H; H-5,,), 2.54 (d, J=4.7 Hz, 2H; H-7), 2.80 (m, 1H; H-3a),
3.54 (d, J=75Hz, 1H; H-2), 3.66 (s, 3H; OCHj), 3.72 (dt, J =9, 4.5 Hz,
1H; H-7a), 3.55 and 3.90 (2d, J=13.5 Hz, 1 H each; CH,Ph), 720-7.27 (m,
5H; Ph); *C NMR (50 MHz, CDCl;): 6 =25.4 (C(4)), 33.3 (C(3)), 34.2
(C(3a)), 35.3 (C(5)), 42.1 (C(7)), 51.0 (OCH3), 52.2 (CH,Ph), 59.2 (C(7a)),
61.8 (C(2)), 127.0,128.2,128.6 and 138.6 (Ph), 174.2 (COOMe), 212.3 (CO);
IR (film): 7 =1732, 1717 cm™!; elemental analysis calcd (%) for C,;H, NO;
(287.4): C71.08, H 7.32, N 4.88; found C 71.03, H 7.34, N 4.82.

Endo isomer 13: R;=0.54 (hexane/CH,Cl,/EtOAc 6:9:2); m.p. 68°C;
[a]¥ =505 (c=3.3 in CHCL); '"H NMR (500 MHz, CDCl,, COSY,
NOESY): 6=1.71 (ddd, /=125, 9, 6.5 Hz, 1H; H-3,), 1.83-1.96 (m, 2H;
H-4),2.17 (ddd,J=175,8.5,4.5 Hz, 1 H; H-5), 2.31 (ddd, /= 12.5, 8.5, 8 Hz,
1H; H-3,), 2.43 (m, 1H; H-3a), 2.4 (dd, /= 15.5, 48 Hz, 1 H; H-7,,), 2.54
(ddd,J=175,8,5 Hz, 1H; H-5),2.58 (dd, J=15.5, 5.5 Hz, 1 H; H-7,), 3.05
(dt, J=9, 5Hz, 1H; H-7a), 326 (t, J=8.5Hz, 1H; H-2), 341 (s, 3H;
OCH,), 3.57 and 3.83 (2d, /=14 Hz, 1H each; CH,Ar), 7.21-724 (m, 5H;
Ar); C NMR (50 MHz, CDCl;, HMQC): 6 =26.6 (C(4)), 34.6 (C(3a)),
34.8 (C(3)), 36.6 (C(5)), 42.1 (C(7)), 51.6 (OCH,), 56.2 (CH,Ar), 61.5
(C(7a)), 65.6 (C(2)), 1271, 127.5, 127.9 and 136.6 (Ar), 173.8 (COOMe),
211.7 (CO); IR (film): 7 = 1746, 1716 cm™!; elemental analysis calcd (% ) for
C;H,NO; (287.4): C 71.08, H 7.32, N 4.88; found C 71.01, H 7.38, N 4.85.

Epimerization of exo isomer 12 to endo isomer 13: A solution of ketone 12
(5 g) in MeOH/HCI (9N, 500 mL) was heated at 65°C overnight. MeOH
was evaporated, the residue was taken up with HCI (2N, 50 mL) and THF
(6 mL), and the mixture was stirred at room temperature for 20 min. Solid
Na,CO; was added, and the basic solution was extracted with EtOAc and
CHC;. The dried extracts were concentrated to give a 1:7 mixture of 12 and
13, respectively. Careful separation by chromatography (CH,Cl,) afforded
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42 ¢ (84%) of ketone 13, with 350 mg of the starting material being
recovered.

This process can obviously be applied to mixtures of exo-endo derivatives
(12 and 13), thus avoiding some of the chromatographic process in the
aforementioned synthetic procedure.

Methyl (25,3aS,7aS) 1-tert-butoxycarbonyl-6-oxo-octahydroindole-2-carb-
oxylate (16): A suspension of 13 (712 mg, 2.48 mmol), Boc,0O (704 mg,
3.2 mmol), and Pd(OH),/C (20 %, 142 mg) in EtOAc (5 mL) was stirred
under hydrogen (atmospheric pressure) at room temperature for 48 h. The
catalyst was then removed by filtration through a short pad of Celite, which
was washed with CHCl; (30 mL), EtOAc (30 mL), and MeOH (30 mL).
The organic filtrates were concentrated and chromatographed (AlLO;,
hexane/EtOAc 1:1) to furnish carbamate 16 as a yellow oil. Yield: 658 mg,
89%; R;=0.54 (hexane/EtOAc); [a]® =+30.2 (c =3.6in CHCL;); 'HNMR
(500 MHz, CDCl;, COSY, NOESY) (1:1 mixture of trans and cis rotamers):
0=137and 142 (2 xs,9H; CH;), 1.88 (brs, 1H; H-4,,), 1.96-2.03 (m, 2H;
H-3, H-4,,), 2.12-2.18 (m, 1H; H-5,,), 2.34-2.44 (m, 2H; H-3, H-5.,),
2.50-2.60 (m, 1H; H-3a), 2.64-2.70 (brs, 1H; H-7,,), 2.84 and 2.96 (2 x
brs, 1H; H-7.,),3.72 (s, 3H; OCHj;), 4.11 and 4.22 (2 x brs, 1 H; H-7a), 4.28
and 4.37 (2 x brs, 1H; H-2); (300 MHz, [D4]DMSO, 80°C): 6 =1.37 (s, 9H;
CHs;), 1.80 (dddd, /=13.5, 9, 5.5, 5.5 Hz, 1H; H-4,,), 1.89-2.02 (m, 2H;
H-3,,H-4,,),2.11 (dddd, J=15.9,7.8,5.4,0.9 Hz, 1 H; H-5.,), 2.36 (ddd, J =
15.9, 9, 5.4 Hz, 1H; H-5,,), 2.40 (dt, /=13, 8 Hz, H-3;), 2.53 (masked,
H-3a),2.54 (dd,/=15.3,9.9 Hz, 1H; H-7,,), 2.63 (ddd, J=15.3, 6.6, 0.9 Hz,
1H; H-7,,), 3.67 (s, 3H; OCH,), 4.11 (ddd, J=9.6, 7.5, 6.6 Hz, 1H; H-7a),
4.26 (t,J =8.5Hz, 1H; H-2); *C NMR (75 MHz, CDCl;, HMQC): 6 = (cis
rotamer) 24.5 (C(4)), 28.3 (CHj;), 33.1 (C(3)), 35.5 (C(3a)), 36.5 (C(5)), 44.0
(C(7)),52.2 (OCH;), 574 (C(7a)), 59.3 (C(2)), 80.6 (OCMe3), 153.0 (NCO),
173.6 (COOMe), 210.1 (CO); (trans rotamer) 24.3 (C(4)), 28.3 (CH,), 34.1
(C(3)), 35.5 (C(3a)), 36.5 (C(5)), 43.0 (C(7)), 522 (OCHs;), 572 (C(7a)),
59.7 (C(2)), 80.5 (CMe;), 153.5 (NCO), 173.6 (COOMe), 209.7 (CO);
BC NMR (75 MHz, [D4]DMSO, 80°C): 6 =23.7 (C(4)), 27.8 (C(CHs);),
33.1 (C(3)), 352 (C(3a)), 36.0 (C(5)), 42.9 (C(7)), 51.5 (OCH;), 56.9
(C(7a)), 59.2 (C(2)), 79.2 (C(CH3;)3), 152.5 (NCO,), 172.8 (CO,Me), 209.0
(C(6)); IR (film): 7=1749, 1716, 1698 cm~'; MS (EI) m/z: 297, 238, 196,
182, 138 (100), 80, 57; elemental analysis calcd (% ) for C;sH,;NOs (297.33):
C 60.59, H 7.80, N, 4.71; found C, 60.39, H 8.05, N 4.55.

Alternatively, the chromatography can be avoided if the reaction mixture is
treated with a pH 3 buffer of AcOH/NaOAc (20 mL) at room temperature
for 48 h. The aqueous solution was basified with Na,COj; and extracted with
CH,Cl, and CHCI;. The organic extracts were concentrated to give pure
carbamate 16 with the same yield as above, operating on a 6.6 mmol scale
(1.67 g of 16).

Methyl (25,3a8,6S5,7aS) 1-benzyl-6-hydroxy-octahydroindole-2-carboxy-
late (17): CeCl; (296 mg, 1.2 mmol) was added to a solution of 13 (2.28 g,
7.94 mmol) in MeOH (60 mL). The reaction was stirred at room temper-
ature for 20 min, then NaBH, (1 g, 27.8 mmol) was added. The mixture was
stirred at —23°C for 6 h. After removal of MeOH, water (100 mL) was
added, and the solution was extracted with EtOAc (2 x 100 mL) and CHC,
(3 x 100 mL). The dried organic extracts were concentrated to give an 8:1
mixture of alcohols 17 and 18, which was purified by chromatography
(AL,O3, hexane/EtOAc 1:2). The first eluate gave 17 (1.72 g, 75%): R;=
0.77 (ALO;, hexane/EtOAc, 1:2); m.p. 49-51°C; [a]f =+11.8 (c=1 in
CH;OH); 'H NMR (500 MHz, CDCl;, COSY, NOESY): 6 =1.40-1.46 (m,
2H; H-4,,, H-5,,), 1.54 (dd, /=13, 3.5 Hz, 1H; H-3;), 1.60 (dt, /=15,
3.5 Hz, 1H; H-7,,), 1.85 (m, 1H; H-5.,), 1.90 (m, 1H; H-4,,), 2.04 (ddddd,
J=12.5,6,6,5.5,5.5 Hz, 1H; H-3a),2.20 (td, /=13, 6.5 Hz, 1H; H-3,),2.39
(dd, J=15,2.5 Hz, 1H; H-7.), 2.93 (s, v, =3 Hz, 1H; H-7a), 3.31 (s, 3H;
OCHs;), 3.32 (masked, 1H; H-2), 3.33 and 4.24 (2 x d, /=13 Hz, 1H each;
NCH,Ph), 4.04 (s, v, =2 Hz, 1H; H-6,), 5.40 (br, 1H; OH), 7.24 (m, 5H;
PhH); BC NMR (50 MHz, CDCL): 6 =27.5 (C(4)), 33.3 (C(3)), 34.8 (C(5)),
35.5 (C(7)), 37.0 (C(3a)), 51.5 (OCH,), 57.0 (CH,Ar), 64.5 (C(7a)), 65.1
(C(2)), 66.3 (C(6)), 127.0 (p-C), 1279 (0-C), 129.3 (m-C), 1378 (ipso-C),
175.2 (CO,Me); IR (film): #=3550, 1748 cm~'; MS (EI) m/z: 289, 230
(100), 212, 170, 122, 91; elemental analysis caled (%) for C;;H,;NO;
(289.35): C 70.59, H 7.96, N 4.84; found C 70.78, H 8.03, N 4.84. The
second eluate gave 229 mg (10%) of 6 R isomer 18.14]

Methyl (25,3a8,6R,7aS) 1-tert-butoxycarbonyl-6-hydroxy-octahydroin-
dole-2-carboxylate (22): A solution of carbamate 16 (219 mg, 0.73 mmol)
in THF (5 mL) was added to a cooled (— 78 °C) solution of LS-Selectride®
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(1M in THF, 0.95 mL) in THF (5 mL). The mixture was stirred at — 78 °C for
2 h and then allowed to warm to room temperature. After addition of 5%
NaHSO, (7 mL) and continued stirring for 2 h, the mixture was basified
with solid Na,CO; to pH 8 and extracted with CH,Cl, (3 x5 mL) and
CHCIy/iPrOH (4:1, 4 x 15 mL). The dried organic extracts gave a mixture
of alcohols 21 and 22 in 1:8 ratio. Purification by chromatography (AlL,O;,
hexane/EtOAc 1:1 to EtOAc) furnished the alcohol 22 (97 mg, 44 %) and
then a mixture of 211 and 22 (40 mg).

Alcohol 22: Overall yield: 56%; R;=0.45 (AL,O; EtOAc); m.p. 160—
162°C; [a]f) =—-31.1 (c=2.4 in CH;0H); 'H NMR (500 MHz, CDCl;,
COSY, NOESY) (mixture of conformers, 60% of trans and 40 % of cis):
0=1.37 and 1.40 (2 x s, 9H; CHj;), 1.47 (masked, 1H; H-4), 1.56 (br, 2H;
H-5), 1.67 (brt,J=12.5 Hz, 1H; H-7,,), 1.92 (br, 1H; H-3,), 2.08 -2.14 (m,
2H; H-3;, H-4), 2.23 (br, 1H; H-7.), 2.32 (br, 1H; H-3a), 3.70 (s, 3H;
OCHs;), 4.11 (brs vy, =10 Hz, 1H; H-6,,), 4.18 (br, 1H; H-7a), 4.25 (br,
1H; H-2); *C NMR, (75 MHz, CDCl;, HMQC): 6=19.4 (C(4)), 26.3
(C(5)), 282 (C(CH3);3), 31.6 and 32.4 (C(3)), 33.6 (C(7)), 35.8 and 36.4
(C(3a)), 51.9 (OCHs;), 53.4 (C(7a)), 58.8 and 59.3 (C(2)), 65.8 and 66.1
(C(6)), 79.8 (C(CHs);), 153.2 (NCO,), 174.0 (CO,Me); MS (EI) m/z: 371,
312, 270, 256, 212(100), 196, 182, 166, 122, 80, 57; IR (KBr): 7 = 3487, 1754,
1673, 1017 (OH,,) cm™!; elemental analysis caled (%) for C;sH,sNOs-
%4H,0 (303.85): C 59.29, H 8.46, N. 4.61; found C 59.29, H 8.20, N 4.23.
Methyl (285,3a8$,6 R,7aS$)-6-benzoyloxy-1-benzyl-octahydroindole-2-carb-
oxylate (23): Benzoic acid (250 mg, 2 mmol) and triphenylphosphine
(710 mg, 2.7 mmol) were added to a cooled (0°C) solution of alcohol 17
(515 mg, 1.8 mmol) in THF (16 mL). Diethyl azodicarboxylate (0.43 mL,
2.7 mmol) was added slowly, and the mixture was stirred at 0°C for 1 h and
then overnight at room temperature. The solvent was evaporated, and the
residue was partitioned between saturated Na,CO; (150 mL) and CH,Cl,
(100 mL). The dried organic extracts were concentrated and chromato-
graphed (SiO,, hexane/EtOAc 3:1) to furnish 392 mg (56 %) of 23 and
29mg (6%) of alkene 24.10 After further careful chromatography of
slightly impure 23 (CH,Cl,), and trituration of the resulting solid with
hexane, 23 was obtained as white crystals. R;=0.68 (hexane/EtOAc 3:1);
m.p. 79-80°C; [a]y) =—41.7 (¢c=1.5 in CHCL); 'H NMR (300 MHz,
CDCl;, COSY): 0 =1.49-1.62 (m, 2H; H-3 and H-5), 1.64 (m, 1H; H-4),
1.69 (ddd, 13.8, 10.5, 8 Hz, 1H; H-7,,), 1.95 (m, 1H; H-4), 2.05 (m, 1H;
H-3a), 2.10 (m, 1H; H-3), 2.15 (m, 1H; H-5), 2.38 (dm, J=13.8 Hz, 1H;
H-7.,),2.95(dd,/=8,3.5 Hz,1H; H-7a),3.28 (dd,/ = 11,4.8 Hz, 1H; H-2),
3.53 and 4.07 (2 xd, J=13.5Hz, 1H each; NCH,Ph), 5.37 (tt, J=10.5,
4 Hz, 1H; H-6,,), 720-7.35 (m, 5H; PhH), 743 (tt, /=75, 1.5 Hz, 2H; m-
Ar), 754 (tt, J=175, 1.5 Hz, 1H; p-Ar), 8.02 (dd, /=8, 1.5 Hz, 2H; 0-Ar);
BC NMR, (50 MHz, CDCl;, HMQC): 6=26.9 (C(4)), 30.8 (C(5)), 31.8
(C(7)), 33.8 (C(3)), 36.8 (C(3a)), 51.5 (OCH,), 56.5 (CH,Ar), 63.3 (C(7a)),
64.8 (C(2)), 70.4 (C(6)), 127.0 (C p-Bn), 127.9 (C m-Bz), 128.2 (C m-Bn),
129.4 (C 0-Bz), 129.6 (C 0-Bn), 130.9 (C ipso-Bz), 132.6 (C p-Bz), 137.5 (C
ipso-Bn), 165.9 (OCOPh), 175.1 (CO,Me); IR (film): #=1747, 1715 cm™;
elemental analysis caled (%) for C,,H»,NO, (393.5): C 73.26, H. 6.91, N.
3.56; found C 72.90, H 6.94, N 3.55.

Methyl (28,3a$,6 R,7aS)-6-benzoyloxy-1-tert-butoxycarbonyl-octahydro-
indole-2-carboxylate (26): Pd(OH),/C (20%, 20 mg) and Boc,O (72 mg,
0.33 mmol) were added to a solution of 23 (100 mg, 0.25 mmol) in EtOAc
(4 mL), and the mixture was stirred under atmospheric hydrogen pressure
for 15 h. The catalyst was removed by filtration through a short pad of
Celite, which was washed with EtOAc and CHCl; (100 mL). The filtrate
and washings were combined and treated with a buffer solution AcOH/
NaAcO (pH 3) for 24 h. The mixture was basified with solid Na,CO; to
pH 9 and extracted with CH,Cl, (3 x 15 mL) and CHCI; (3 x 15 mL). The
dried organic extracts were concentrated to give pure 26. Yield: 101 mg,
99%; R;=0.85 (hexane/EtOAc 1:2); [a]® =—-99.5 (¢=0.5 in CHCL);
'"HNMR (200 MHz, CDCl,): 6 =1.40 (s, 9H), 1.6-2.3 (m, 7H), 2.4-2.6 (m,
2H), 3.76 (s, 3H), 4.28 (m, 2H), 5.35 (brs, v;, =14 Hz, 1H), 744 (m, 3H),
8.04 (dd, /=8, 1.2, 2H); C NMR (50 MHz, CDCl,): 6 =20.0 (C(4)), 23.6
(C(5)), 28.2 (C(CH3)3), 30.8 (C(3)), 32.3 (C(7)), 35.6 (C(3a)), 51.0 (C(7a)),
53.6 (OCH,), 59.3 (C(2)), 69.8 (C(6)), 79.9 (OCCH,), 128.2 (m-C), 129.3 (o-
C), 1304 (ipso-C), 132.8 (p-C), 153.8 (NCO,), 165.6 (OCOPh), 174.0
(CO,Me); IR (KBr): #=1750, 1705, 1700 cm ™.

Methyl (25,3a$,6 R,7aS) 6-hydroxy-octahydroindole-2-carboxylate (28):
Trifluoroacetic acid (TFA; 1.4 mL, 18.2 mmol) was added to a solution of
22 (110 mg, 0.37 mmol) in CH,Cl, (3 mL). The reaction mixture was stirred
at 0°C for 45 min. After evaporation of the solvent and excess reagent, the
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trifluoroacetate salt of 28 was obtained quantitatively (115 mg). An
analytical sample was obtained by trituration with CHCl;: R;=0.57
(EtOAC/EtOH 1:1); m.p. 126-128°C (CHCLy); [a]d =—25.7 (¢=0.7 in
CH;OH); '"HNMR (500 MHz, CDCl; + CD;0D, COSY): 6 =1.30 (br, 1 H;
H-4,,), 1.39 (m, 1H; H-5,,), 1.53 (tm, /=10 Hz, 1H; H-5,,), 1.66 (br, 1H;
H-3), 1.89 (brm, 3H; H-3, H-4,, and H-7), 2.35 (brs, 2H; H-3a, H-7), 3.74
(s,3H; OCH;), 3.91 (brs, 2H; H-2, H-6), 4.37 (brs, v,, =24 Hz, 1H; H-7a);
BC NMR (75 MHz, CDCl; + CD;0D): 6 =20.4 (C(4)), 27.5 (C(5)), 31.1
(C(3)),31.5(C(7)),36.2 (C(3a)), 53.5 (OCHj;), 57.3 (C(7a)), 57.6 (C(2)), 64.1
(C(6)), 1704 (COOMe); IR (KBr): #=3403, 2937, 1748, 1677, 1019;
elemental analysis calcd (%) for C;,H;sF;NOs- 2 H,0 (322.26): C 44.72, H
5.90, N 4.35; found C 44.81, H 5.98, N, 4.43. A sample of 28-TFA was
dissolved in a saturated aqueous Na,COj; solution (2mL) and extracted
with a mixture of CHCL/iPrOH (4:1, 5 x 2 mL). The concentrated dried
organic extracts gave 28: R;=0.18 (EtOAc/EtOH 3:1); m.p. 83-85°C;
[a]® =-262 (¢=0.3 in CH;OH); 'H NMR (500 MHz, CDCl;, COSY,
NOESY): 6=120-1.30 (m, 2H; H-4, H-5,,), 1.55-1.61 (m, 2H; H-4,
H-7,,),1.67(ddd,J=13,4.5,2.5 Hz, 1H; H-3), 1.81 (m, 1 H; H-5,), 1.92 (br,
2H; H-3a, NH), 2.12 (brd, /=13 Hz, 1H; H-7.,), 2.23 (ddd, J=13, 11,
7 Hz, 1H; H-3), 3.32 (brs v,, =20 Hz, 1H; H-7a), 3.72 (s, 3H; OCHs), 3.77
(br, 1H; H-2),3.92 (dddd, J =8, 8,4, 4 Hz, 1H; H-6,,); "C NMR, 75 MHz,
CDCl;): 6 =25.8 (C(4)), 33.7 (C(5)), 36.0 (C(3)), 36.2 (C(7)), 37.1 (C(3a)),
52.2 (OCHa), 58.2 (C(7a)), 59.0 (C(2)), 66.3 (C(6)), 176.0 (CO,Me); IR
(KBr): 7 =3420, 2931, 1724, 1079 cm™".

(28,3aS,6 R,7aS)-6-Hydroxy-octahydroindole-2-carboxylic acid (5): From
22:LiOH (0.1N, 3.2 mL) was added to a cooled (0°C) solution of 22 (35 mg,
0.12 mmol) in THF (3 mL), and the mixture was stirred at room temper-
ature for 20 h. The mixture was extracted with Et,O (1 x SmL), and the
aqueous phase was acidified with 5 % aqueous NaHSO, to pH 4. Extraction
of aqueous layer with CH,Cl, (3 x 10 mL) and CHCly/iPrOH (4:1, 3 x
10 mL) gave an organic extract which provided (2S5,3aS,6 R,7aS) 1-tert-
butoxycarbonyl-6-hydroxy-octahydroindole-2-carboxylic acid (27) as a
white solid: Yield: 31 mg, 91 %; 'H NMR (300 MHz, CDCl;): 6 = 1.43 (s,
9H), 1.50-1.80 (br, 4H), 1.98-2.20 (br, 3H), 2.35 (br, 2H), 4.20 (brs, 1H),
4.15-4.32 (br,2H), 5.60 (br,2H); BC NMR, (75 MHz, CDCl,): 19.5 (C(4)),
26.4 (C(5)), 28.3 (C(CHj3);3), 29.6 (C(3)), 33.6 (C(7)), 35.9 (C(3a)), 53.6
(C(7a)), 59.2 (C(2)), 65.9 (C(6)), 80.6 (C(CH;)3); IR (KBr): 7 = 3446, 2932,
1733, 1681, 1011 (OH,,) cm™'. A solution of 27 (31 mg, 0.12 mmol) in HC]
(1N, 10 mL) was stirred at room temperature for 2 h. After concentration
and drying, the hydrochloride salt of 5 (26.5 mg, 100 % ) was isolated as an
hygroscopic solid: R;=0.57 (BuOH/H,0/AcOH 4:1:1); [a]¥ = —20.9 (c=
0.9 in CH;0H); '"H NMR (300 MHz, CD;0D): 6 =1.40-1.49 (m, 2H; H-3,
H-4), 1.65-1.85 (m 3H; H-3, 2H-5), 1.90-2.10 (m, 2H. H-4, H-7), 2.49
(brs, 2H; H-3a, H7), 3.40-4.10 (m, 2H; H-2, H-6), 4.45 (brs, 1H; H-7a);
BCNMR, (75 MHz, CD;0D): 6 =21.8 (C(4)), 29.0 (C(3)), 32.1 (C(5)), 32.5
(C(7)), 38.0 (C(3a)), 59.3 (C(7a)), 59.5 (C(2)), 65.7 (C(6)), 172.4 (CO,H);
IR (KBr): #=3409, 1734 cm™!; elemental analysis caled (%) for
CyH,;CINO;- %4 CHCl, (251.6): C 44.15, H 6.52, N 5.56; found C 43.84, H
6.64, N 5.48.

From 25: A solution of 25-HCI (47 mg, 0.15 mmol) in HCI (6N, 4.2 mL)
was heated at 85°C for 8 h. The reaction mixture was cooled to room
temperature and washed with CH,Cl, (7 x 5mL). The aqueous solution
was concentrated to give 5-HCI as a hygroscopic solid (31 mg, 100%).

(R)-f-(4-Hydroxyphenyl)lactic acid [D-Hpla] (31): This compound was
obtained by following Wang’s method.*! A solution of 3-(4-hydroxyphen-
yl)pyruvic acid (Aldrich, 1.5 g, 8.3 mmol) in THF (30 mL) was treated with
triethylamine (1.15 mL, 8.3 mmol) at —20°C. After 5 min at this temper-
ature, a solution of (—)-DIP-CI (3.2 g, 9.96 mmol) in THF (10 mL) was
added, and the resulting solution was stirred at room temperature for 8 h.
The reaction mixture was quenched with 2N aqueous NaOH (10 mL) and
H,0 (5mL). The aqueous layer was washed with fert-butylmethylether
(2 x20mL), and the organic layer with H,O (2 x 30 mL). The combined
aqueous phases were acidified with 2N HCI to pH 1 and extracted with
EtOAc (4 x 70 mL). The dried and concentrated organic extracts gave D-
Hpla (31) as a white solid. Yield: 1.4 g,92 %; R;= 0.42 (EtOAc/MeOH 1:1);
m.p. 164-166°C; [a]y=+10.8 (¢c=0.52 in MeOH);*1 'H NMR
(200 MHz, CDCl; + CD;0D): 6 =2.90 (dd, /=14, 8 Hz, 1H; H-3), 3.10
(dd,J=14.4,4.4 Hz, 1H; H-3),3.4 (brs, 1H; OH), 4.34 (dd, J =78, 4.4 Hz,
1H; H-2), 6.75 (d, /=8.4 Hz, 2H; H-6, H-8), 7.10 (d, /=8.8 Hz, 2H; H-5,
H-9); 3C NMR (50 MHz, CDCl; + CD;0D): 6 =40.7 (C(3)), 73.0 (C(2)),
116.0 (C(6), C(8)), 129.5 (C(4)), 131.5 (C(5), C(9)), 1570 (C(7)), 1775
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(C(1)); IR (KBr): #=3251, 1737 cm™'; elemental analysis calcd (%) for
CyH,40,-2H,0 (190.95): C 56.53, H 5.76; found C 56.56, H 6.02.

(R)-f-[4-(Benzyloxy)phenyl]lactic acid [HO-p-Hpla(Bn)-OH] (32):
K,CO; (516 mg, 3.3 mmol) was added to a solution of hydroxy acid 31
(152 mg, 0.83 mmol) in CHCl/MeOH (2:1, 6 mL). After the mixture had
been stirred for 15 min at 60 °C, benzyl bromide (0.25 mL, 2.10 mmol) was
added dropwise, and the mixture was stirred at this temperature for 6 h.
The solvent was removed, H,O (20 mL) was added, and the mixture was
extracted with EtOAc (3 x20mL). The dried organic extracts were
concentrated to give the dibenzylated compound 33 and benzyl alcohol.
The basic aqueous phase was acidified with 2N HCI to pH 1 and extracted
with CHCl,/iPrOH (4:1, 4 x 30 mL). After being washed with brine, dried,
and concentrated, the organic extract yielded 95 mg (42 %) of 32 as a white
solid.

HO-p-Hpla(Bn)-OBn (33): R;=0.69; (EtOAc/MeOH 1:1); 'H NMR
(200 MHz, CDCl;): 6=2.60 (brs, 1H; OH), 2.89 (dd, J=14.0, 6.2 Hz,
1H; H-3), 3.10 (dd, J=14.0, 4.4 Hz, 1 H; H-3), 3.72 (s, 2H; CO,CH,AT),
438 (dd, J=62, 44 Hz, 1H; H2), 5.00 (s, 2H; OCH,AT), 6.89 (d, J=
8.4 Hz, 2H; H-6, H-8), 710 (d, J = 8.4 Hz, 2H; H-5, H-9), 7.33 (m, 10H;
ArH).

LiOH (0.1xn, 9.6 mL, 0.96 mmol) was added to a cooled (0°C) solution of
the above mixture of 33 and benzyl alcohol (228 mg) in THF (2 mL), and
the comnbined mixture was stirred at room temperature for 24 h. The
solution was extracted with EtOAc (2 x 8 mL) and acidified with 2N HCl to
pH 1. This aqueous phase was extracted with CHCly/iPrOH (4:1, 4 x
20 mL). The organic extracts were washed with brine, dried, and
concentrated to give an additional 63 mg of acid 32 (70% overall yield
from 31): R;=0.42 (EtOAc/MeOH 1:1); m.p. 140-142°C; [a]¥: +14 (c=
0.61 in MeOH);“''TH NMR (200 MHz, CDCI,; + CD;0D) 6 =2.87 (dd, J =
13.8,7.0 Hz, 1H; H-3),3.08 (dd, / =14.2, 4.0 Hz, 1 H; H-3), 4.36 (dd, /= 7.0,
4.4 Hz,1H; H-2),5.04 (s,2H; OCH,Ar), 6.91 (d, /= 8.8 Hz, 2H; H-6, H-8),
7.18 (d, J=8.8 Hz, 2H; H-5, H-9), 741 (m, 5H; ArH); *C NMR (50 MHz,
CDCl; + CD;0D) 6 =40.7 (C(3), 70.8 (OCH,Ar), 72.8 (C(2)), 115.6 (C(6),
C(8)), 128.5 (p-C), 128.7 (m-C), 129.4 (0-C), 138.8 (ipso-C), 131.0 (C(4)),
131.5 (C(5), C(9)), 158.9 (C(7)), 1772 (C(1)); IR (KBr): 7=3448-2928,
1727 em™'; elemental analysis calcd (%) for C;sH;s0,-2H,0 (280.95): C
68.30, H 6.05; found C 68.22, H 6.24.

(R)-2-Acetyloxy-3-(4-benzyloxyphenyl)propanoic acid [AcO-D-Hpla(Bn)-
OH] (34): Acetyl chloride (4 mL, 56 mmol) was added dropwise to a cooled
(0°C) solution of hydroxy acid 32 (1 g, 3.67 mmol) in CH,Cl, (7 mL). The
solution was stirred at room temperature for 16 h and concentrated.
Purification by chromatography (SiO,, CH,Cl,/AcOH 1%) gave 34 as a
white solid. Yield: 1 g, 87 %; R;=0.50 (hexane/CH,Cl,/AcOH 3:6:1); m.p.
109—110°C; [a]p: +74 (¢=0.7, CHCL); ee >98%, after crystallization
(see Supporting Information); 'H NMR (200 MHz, CDCl;): 6 =2.10 (s,
3H; CH;CO), 3.06 (dd, J=14.6, 8.4 Hz, 1H; H-3), 3.20 (dd, /=14.4, 4 Hz,
1H; H-3), 5.04 (s, 2H; OCH,Ar), 5.20 (dd, /=8.6, 42 Hz, 1H; H-2), 6.92
(d, J=8.4Hz, 2H; H-6, H-8), 7.16 (d, J=8.8 Hz, 2H; H-5, H-9), 7.34 (m,
5H; ArH), 10.0 (brs, 1H; COOH); 3C NMR (50 MHz, CDCl;): 6 =20.5
(CH;CO), 36.2 (C(3)), 70.0 (OCH,Ar), 79.0 (C(2)), 114.8 (C(6), C(8)),
1275 (C p-Ar), 128.0 (Cm-Ar), 128.5 (C 0-Ar), 137.0 (Ci-Ar), 128.0 (C(4)),
130.3 (C(5), C(9)), 158.0 (C(7)), 170.6 (C(1)), 174.8 (CH;CO,); IR (KBr):
7=3213-2926, 1760, 1706 cm™~'; elemental analysis calcd (% ) for C;gH,3O5
(314.32): C 68.77, H 5.71; found C 68.38, H 5.81.

Boc-D-Leu-L-Choi-OMe (39): BOP (644 mg, 1.46 mmol) and NMM
(0.5 mL, 3.92 mmol) were added to a cooled (0°C) solution of 28-TFA
(350 mg, 1.12mmol) and Boc-p-Leu (314 mg, 1.36 mmol) in CH,Cl,
(23 mL). After the mixture had been stirred at 0°C for 30 min, the
temperature was allowed to rise to room temperature, and stirring was
continued for 22 h. The solution was diluted with CH,CL,(53 mL) and
washed successively with aqueous NaHSO, (5%, 3 x 60 mL), saturated
aqueous NaHCO; (2 x 60 mL), and brine (1 x 50 mL). The organic portion
was dried and concentrated, and the crude product was purified by
chromatography (hexane/EtOAc 1:1) to give alcohol 39a (114 mg) and
trifluoroacetate 39b (335 mg) in a 1:2 ratio and 73 % combined yield.

Compound 39a: R;=0.80 (EtOAc); [a]} =+26.0 (c=3.3 in CHCL);
'H NMR (500 MHz, CDCl;, COSY, NOESY) mixture of 85 % of frans and
15% of cis conformers; trans rotamer: 0 =0.89 and 0.96 (2 x d, J=6.5 Hz,
6H; H-5 and H-5' Leu), 1.32 (ddd, J=13.5, 9, 4 Hz, 1H; H-3 Leu), 1.40 (s,
9H; (C(CHs;)s), 1.50 (m, 3H; H-4 Choi, H-5 Choi, H-3 Leu), 1.63 (m, 2H;
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H-5 Choi, H-4 Leu), 1.78 (ddd, J =13, 13, 1.5 Hz, 1 H; H-7 Choi) 1.93 (ddd,
J=12.5,12.5, 10 Hz, 1H; H-3 Choi), 2.16 (m, 2H; H-3 Choi, H-4 Choi),
2.23 (m, 1H; H-7 Choi), 2.40 (ddddd, J =12, 6, 6, 6, 6 Hz, 1 H; H-3a Choi);
3.73 (s,3H; OCHs;), 4.14 (brs, 1 H; H-6 Choi), 4.20 (ddd, J =12.6,6 Hz, 1H;
H-7a Choi), 4.31 (dd, J=9, 2 Hz, 1H; H-2 Choi), 4.47 (ddd, J=9.5, 9.5,
4.5Hz,1H;H-2 Leu), 5.2 (d,/ =9 Hz, 1 H; NH); cis rotamer: 0.85 and 0.90
(6H; H-5, H-5' Leu), 4.01 (1H; H-2 Leu), 4.07 (1H; H-6 Choi), 4.56 (1H;
H-7a Choi), 4.92 (1H; H-2 Choi), 5.04 (1H; NH Leu); *C NMR (75 MHz,
CDCl;, HSQC): 6 =19.2(C(4) Choi), 21.9 and 24.6 (C(5), C(5) Leu), 23.5
(C(4) Leu), 25.7 (C(5) Choi), 28.3 (C(CHj3);), 30.4 (C(3) Choi), 34.1 (C(7)
Choi), 37.0 (C(3a) Choi), 43.5 (C(3) Leu), 49.2 (C(2) Leu), 52.2 (OCHs;),
54.3 (C(7a) Choi), 59.0 (C(2) Choi), 65.4 (C(6) Choi), 79.5 (C(CHs)s), 155.2
(NCO,), 170.7 (C(1) Leu), 173.0 (CO,Me); IR (KBr): 7 = 3425, 1748, 1702,
1638, 1173, 1017 cm™!; elemental analysis caled (% ) for C, H3N,O4(412.5):
C 61.14, H 8.80, N 6.79; found C 60.89, H 8.97, N 6.64.

Compound 39b: R;=0.60 (EtOAc); [a]p,: —36.5 (¢c=13 in CHCL);
'"H NMR (200 MHz, CDCl,) trans-cis rotamer 5:1 ratio, trans-rotamer: 6 =
0.94 and 0.99 (2 x d,J=6.6 Hz, 6H; H-5, H-5' Leu), 1.42 (s, 9H; C(CH,)5),
1.42 (masked, 1 H; H-3 Leu), 1.60-2.16 (m, 5H; 2H-5 Choi, H-4 Choi, H-3
L, H-4 Leu); 2.20-2.65 (m, 6 H; 2H-3 Choi, H-4 Choi, 2H-7 Choi, H-3a
Choi); 3.75 (s, 3H; OCH,), 4.15 (m, 1H; H-7a Choi); 4.21 (2H; H-2 Choi,
H-2Leu), 5.16 (d,J/ =8.7 Hz, 1H; NH), 5.39 (brs, 1 H; H-6 Choi); *C NMR
(200 MHz, CDCl,) trans rotamer: 6 = 19.3 (C(4) Choi), 21.0 and 24.4 (C(5)
L, C(5) Leu), 22.8 (C(5) Choi), 23.4 (C(4) Leu), 28.2 (C(CH,)3), 30.2 (C(3)
Choi), 30.8 (C(7) Choi), 36.6 (C(3a) Choi), 43.5 (C(3) Leu), 50.0 (C(2)
Leu), 52.3 (CO,Me), 53.5 (C(7a)), 59.1 (C(2) Choi), 74.4 (C(6) Choi), 80
(C(CH,)3), 155.6 (NCO,), 172 (C(1) Leu), 173 (CO,Me).

AcO-p-Hpla(Bn)-D-Leu-L-Choi-OMe (40): TFA (1.42 mL, 18.5 mmol) was
added to a cooled (0°C) solution of 39b (257 mg, 0.51 mmol) in CH,Cl,
(7mL), and the mixture was stirred for 45 min and concentrated. A
solution of the resulting material in CH,Cl, (2.8 mL) with NMM (86 L,
0.77 mmol) was added to a cooled (0°C) solution of the p-Hpla derivative
34 (1572 mg, 0.51 mmol) in CH,Cl, (2.8 mL), which had been previously
stirred at this temperature with BOP (226 mg, 0.51 mmol) and NMM
(120 pL, 1.02 mmol) for 30 min. The mixture was stirred at room temper-
ature for 16 h. CH,Cl, (14 mL) was added, and the organic layer was
successively washed with HCI (1N, 3 x 15 mL), saturated NaHCO; solution
(3x15mL), and brine (1 x 10 mL). The concentrated dried extract was
chromatographed (hexane/EtOAc 2:1 to EtOAc) to give 40b (199 mg,
0.28 mmol) and later 40a (16 mg, 0.026 mmol), the combined yield being
61%.

Compound 40a: R;=0.40 (EtOAc); [a]p: —10.7 (¢=12 in CDCl);
'"H NMR (500 MHz, CDCl;, COSY, NOESY) frans-cis rotamer 4:1 ratio,
trans-rotamer: 0 = 0.83 and 0.91 (2 x d, /= 6Hz, 6 H; H-5, H-5' Leu), 1.26 -
1.32 (m, 2H; H-3 Leu, H-4 Leu), 1.39 (t,/ =9 Hz, 1H; H-3 Leu), 1.47-1.55
(m, 2H; H-4 Choi, H-5 Choi), 1.63 (m, 1 H; H-5 Choi), 1.71 (ddd, J = 14, 13,
5Hz, 1H; H-7 Choi), 1.94 (ddd, J =12, 12, 8 Hz, 2H; H-3 Choi), 2.10 (s,
3H; CH;0),2.16 (m, 3H; H-3, H-4, H-7 Choi), 2.39 (ddddd, J =13, 6.5, 6.5,
6.5, 6 Hz, 1H; H-3a Choi), 3.08 (m, 2H; H-3 Hpla), 3.70 (s, 3H; OCHj,),
4.14 (s, 1H; H-6 Choi), 4.19 (ddd, J =12, 6, 6 Hz, 1 H; H-7a Choi), 4.30 (dd,
J=10,8 Hz, 1H; H-2 Choi), 4.80 (td, J = 9.5, 4.5 Hz, 1H; H-2 Leu), 5.00 (s,
2H; OCH,Ar), 531 (dd, J=6.5, 5 Hz, 1 H; H-2 Hpla), 6.60 (d, J=9.5 Hz,
1H; NH), 6.85 (d, J=8.5 Hz, 2H; H-6, H-8 Hpla); 7.06 (d, J =85 Hz, 2H;
H-5, H-9 Hpla), 7.30 (t, J = 7.5 Hz, 1H; H p-Ar), 7.36 (dd, /= 7.5, 2H; H m-
Ar), 740 (d,J =75 Hz,2H; H 0-Ar); cis rotamer: 6 =2.01 (OAc), 2.95 (H-3
Hpla), 4.06 (H-6 Choi), 4.52 (H-7a Choi), 4.76 (H-2 Leu), 4.90 (H-2 Choi),
5.28 (H-2 Hpla), 6.63 (NH Leu); 3C NMR (50 MHz, CDCl;, HSQC) trans
rotamer: d=19.2 (C(4) Choi), 20.8 and 24.3 (C(5), C(5') Leu), 22.0
(CH,CO), 22.1 (C(4) Leu), 25.6 (C(5) Choi), 30.4 (C(3) Choi), 34.0 (C(7)
Choi), 36.6 (C(3) Hpla), 37.0 (C(3a) Hpla), 42.7 (C(3) Leu), 48.3 (C(2)
Leu), 52.3 (OCHs;), 54.4 (C(7a) Choi), 59.0 (C(2) Choi), 65.5 (C(6) Choi),
70 (OCH,Ar), 74.2 (C(2) Hpla), 114.6 (C(6), C(8) Hpla), 127.5 (0-C), 128.0
(p-C), 1285 (m-C), 130.6 (C(5), C(9) Hpla), 137.0 (ipso-C), 1577 (C(7)
Hpla), 1685 (C(1) Hpla), 1693 (C(1) Leu), 170.0 (CH,CO,), 172.4
(CO,Me); IR (NaCl): 7 =3425-3350, 1747, 1636, 1250, 1017, 801, 752 cm ™.

Compound 40b: R;=0.50 (EtOAc); [a]p: —20 (¢ =2 in CDCl;); '"H NMR
(500 MHz, CDCl;, COSY, NOESY) trans-cis rotamer 4:1 ratio, trans
rotamer: 0 =0.83and 0.91 (2 x d,/ =6.5 Hz, 6 H; H-5, H-5' Leu), 1.14-1.32
(m,2H; H-3 Leu, H-4 Leu), 1.43 (t, /=9 Hz, 1H; H-3 Leu), 1.60-1.71 (m,
2H; H-4 Choi, H-5 Choi), 1.90-1.98 (m, 4H; H-4 Choi, H-5 Choi, H-7
Choi, H-3 Choi), 2.24 (ddd, /=13, 7.5, 6.5 Hz, 1 H; H-3 Choi), 2.44-2.54
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(m, 2H; H-3a Choi, H-7 Choi), 3.10 (m, 2H; H-3 Hpla), 3.71 (s, 3H;
OCH,), 4.07 (ddd, =12, 6, 6 Hz, 1 H; H-7a Choi), 434 (dd, J=9.5, 8 Hz,
1H; H-2 Choi), 4.73 (ddd, /=10, 9.5, 3.5 Hz, 1H; H-2 Leu), 5.00 (s, 2H;
OCH,AT), 5.30—5.34 (m, 2 H; H-2 Hpla, H-6 Choi), 6.51 (d,J = 9.5 Hz, 1 H;
NH), 6.85 (d, J=8.5 Hz, 2H; H-6, H-8 Hpla), 7.06 (d, J=8.5 Hz, 2H; H-5,
H-9 Hpla), 730 (t, J=7.5 Hz, 1 H; H p-Ar), 7.36 (dd, /=75 Hz, 2H; H m-
Ar), 740 (d,J =7.5 Hz, 2H; H 0-Ar); 3C NMR (300 MHz, CDCl,, HSQC)
trans rotamer: 0 =19.3 (C(4) Choi), 21.0 (CH;CO), 21.0 and 23.2 (C(5),
C(5') Leu), 22.7 (C(5) Choi), 24.0 (C(4) Leu), 30.2 (C(3) Choi), 30.6 (C(7)
Choi), 36.3 (C(3) Hpla), 36.4 (H-3a Choi), 42.8 (C(3) Leu), 48.1 (C(2) Leu),
52.4 (CO,CHS,), 53.7 (C(7a)), 59.0 (C(2) Choi), 69.7 (OCH,Ar), 74.1 (C(2)
Hpla), 74.3 (C(6) Choi), 114.5 (C(6), C(8)), 127.5 (0-C), 128.0 (C(4) Hpla),
128.0 (m-C), 128.5 (p-C), 130.6 (C(5) , C(9 Hpla), 137.0 (ipso-C), 157.7 (C(7)
Hpla), 168.5 (C(1) Hpla), 169 (C(1) Leu), 170.3 (CH,CO,), 172.4 (CO,Me).

HO-p-Hpla(Bn)-D-Leu-L-Choi-L-Arg(NO,)-OMe (42): A cooled solution
of LiOH (0.1N, 10 mL, 1 mmol) was added dropwise to a cooled (0°C)
solution of peptide 40 (197 mg, 0.28 mmol) in THF (10 mL). After having
been stirred at room temperature for 20 h, the solution was washed with
Et,0 (2 x 15 mL) and acidified to pH 1 with 1N HCI. The aqueous solution
was extracted with EtOAc (4 x 30 mL) and CHCly/iPrOH (4:1,5 x 30 mL).
The combined extracts were washed with brine, dried, and concentrated to
give acid 41. Yield: 120 mg, 80 %; 'H NMR (200 MHz, CDCl;): 6 =0.82 (t,
J=6Hz, 6H; H-5, H-5' Leu), 1.25-1.80 (br, 6 H), 1.80-2.40 (br, SH), 2.80
(br, 1H; H-3 Hpla), 3.11 (br, 1H; H-3 Hpla), 4.1-4.3 (m, 4H; H-2, H-6,
H-7a Choi, H-2 Hpla), 4.82 (brt, 1H; H-2 Leu), 4.97 (s,2H; OCH,Ar), 6.84
(d,J=8.4Hz, 2H; H-6, H-8 Hpla), 7.0 (brs, 4H; NH, OH, COOH), 7.2 (d,
J=84Hz, 2H; H-5, H-9 Hpla), 729-738 (m, 5H; Ar); *C NMR
(50 MHz, CDCL;): 6 =19.1 (C(4) Choi), 21.5 and 23.3 (C(5), C(5') Leu),
24.2 (C(4) Leu), 25.0 (C(5) Choi), 30.0 (C(3) Choi), 33.3 (C(7) Choi), 37.0
(C(3a) Choi), 39.0 (C(3) Hpla), 41.7 (C(3) Leu), 48.3 (C(2) Leu), 59.2 (C(2)
Choi), 65.5 (C(6) Choi), 70.0 (OCH,Ar), 72.3 (C(2) Hpla), 114.3 (C(6) and
C(8) Hpla), 127 (0-C), 128.0 (m-C), 128.4 (p-C), 130.7 (C(5) and C(9)
Hpla), 137.0 (ipso-C), 157.5 (C(7) Hpla), 171.0 (CO,H), 174.0 and 174.4
(C(1) Hpla and C(1) Leu).

PyBOP (109.3 mg, 0.21 mmol) and NMM (82 pL, 0.73 mmol) were added
to a cooled (0°C) solution of acid 41 (111 mg, 0.21 mmol) and the methyl
ester of N“-nitro-arginine-HCI (Fluka, 56.64 mg, 0.21 mmol) in DMF
(2.3 mL). After the solution had been stirred for 30 min at 0°C and 22 h at
room temperature, EtOAc (80 mL) was added, and the solution was
washed with saturated aqueous NaHCO; (1 x 60 mL) and H,O (5 x
60 mL). The organic layer was dried and concentrated, and the residue
was purified by chromatography (EtOAc) to give 42 (147 mg, 91%) as a
white foam. R;=0.36 (EtOAc/MeOH 1:1); [a]p: +20.8 (¢ =6.5 in CHCL);
'H NMR (200 MHz, CDCl;): 6 =0.87 (t, 6.6 Hz, 6H; H-5, H-5' Leu), 1.25
(br, 2H; H-3 Leu, H-3 Arg), 1.60 (br, 6H; H-4, H-5 Choi, H-3, H-4 Leu,
2H-4 Arg), 1.80-2.00 (br, 2H; H-3 Choi, H-7 Choi), 3.73 (s, 3H; OCH,),
4.13 (brs, 2H; H-7a Choi, H-6 Choi), 4.23 (br, 2H; H-2 Hpla, H-2 Choi),
4.55 (br, 1H; H-2 Arg), 4.86 (br, 1H; H-2 Leu), 4.99 (s, 2H; OCH,Ar), 6.88
(d,/=8.8 Hz,2H; H-6, H-8 Hpla), 7.17 (d, /= 8.8 Hz, 2H; H-5, H-9 Hpla),
727 (t,J=7Hz, 1H; H p-Ar), 735 (t, /=7 Hz, 2H; H m-Ar), 741 (t, J =
7Hz, 2H; H 0-Ar); ¥C NMR (50 MHz, CDCl;): 6 =19.2 (C(4) Choi), 21.6
and 23.4 (C(5), C(5') Leu), 24.5 (C(4) Leu), 25.7 (C(4) Arg), 29.7 (C(5)
Choi, C(3) Choi, C(3) Arg), 33.5 (C(7) Choi), 36.8 (C(3a) Choi), 39.6 (C(3)
Hpla), 40.7 and 41.7 (C(5) Arg, C(3) Leu), 48.9 (C(2) Arg), 51.5 (C(2) Leu),
52.7 (OCHs;), 55.1 (C(7a) Choi), 60.4 (C(2) Choi), 65.5 (C(6) Choi), 69.9
(OCH,Ar), 72.6 (C(2) Hpla), 114.5 and 114.6 (C(6), C(8) Hpla), 1274 (o-
C), 127.8 (p-C), 128.5 (m-C), 129.1 (C(4) Hpla), 130.7 (C(5), C(9) Hpla),
137.0 (ipso-C), 157.7 (C(7) Hpla), 159.1 (C=NH), 171.5 (C(1) Leu), 172.2
(CON), 172.3 (C(1) Arg), 174.0 (C(1) Hpla); IR (NaCl): 7#=3360-3317,
1741, 1670, 1625, 1261, 1014, 757, 688 cm™".

D-Hpla-D-Leu-L-Choi-L-Argol [Aeruginosin 298-A ] {: LiBH,
(0.34 mmol, 170 uL. of 2Mm solution in THF) was added dropwise to a
cooled (0°C) solution of 42 (147 mg, 0.19 mmol) in THF (15 mL). The
resulting solution was stirred at room temperature for 3 h, and cooled again
to 0°C. A saturated NaHCO; solution (74 mL) was added, and the resulting
mixture stirred for 10 min. The aqueous layer was extracted with Et,O (1 x
60 mL) and EtOAc (5 x 60 mL). The dried organic extracts were concen-
trated to give a solid, which was crystallized (EtOAc/MeOH 95:5) to give
75 mg (53 %) of 43: R;=0.57 (EtOAc/MeOH 1:1); [a]p:=+5.2 (¢c=0.45in
MeOH); '"H NMR (300 MHz, CD;0D, 40°C): 6 =0.86 and 0.89 (2 x d,J =
6.3 Hz, 6H; H-5, H-5' Leu), 1.10-1.60 (m, 8H; H-4 Argol, 2H-3 Leu, H-4
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Leu, H-5 Choi, 2H-3 Argol, H-4 Choi), 1.70 (brs, 2H; H-5 Choi, H-4
Argol), 1.82 (brt, /=12 Hz, 1H; H-7,, Choi), 2.00-2.20 (m, 3H; H-7,
Choi, 2H-3 Choi), 2.22-2.42 (m, 2H; H-4 Choi, H-3a Choi), 2.85 (dd, /=
14, 6.5 Hz, 1H; H-3 Hpla), 3.00 (dd, J =14, 4 Hz, 1H; H-3 Hpla), 3.27 (m,
2H;2H-5 Argol), 3.48 (d,J=5.5 Hz,2H; 2H-1 Argol), 3.87 (brd, 1H; H-6
Choi), 4.24 (m, 1H; H-7a Choi), 4.26-4.34 (m, 2H; H-2 Hpla, H-2 Choi),
4.63 (dd, /=10, 4 Hz, 1H; H-2 Leu), 5.02 (s, 2H; OCH,Ar), 6.88 (d, J =
8.5 Hz, 2H; H-6, H-8 Hpla), 7.16 (d, J=8.5 Hz, 2H; H-5, H-9 Hpla), 7.34
(m, 5H; 1H p-Ar, 2H m-Ar, 2H o-Ar); C NMR (75 MHz, CD,0OD,
40°C): 6=20.2 (C(4) Choi), 22.1 and 23.8 (C(5), C(5') Leu), 25.6 (C(4)
Leu), 26.8 (C(3) Argol), 29.4 (C(5) Choi, C(4) Argol), 31.8 (C(3) Choi),
34.7 (C(7) Choi), 38.1 (C(3a) Choi), 40.6 (C(3) Hpla), 42.1 (C(3) Leu), 42.6
(C(5) Argol), 50.3 (C(2) Leu), 52.1 (C(2) Argol), 56.3 (C(7a) Choi), 62.2
(C(2) Choi), 65.1 (C(1) Argol), 66.5 (C(6) Choi), 71.0 (OCH,Ar), 73.7
(C(2) Hpla), 115.6 (C(6), C(8) Hpla), 128.4 (0-C), 128.7 (p-C), 129.4 (m-C),
131.0 (C(4) Hpla), 131.8 (C(5), C(9) Hpla), 138.8 (ipso-C), 158.9 (C(7)
Hpla), 160.9 (C=NH), 174.2 (CON), 175.7 (C(1) Hpla).

Pd/C (10 %, 69 mg) was added to a solution of 43 (69 mg, 0.093 mmol) in
EtOAc/MeOH (1:1,4.5 mL) and HCI (two drops, 6N), and the mixture was
stirred under hydrogen at atmospheric pressure for 8 h, the course of the
reaction being monitored by TLC. Upon complete conversion, the catalyst
was removed by filtration with Celite, which was washed with EtOAc/
MeOH (1:1, 50 mL) and MeOH (50 mL). The organic solution was
concentrated to give 59 mg (95 %) of the hydrochloride of aeruginosin 298-
A (1) as a white powder; HPLC: Waters Nova-Park C-18 analytical; A:
H,0/TFA 0.05 %, B: CH;CN/TFA 0.05 %; isocratic elution with A/B 68:32
over 45 min; f,=140min; R;=0.60 (BuOH/AcOH/H,0 4:1:1); [a]p:
—72.7 (¢=0.23 in H,0); 'H NMR: see Table 2; *C NMR: see Table 3;
HRFABMS: caled for C3H4NO-, [M+H]™ m/z: 605.3665; found 605.3663.
D-Hpla-D-Leu-L-Choi-NH, [Aeruginosin 298-B] (3): NH,OH (33 % NH;,
20 uL, 1mmol), PyBOP (51.5mg, 0.1 mmol), and NMM (30 uL,
0.26 mmol) were added sequentially to a cooled (0°C) solution of acid 41
(42 mg, 0.076 mmol) in CH,Cl, (1.5mL). The mixture was stirred for
30 min at this temperature and at room temperature for 22 h. CHCl; was
added, and the organic solution was washed successively with NaHSO,
(5%, 3 x 10 mL), saturated NaHCO; solution (3 x 10 mL), and brine (1 x
10 mL). The organic layer was dried and concentrated. Chromatography
(EtOAc/MeOH 1-2%) of the residue gave HO-p-Hpla(Bn)-pD-Leu-L-
Choi-NH, (44). Yield: 16 mg, 39%; R;=0.60; (EtOAc/MeOH 1:1);
'"H NMR major rotamer (200 MHz, CDCl;): 6 =0.89 (m, 9H; H-5, H-5'
Leu), 1.2-2.4 (m), 2.8 (dd, /=14, 6.5 Hz, 1H; H-3 Hpla), 3.1 (dd, /=14,
4 Hz, 1H; H-3' Hpla), 4.1 (br, 1 H; H-6 Choi), 4.2 (br, 1H; H-2 Hpla), 4.4
(m,2H; H-2 Choi, H-7a Choi), 4.6 (m, 1H; H-2 Leu), 5.0 (s, 2H; OCH,Ar),
6.2 (br, NH Leu), 6.7 (br, NH, Choi), 6.9 (d, /J=8.4 Hz, 2H; H-6, H-8
Hpla), 72 (d, J=8.4 Hz, 2H; H-5, H-9 Hpla), 7.4 (m, 5SH; Ar); IR (NaCl):
7=3392-3210, 1682, 1639, 1014, 753, 582 cm™".

Pd/C (10%, 4.8 mg) was added to a solution of peptide 44 (16 mg,
0.028 mmol) in EtOAc/MeOH (2%, 1 mL), and the mixture was stirred
under hydrogen at atmospheric pressure for 20 h. The catalyst was removed
by filtration through Celite and washed with MeOH (45 mL). Evaporation
of the solvent gave aeruginosin 298-B (3). Yield: 13 mg, 97 %; R;=0.56
(EtOAc/MeOH 1:1); 'H NMR: see Table2; C NMR: see Table 3;
HRMS: caled for C,,H3sN304 461.2526; found 461.2533.
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[38] Mixtures of exo- and endo-9 and their corresponding dimethyl acetals
were observed by NMR during this stage.

[39] In some runs, on elution with CH,CL/EtOAc (9:1), small quantities
(<3% yield) of a trans isomer were isolated.

[40] For analytical data see Supporting Information.

[41] The optical rotation value corresponds to that of a sample obtained
from the recrystallyzed Hpla derivative 34 (ee >98%).
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Photochromism of Diarylethenes with Two Nitronyl Nitroxides:
Photoswitching of an Intramolecular Magnetic Interaction

Kenji Matsuda* and Masahiro Irie*!*]

Abstract: Photochromic diarylethenes
that have p-phenylene-substituted ben-
zothiophene aryl groups with and with-
out nitronyl nitroxide radicals at both
ends of the molecules were synthesized.

tocyclization and photocycloreversion
quantum yields of the diarylethene with
nitronyl nitroxide radicals were found to
increase with the increase in the -
conjugated chain length. Photoswitching

of the magnetic interaction between two
nitronyl nitroxide radicals was studied
by means of ESR spectroscopy. The
change in exchange interaction between
open- and closed-ring isomers of 1,2-

The absorption maxima of the closed-
ring isomers showed a hypsochromic
shift with the increase in the m-conju-
gated chain length. The unique behavior
was attributed to the stabilization by the
resonant quinoid structures. Both pho-

ed chain

Introduction

Photochromic compounds reversibly change their molecular
properties upon photoirradiation, such as absorption and
fluorescence spectra, refractive indices, geometrical structures,
dielectric constants, oxidation/reduction potentials, and chirop-
tical properties. These property changes have been widely used
to switch the physical and chemical functions of molecular
systems that contain photochromic units.! Although various
types of photochromic compounds have been so far adopted as
the switching units, diarylethenes are among the most promising
compounds for molecular-scale memory and switch devices,
because of their fatigue-resistant and thermally irreversible pho-
tochromic performance.! The open- and closed-ring isomers
of the diarylethenes are substantially different in electronic
and geometrical structures. The most striking difference is
that while the & systems of the two aryl rings are separated in
the open-ring isomer, the closed-ring isomer has olefinic
electronic structure and the two m systems are connected to
each other and delocalize throughout the molecule.

When two unpaired electrons are placed at both ends of a
m-conjugated chain, the two spins of the unpaired electrons
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bis{6-{4-[4-(1-oxyl-3-oxide-4,4,5,5-tetra-
methylimidazolin-2-yl)phenyl]phenyl}-
2-methyl-1-benzothiophen-3-yl}hexa-
fluorocyclopentene was determined to
be more than 30-fold.

photochemis-

interact magnetically.’! If the m-conjugated chain length can
be switched by using a photochromic spin coupler, the
magnetic interaction can be controlled upon photoirradia-
tion.™ For this purpose, diarylethenes are very effective
because the m-conjugated chain length is switched by the
photoirradiation (Figure 1). So far we have reported the

o — I — e

of siain o siake

Figure 1. Photoswitching of magnetic interaction.

photoswitching of intramolecular magnetic interaction using
diarylethene spin couplers evidenced by several methods, that
is, temperature dependence of the magnetic susceptibilities,!
temperature dependence of the ESR signal intensities at
cryogenic temperatures,® and ESR spectral change at room
temperature.l’! During the course of this study it was found
that the photochromic reactivity was affected by the intro-
duction of the radical moiety.["l The cycloreversion reaction of
the diarylethenes with two nitronyl nitroxide radicals was
remarkably suppressed due to the contribution of the
resonant quinoid structure in the closed-ring isomer.

In this work, we have synthesized several photochromic
diarylethenes that have different m-conjugated chain lengths
with and without nitronyl nitroxides and studied the photo-
switching of the magnetic interaction between two nitronyl
nitroxide radicals by an ESR method. Their photochromic
reactivity was also investigated.
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Results and Discussion

Molecular design and synthesis: For the core photochromic
spin coupler we chose 1,2-bis(2-methyl-1-benzothiophen-3-
yl)perfluorocyclopentene, which is one of the most robust
photochromic units. One or two p-phenylene spacers were
introduced at the both ends. Nitronyl nitroxide was used as
the spin source because the radical is m-conjugative. The
molecules synthesized are listed in Scheme 1.

Nitronyl nitroxide itself has two identical nitrogen atoms to
give a five-line ESR spectrum with relative intensities

F2 Fo F2 F2
. & . v
R Is\ /s\ R Vis R /s s\ R

1a(R=H)
2a (R =NN)

1b(R=H)
2b (R=NN)

4a (R=NN)

6a (R=NN)

Scheme 1. Photochromic diarylethenes with two nitronyl nitroxides.

Cxs
S

OHC

3b(R=H)

6b (R =NN)

1:2:3:2:1 and a 7.5 G spacing. When two nitronyl nitroxides
are magnetically coupled with an exchange interaction, the
diradical gives a nine-line ESR spectrum with relative
intensities 1:4:10:16:19:16:10:4:1 and a 3.7 G spacing. If the
exchange interaction is smaller than the hyperfine coupling in
the diradical, two nitroxide radicals are magnetically inde-
pendent and give the spectrum that is the same as the
independent monoradical. In intermediate situations the
spectrum becomes complex. !
In a previous report we found that the antiferromagnetic
interaction between two nitronyl nitroxides remarkably
increased from 2J/ky=—-22K
to 2J/kg = —11.6 K upon photo-

irradiation when the nitronyl

8' nitroxides are introduced to

NN = _?\r both ends of 2 (Scheme 1),
o while any photoinduced ESR

spectral change was not ob-
served, because the exchange
interaction between the two
radicals was much stronger than
the hyperfine coupling con-
stant.’®! To decrease the intra-
molecular magnetic interaction
it is effective to elongate the -
conjugated chain.

Compounds 3a-6a were
synthesized  according to
Scheme 2. The synthesis of 1a
and 2a has been described pre-
viously.’> % Diiodo compound
7 was used as a common inter-

Scheme 2. Reagents and conditions: a) I,, H;IO4, H,SO,, AcOH, H,0, 76 %. b) [Pd(PPh;),], phenylboronic acid, Na,CO;, THF, H,0, 29 %. c¢) [Pd(PPh;),],
4-biphenylboronic acid, Na,CO;, THF, H,0, 32%. d)[Pd(PPh;),], 4-formylphenylboronic acid, Na,CO;, THF, H,O, 49%. e)2,3-Dimethyl-2,3-
bis(hydroxyamino)butane sulfate, methanol then NalO,, CH,Cl,, 13 %. f) n-BuLi, B(OBu);, [Pd(PPh;),], 4-formyl-4'-iodobiphenyl, Na,CO;, THF, H,O,
60 %. g) 2,3-Dimethyl-2,3-bis(hydroxyamino)butane, benzene/methanol, NalO,, CH,Cl,, 15%.

Chem. Eur. J. 2001, 7, No. 16
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mediate for the syntheses of 3a—6a. Suzuki coupling of 7 with
phenylboronic acid, 4-biphenylboronic acid, and 4-formyl-
phenylboronic acid afforded 3a, Sa, and 8, respectively.
Transformation of 7 to diboronic acid followed by Suzuki
coupling with 4-formyl-4'-iodobiphenyl gave diformyl com-
pound 9. The diformyl compounds were transformed to the
bis(nitronyl nitroxide) derivatives. It should be noted that
diarylethene skeleton is so persistent that many chemical
transformations can be applied. This is an advantage of
diarylethenes as building blocks of functional molecules. For
all compounds, the structures were confirmed by NMR and
ESR spectroscopy, and elementary analysis or mass spec-
trometry.

Photochromic reaction: All synthesized diarylethenes 1a—6a
underwent reversible photochromic reactions in ethyl acetate

by alternative irradiation with 313 nm UV light and 578 nm
visible light with retention of isosbestic points. Figures 2 and 3

0.20

0.15+

Absorbence
=
>
|

0.05 -
0.00+— =T T T T T
300 400 500 600 700 800
Wavelength /nm  ——
b)
0.20 4
0.15+

Absorbance
=)
=
|

0.05 4

0.00

T T
300 400 500 600 700 800
Wavelength/ nm  ——

Figure 2. Absorption spectral changes of a) 3 (3.3 x 10-M) and b) 5 (2.6 x
10-°m) in ethyl acetate solution by photoirradiation: (solid line) open-ring
isomer, (dashed line) closed-ring isomer, and (dotted line) in the photo-
stationary state under irradiation with 313 nm light.

illustrate absorption spectra of the open- and closed-ring
isomers, and of the photostationary state under irradiation
with 313 nm light for 3—6. The color of the solutions changed
from colorless (1a, 3a, and 5a) or pale blue (2a,4a, and 6a) to
red-purple (1b-6b). Although nitronyl nitroxide has absorp-
tion around 550-700 nm, it did not prohibit the photochromic
reactions. Absorption maxima and coefficients of the open-
and closed-ring isomers are summarized in Tables 1 and 2.

3468
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Table 1. Absorption maxima and coefficients of the open-ring isomers
la-6a in ethyl acetate.

Anax [nm] (e [M~'em™])

1a 258 (16000), 290 (6200), 299 (6800)

2a 309 (34000), 377 (16000), 553 (sh), 598 (630), 646 (630), 706 (sh)
3a 284 (48000)

4a 313 (76000), 377 (22000), 555 (sh), 600 (790), 644 (740), 718 (sh)
5a 298 (69000)

6a 320 (104000), 375 (sh), 550 (sh), 601 (720), 647 (690), 720 (sh)

Table 2. Absorption maxima and coefficients of the closed-ring isomers
1b-6Db in ethyl acetate.

Amax [nm] (¢ [M~'cm ')

1b 276 (14000), 352 (12000), 523 (10000)
2b 280 (17000), 348 (19000), 385 (sh), 400 (20000), 565 (15000)
3b 307 (20000), 381 (27000), 543 (21000)
4b 280 (43000), 367 (44000), 553 (26000)
5b 313 (23000), 389 (33000), 549 (24000)
6b 311 (58000), 374 (58000), 548 (28000)
a)
0.25
0.20 4
g 0.5
g
g
% 0.10+
0.05
0.00 T | T T T T
300 400 500 600 700 800
Wavelength/ nm ———=
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Figure 3. Absorption spectral changes of a) 4 (2.8 x 10-°M) and b) 6 (2.9 x
10-°Mm) in ethyl acetate solution by photoirradiation: (solid line) open-ring
isomer, (dashed line) closed-ring isomer, and (dotted line) in the photo-
stationary state under irradiation with 313 nm light.

The absorption maxima of the diarylethenes without
radicals (1, 3, and 5) shifted to longer wavelengths with
increasing m-conjugated chain length in both open- and
closed-ring isomers. On the other hand, in the case of
diarylethenes with two nitronyl nitroxide radicals (2, 4, and
6) the visible absorption maxima of the closed-ring isomers
showed a hypsochromic shift with the increase in the chain
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length. This phenomenon is attributed to the fact that the
contribution of the resonant quinoid structure becomes
smaller as the chain length becomes longer (Scheme 3). The

Scheme 3. The resonant stabilization of the closed-ring isomers with two nitronyl nitroxide radicals.

absorption spectrum of the visible band of 6b is similar to that
of Sb. This indicates that the contribution of the resonant
quinoid structure 6b’ shown in Scheme 3 is very small in the
closed-ring isomer.

Quantum-yield measurements: The quantum yields of cycli-
zation and cycloreversion reactions of 3—6 were measured in
ethyl acetate by using 1 as a reference.l'” The conversions
under irradiation with 313 nm light were determined by
comparing the UV-visible spectra of the isolated closed-ring
isomers and the sample at the photostationary state. The
results are summarized in Table 3.

Table 3. The quantum yields and conversions of cyclization and cyclo-
reversion reactions in ethyl acetate.

Cyclization (313 nm) Cycloreversion? (517 nm)

D Conversion D
1 0.31101 0.43] 0.28[0]
2 0.0401! 1.00M 0.00101!
3 0.31 0.74 0.14
4 0.10 0.99 0.012
5 0.49 0.91 0.14
6 0.13 0.87 0.062

[a] For all compounds the conversions of the cycloreversion reaction were
1.00. [b] Taken from ref.[Sb].

The quantum yields of the cyclization reactions of the
diarylethenes with two nitronyl nitroxide radicals increased
from 0.040 to 0.13 with the increase in the m-conjugated chain
length. The energy transfer from the central diarylethene to
the radical moiety is considered to reduce the quantum yield

Chem. Eur. J. 2001, 7, No. 16
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of 2a. More interestingly, it is clearly shown that the cyclo-
reversion quantum yield increased from 0.0010 to 0.062 with
increasing the m-conjugated chain length. In this case besides
the effect of the energy trans-
fer, the contribution of the
resonant quinoid structure of
2b' to the closed-ring isomer is
considered to suppress the cy-
cloreversion reaction.

The conversion in the pho-
tostationary state was also de-
pendent on the chain length.
In the case of diarylethenes
without radicals, the conver-
sions increased with the in-
crease in the chain length. In
contrast, in the case of diaryl-
ethenes with two nitronyl ni-
troxide radicals, the longer
chain length gave smaller con-
versions. Since the conversions
are related to the quantum
yields by Equation (1), the
difference in conversions orig-
inates from the difference in
the quantum yields. The calculated conversions agreed well
with the experimental values.
conversiong_,c = & (1)

Do_céo + Pcoto

Switching of ESR spectra: The changes in the ESR spectra
along with the photochromism were examined in diaryl-
ethenes 4 and 6. A solution of 4a in benzene was irradiated
with UV or visible light in the ESR cavity and their ESR
spectral changes were measured at room temperature. Fig-
ure 4 shows the ESR spectra at different stages of the
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Figure 4. X-band ESR spectra measured at room temperature at different
stages of the photochromic reaction starting from open-ring isomer 4a
(1.1 x 10-*M benzene solution, 9.32 GHz). a) Initial, b) after irradiation
with 366 nm light for 1 min, ¢) 4 min, d) after irradiation with A > 520 nm
light for 20 min, e) 50 min.

photochromic reaction. The ESR spectrum of 4a is complex
with 15 lines. This result suggests that the two spins of nitronyl
nitroxide radicals are coupled by the exchange interaction
that is comparable to the hyperfine coupling constant. Upon
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irradiation with 366 nm light, the signal of nine lines at the
center grew, and after four minutes the spectrum reached the
photostationary state. The nine-line spectrum corresponds to
the closed-ring isomer 4b. The spectrum indicates that the
exchange interaction between the two spins in 4b is much
larger than the hyperfine coupling constant.

At the photostationary state the 15-line spectrum originat-
ing from 4a disappeared; this is consistent with the high
conversion as observed in the UV-visible absorption spectral
changes upon UV irradiation. When the sample was irradi-
ated with 4 >520nm light, the spectrum returned to the
original one. The double integral values of the spectra at
initial and photostationary state were almost identical,
indicating that there is no gain or loss of the amount of the
spins during the photochromic reaction (Figure 5). This also
indicates that the closed-ring isomer maintains the biradical
character and so the contribution of the mesomeric form 4b’ is
very small.

L 1 1 |
3260 3310
Magnetic Field / G

Figure 5. ESR spectra of a) closed-ring isomer 4b and b) open-ring isomer
4a with double integrals.

Figure 6 shows the ESR spectra of a solution of 6 in
benzene along with the photochromic cycle. The ESR
spectrum of 6b, which was isolated by HPLC, showed a
distorted nine-line spectrum. Upon irradiation with 4>
520 nm light, the signal was converted into five-line spectrum

e)

A
NN ey O
VoV L
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d)

4
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|
3260 3310
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Figure 6. X-band ESR spectra measured at room temperature at different
stages of the photochromic reaction starting from closed-ring isomer 6b
(1.9 x 10~*M benzene solution, 9.32 GHz). a) Initial, b) after irradiation
with A > 520 nm light for 1 min, ¢) 2 min, d) after irradiation with 366 nm
light for 1 min, ¢) 10 min.
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and after two minutes there were no additional signals. This
five-line spectrum corresponds to the open-ring isomer 6a.
This spectrum indicates that the exchange interaction be-
tween the two spins in 6a is much smaller than the hyperfine
coupling constant. Then the sample was irradiated with
366 nm light. After ten minutes the sample reached the
photostationary state. The spectrum in the photostationary
state was very similar but not identical to that of closed-ring
isomer 6b. This is because the cyclization conversion in the
photostationary state was 87 %. The cycle could be repeated
several times. The open-ring isomer 6a, the closed-ring isomer
6b, and the sample in the photostationary state had same
signal intensity determined by the double integral of the
spectra, indicating the conservation of the total number of the
spins (Figure 7).

a) A
P U S ‘
b)
c)
[ 1 1 | 1 1 1 L i
3260 3310 3360
Magnetic Field / G

Figure 7. ESR spectra of a) 6 in the photostationary state under irradiation
with 366 nm light, b) open-ring isomer 6a, and c) closed-ring isomer 6b
with double integrals.

The simulation of the ESR spectra was performed by using
the BIRADG program written by Dr. B. Kirstel''l in order to
estimate the exchange interaction. The nine-line spectrum of
4b and five-line spectrum of 6a were reproduced as |2.J/gus |
>300 G (|2J/kg|>0.04 K) and |2J/gug | <2 G (|2J/kg | <3 x
10~*K), respectively. The ESR spectra of 4a and 6b were
complicated because the exchange interactions were compa-
rable to the hyperfine coupling constants. Even in such cases,
the simulation of the spectra can afford the value of the
exchange interaction. Figure 8 shows the experimental and
simulated spectra of 4a and 6b. The ESR spectrum of 6b was
reproduced with an exchange interaction of |2J/gug |=76 G
(12J/kg |=0.010 K).

In the case of 4a, two kinds of exchange interaction were
required to reproduce the experimental spectrum. It is well
known that the open-ring isomer of 1,2-bis(2-methyl-1-
benzothiophen-3-yl)perfluorocyclopentene has two atrop-
isomers, which are parallel and antiparallel conformers, in
the NMR timescale (Figure 9).[12l The parallel and antiparallel
isomers should have different exchange interactions between
spins. The ratio between parallel and antiparallel conformers
was 35:65 for 1,2-bis(2-methyl-1-benzothiophen-3-yl)per-
fluorocyclopentene. By taking this ratio into account, the
exchange interaction was determined to be |2J/guy |=9.0 G
(|2J/kg|=12 x 1073 K) for the antiparallel conformer and
|2J/gus | <2 G (|2Jlkg|<3 x107#K) for the parallel con-
former.
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Figure 8. a) ESR spectra of open-ring isomer 4a (1.1 x 10~*M benzene solution, 9.32 GHz). b) Simulated spectrum of 4a (see text). c) ESR spectra of open-
ring isomer 6b (1.9 x 10~*M benzene solution, 9.32 GHz). d) Simulated spectrum of 6b (see text).
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Figure 9. Parallel and antiparallel conformations of an open-ring isomer of
1,2-bis(2-methyl-benzothiophen-3-yl)perfluorocyclopentene.

The simulation of the ESR spectra does not afford the sign
of the exchange interaction, that is, whether the interaction is
ferromagnetic or antiferromagnetic. A spin polarization
model suggested that all the interactions in 2, 4, and 6 were
antiferromagnetic. The SQUID measurement of 2a and 2b
showed antiferromagnetic interaction between spins. Based
on these results we can infer all the interactions are
antiferromagnetic. In this photoswiching, the sign of the
interaction did not changed.

Table 4 lists the exchange interaction between two nitronyl
nitroxide radicals bridged by diarylethenes. The exchange
interaction decreases with increasing m-conjugated chain
length. By incorporating p-phenylene spacers, the interaction
could be detected by ESR spectroscopy. For all three

Table 4. The change of the ESR line shapes and exchange interactions

(|2J/kg K | ) between the open- and closed-ring isomers.

Open-ring isomer Closed-ring isomer

ESR line shape  |2J/kgK | ESR line shape  |2J/kzK|
2 9linesk! 2.202b] 9 linesl? 11.6[20]
4 15 lines 12x1073, <3x10*  9lines > 0.04
6 Slines <3x10™* distorted 9 lines 0.010

[a] Taken from ref. [Sb]. [b] Determined by magnetic susceptibility measure-

ment.
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diradicals closed-ring isomers have stronger interaction than
open-ring isomers. The exchange interaction change in 2 was
only fivefold, while more than 30-fold change was observed in
6. Although the SQUID measurement is not sensitive for the
weakly coupled diradicals, the value of the exchange inter-
action could be precisely determined by simulating the ESR
spectrum of the diradical, in which the exchange interactions
are comparable to the hyperfine coupling constants. The
intrinsic change between open- and closed-ring isomers was
estimated to be more than 30-fold. This result shows a very
large switching effect of diarylethenes and consolidates the
superiority of diarylethenes as molecular switching units.
Although the absolute value of the exchange interaction is
small, the information of the spins can be clearly transmitted
through the closed-ring isomer and the switching can be
detected by ESR spectroscopy.

Conclusion

The diarylethenes with open-shell radical moieties were
synthesized and investigated photochemically and magneto-
chemically. It was proved that the photoreactivity was
perturbed by incorporating the open-shell moieties into the
diarylethenes. The photocycloreversion quantum yields of the
closed-ring isomers with two radicals was strongly suppressed
by the resonant quinoid structure. The considerably large
ESR spectral change, as large as 30-fold, upon photoirradia-
tion was observed due to the change in the exchange
interaction.

Experimental Section

Materials: '"H NMR spectra were recorded on a Varian Gemini 200 and
JEOL GSX400 instruments. UV-visible spectra were recorded on a Hitachi
U-3500 Spectrophotometer. Mass spectra were obtained by a JEOL JMS-

0947-6539/01/0716-3471 $ 17.50+.50/0 3471





FULL PAPER

M. Irie and K. Matsuda

HX110A instrument. Melting points are not corrected. All reactions were
monitored by thin-layer chromatography carried out on 0.2 mm Merck
silica gel plates (60F-254). Column chromatography was performed on
silica gel (Merck, 70-230 mesh).
1,2-Bis(6-iodo-2-methyl-1-benzothiophen-3-yl)hexafluorocyclopentene
(7): Iodine (1.2 g, 4.0 mmol) and HsIO4 (0.39 g, 1.5 mmol) was added to a
stirred solution of 1a (2.0 g, 4.3 mmol) in acetic acid (150 mL), sulfuric acid
(3 mL), and water (7 mL), and the mixture was stirred for 3 h at 70°C in the
open air. The reaction mixture was poured into 500 mL of ice-water. The
mixture was extracted with AcOEt, and the organic layer was washed with
water, an aqueous solution of NaHCO;, and an aqueous solution sodium
thiosulfate, and dried over MgSO,. The solvent was evaporated, and the
residue was purified by short-path column chromatography (silica, hexane)
and successively by digestion from hexane. Diiodo compound 7 (2.3 g,
76 %) was obtained as a white solid. M.p. 194.5-195.0°C; 'H NMR
(CDCl;, 200 MHz) parallel conformer: 6 =2.46 (s, 6H), 7.22, (d, /=9 Hz,
2H), 748 (d,J =9 Hz,2H), 7.96 (s, 2H); antiparallel conformer: 6 =2.18 (s,
6H), 7.36 (d, /=9 Hz, 2H), 7.65 (d, /=9 Hz, 2H), 8.03(s, 2H); parallel/
antiparallel =35:65; FAB HRMS (m/z) [M]* caled for C,H,FLS,:
719.8374; found 719.8376.
1,2-Bis(6-phenyl-2-methyl-1-benzothiophen-3-yl) hexafluorocyclopentene
(3a): [Pd(PPh;),] (175 mg, 0.15 mmol), Na,CO; (2.5 g), water (10 mL), and
phenylboronic acid (600 mg, 4.0 mmol) was added to a solution of 7 (1.2 g,
1.1 mmol) in THF (10 mL). The reaction mixture was heated under reflux
24 h. The reaction mixture was poured into water, extracted with Et,O,
washed with water, dried over magnesium sulfate, and concentrated.
Column chromatography (hexane/dichloromethane 3:1) gave 3a (290 mg,
29 %) as a white solid. '"H NMR (CDCl;, 400 MHz): 6 =2.25 (s, 3.9H), 2.50
(s, 2.1H), 7.3-7.9 (m, 16 H); UV/Vis (AcOEt): 4., (¢) =284 nm (48000);
FAB HRMS (m/z) [M]" calcd for CysH,,F(S,: 620.1067; found 620.1059.

Closed-ring isomer 3b: '"H NMR (CDCl;, 400 MHz): 6 =2.08 (s, 6H), 7.3 -
8.0 (m, 16H); UV/Vis (AcOEt): 4., (¢)=307 (20000), 381 (27000),
543 nm (21 000).
1,2-Bis[6-(4-biphenyl)-2-methyl-1-benzothiophen-3-yl]hexafluorocyclo-
pentene (5a): [Pd(PPh;),] (80 mg, 0.07 mmol), Na,CO; (1.2 g), water
(5mL), and 4-biphenylboronic acid (550 mg, 2.78 mmol) was added to a
solution of 7 (500 mg, 0.69 mmol) in THF (5 mL). The reaction mixture was
heated under reflux 24 h. The reaction mixture was poured into water,
extracted with ethyl acetate, washed with water, dried over magnesium
sulfate, and concentrated. Column chromatography (hexane/dichlorome-
thane 4:1) gave 5a (170 mg, 32%) as a white solid. M.p. 278.5-279.5°C;
'"H NMR (CDCl;, 400 MHz): 6 =2.28 (s, 3.9H), 2.54 (s, 2.1H), 7.3 -8.0 (m,
24H); UV/Vis (AcOEt): Ap., (¢) =298 nm (69000); FAB HRMS (m/z)
[M]* caled for C;H;30FS,: 772.1693; found 772.1690.

Closed-ring isomer 5b: '"H NMR (CDCl;, 400 MHz): 6 =2.10 (s, 6H), 7.3 -
8.1 (m, 24H); UV/Vis (AcOEt): A, (¢)=313 (23000), 389 (33000),
549 nm (24 000).
1,2-Bis[6-(4-formylphenyl)-2-methyl-1-benzothiophen-3-ylJhexafluorocy-
clopentene (8): [Pd(PPh;),] (175 mg, 0.15 mmol), Na,CO; (2.5 g), water
(10 mL), and 4-formylphenylboronic acid (600 mg, 4.0 mmol) was added to
a solution of 7 (1.2 g, 1.1 mmol) in THF (10 mL). The reaction mixture was
heated under reflux for 24 h. The reaction mixture was poured into water,
extracted with Et,O, washed with water, dried over magnesium sulfate, and
concentrated. Column chromatography (silica, dichloromethane/Et,0O 3:1)
gave diformyl compound 8 (540 mg, 49%) as a white solid. 'H NMR
(CDCl;, 400 MHz): 6 =2.28 (s, 3.9H), 2.55 (s, 2.1H), 748 -7.99 (m, 14H),
10.03 (s, 0.35H), 10.07 (s, 0.65H); FAB HRMS (m/z) [M+H]* calcd for
C3;Hp3FO,8,: 677.1044; found 677.1074.
1,2-Bis{6-[4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl]-2-
methyl-1-benzothiophen-3-yl}hexafluorocyclopentene (42a): A solution of 8
(540 mg, 0.80 mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbutane sulfate
(2 g, 8.0 mmol), and potassium carbonate (1.1 g, 8 mmol) in methanol
(60 mL) was heated under reflux for 24 h. The reaction mixture was poured
into water, extracted with ethyl acetate, washed with water, dried over
magnesium sulfate, and concentrated to give tetrahydroxylamine as yellow
oil. Purification was not performed. A solution of sodium periodate
(520 mg, 2.4 mmol) in water (100 mL) was added to a solution of
tetrahydroxylamine in dichloromethane (60 mL), and the reaction mixture
was stirred for 30 min in the open air. The organic layer was separated,
washed with water, dried over magnesium sulfate, and concentrated.
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Purification was performed by column chromatography (silica, chloroform/
Et,0 9:1) followed by GPC, and then recrystallization from CH,Cl,/hexane
by diffusion method in the dark. Compound 4a was obtained as a dark blue
solid (100 mg, 13%). M.p. 210.0-211.0°C (decomp); UV/Vis (AcOEt):
Amax (8) =313 (76000), 377 (22000), 555 (sh), 600 (790), 644 (740), 718 nm
(sh); ESR (benzene): complicated, 15 lines, g =2.007; FAB HRMS (m/z)
[M+H]" caled for CuH,sFN,O,S,: 931.2786; found 931.2739; elemental
analysis calcd (%) for CHF(N,O,S,: C 63.2, H 4.8, N, 6.0; found C 63.5,
HS52,N5.7.

Closed-ring isomer 4b: UV/Vis (AcOEt): A, (¢)=280 (43000), 367
(44000), 553 (26000); ESR (benzene): 1:4:10:16:19:16:10:4:1, 9 lines, g=
2.007, ay=3.7G.

1,2-Bis{6-[4-(4-formylphenyl) phenyl]-2-methyl-1-benzothiophen-3-yl}hexa-
fluorocyclopentene (9): n-Butyllithium in hexane (1.6M, 1.0 mL, 1.6 mmol)
was added to a solution of 7 (510 mg, 0.71 mmol) in THF (10 mL) at
—78°C. After the mixture was stirred for 1 h at —78°C, tri-n-butylborate
(0.8 mL, 3.0 mmol) was added. The solution was allowed to warm to 10°C
with stirring. Water (3 mL) was added to the reaction mixture followed by
addition of [Pd(PPh;),] (80 mg, 0.07 mmol), Na,CO; (2.4 g), water (10 mL),
and 4-formyl-4-iodobiphenyl (1.1 g, 3.5 mmol). The reaction mixture was
heated under reflux 12 h. The reaction mixture was poured into water,
extracted with AcOEt, washed with water, dried over magnesium sulfate,
and concentrated. Column chromatography (dichloromethane) gave com-
pound 9 (350 mg, 60 %) as a white powder. M.p. 263.0-264.0°C; 'H NMR
(CDCl;, 400 MHz): 6 =2.29 (s, 3.9H), 2.55 (s, 2.1H), 7.50-8.00 (m, 22H),
10.05 (s, 0.35H), 10.08 (s, 0.65H); FAB HRMS (m/z) [M+H]" calcd for
CoH30F50,S,: 828.1591; found 828.1594.
1,2-Bis{6-{4-[4-(1-0xyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl]-
phenyl}-2-methyl-1-benzothiophen-3-yl}exafluorocyclopentene (6a): A
solution of 9 (100 mg, 0.12 mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbu-
tane sulfate (300 mg, 1.2mmol), and potassium carbonate (170 mg,
1.2 mmol) in benzene (10 mL) and methanol (3 mL) was heated under
reflux for 15 h. The reaction mixture was poured into water, extracted with
ethyl acetate, washed with water, dried over magnesium sulfate,and
concentrated to give tetrahydroxylamine as yellow oil. Purification was
not performed. A solution of sodium periodate (120 mg, 0.57 mmol) in
water (30 mL) was added to a solution of tetrahydroxylamine in dichloro-
methane (30 mL), and the reaction mixture was stirred for 30 min in the
open air. The organic layer was separated, washed with water, dried over
magnesium sulfate, and concentrated. Purification was performed by
column chromatography (silica, chloroform/Et,O 1:1). Compound 6a was
obtained as a dark blue solid (20 mg, 15%). UV/Vis (AcOEt): Ay (€)=
320 (104000), 375 (sh), 550 (sh), 601 (720), 647 (690), 720 nm (sh); ESR
(benzene): 1:2:3:2:1, 5 lines, g =2.007, ay="7.5 G; FAB MS (m/z) [M+H]*
calcd for C,Hs3FoN,O,S,: 1083; found 1083.

Closed-ring isomer 6b: UV/Vis (AcOEt): A, (¢)=311 (58000), 374
(58000), 553 nm (28000); ESR (benzene): 1:4:10:16:19:16:10:4:1, 9 lines,
£=2.007, ay=39G.

Photochemical measurements: Absorption spectra were measured on a
spectrophotometer (Hitachi U-3500). Photoirradiation was carried out by
using a USHIO 500 W super high-pressure mercury lamp or a USHIO
500 W xenon lamp. Mercury lines of 313 and 578 nm were isolated by
passing the light through a combination of Toshiba band-pass filter (UV-
D33S) or sharp-cut filter (Y-52) and monochrometer (Ritsu MC-20L).
Photoirradiation in the ESR cavity was performed by using a 200 W fiber
mercury-Xe lamp with band-pass filter or sharp-cut filter.

ESR spectroscopy: A Bruker ESP300E spectrometer was used to obtain
X-band ESR Spectra. The sample was dissolved in benzene and degassed
with Ar bubbling for 5 min.
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Homo- and Heterocomplexes of Sodium and Lithium Amides—

Structures in Solution

Anna Johansson*!*! and Ojvind Davidsson*!"!

Abstract: Addition of the chiral amine
(S)-methyl(1-phenyl-2-pyrrolidinoethyl)-
[PN]amine (1) to a large excess of
nBuNa resulted in the formation of a
mixed sodium amide/nBuNa complex.
This is the first observation of such a
complex. Addition of nBuli to the

use of N,°Li coupling constants showed
that the lithium in 5 occupied the
tetracoordinated site. The use of chiral
sodium amide 3 in the desymmetrization

Keywords: amides - asymmetric
synthesis - lithium - NMR spectros-

of cyclohexene oxide gave a modest
enantiomeric excess (ee) of 37%. The
corresponding lithium amide gave an ee
of 70 % of the same enantiomer. This is
the first example of the comparison of
asymmetric induction by sodium as
cation with that of lithium.

chiral sodium amide dimer 3 gave a

. o . ; copy - sodium
new mixed lithium/sodium amide 5. The

Introduction

The most widely utilized achiral reagent for deprotonation,
rearrangement and functionalisation is lithium diisopropyla-
mide (LDA). Its structure in solution and in the solid state are
well covered in the literature.ll! Other research groups have
investigated the crystal structure of its sodium analogue,
sodium diisopropylamide (NDA), and their conclusions were
that in reactions in which a high degree of reactivity was
required, the use of heavier alkali metal organyls or amides
can be advantageous due to their higher basicity.”! Another
recent area of extensive development is the preparation and
use of the so-called super bases.’! These hetero mixtures are
considerable more basic than the corresponding homo alkali
metal amides and alkoxide complexes. The use of lithium
amides as organometallic reagents in asymmetric transforma-
tions, deprotonation of conformationally locked prochiral
cyclic ketones,l rearrangement of epoxides to allylic alco-
hols,P! and aromatic and benzylic functionalization of tricar-
bonyl (n°-arene)chromium complexes has been successful. [ Tt
is commonly known that there is a difference in degree of
kinetic versus thermodynamic control when the heavier alkali
metals are used instead of lithium. However, there are to the
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best of our knowledge no examples of the comparison the
enantiomeric outcome in a reaction with heavier organo alkali
metal amide reagents with respect to the more common
lithium amide reagents. In the literature there are only some
examples of amides of the heavier alkali metals found in the
solid state.[? Investigations in solution are thus very sparse.l®!
The organo alkali metal amide formed from hexamethyl
disillylazide with lithium or/and potassium in THF is dimeric.
Furthermore mixed dimers were also observed in which one
lithium and one potassium metal cation constitute the dimeric
metal core. Addition of TMEDA resulted in the appearance
of monomers. However, in all cases found in the literature
there are no publications that deal with chiral amides with
internal coordinating groups. This encouraged us to inves-
tigate the solution structures of chiral alkali metal amides with
internal coordinating groups and their use in asymmetric
synthesis.

The lithium salt of the chiral amine (S)-methyl(1-phenyl-2-
pyrrolidinoethyl)['*N]amine (1) forms trimers as well as
symmetrically and asymmetrically solvated dimers depending
on solvent used. Trimers are observed in hydrocarbon
solvents, such as toluene, and asymmetric and symmetric
dimers are observed in coordinating solvents as diethyl ether
(DEE) and THEF, respectively.”]

Our choice of sodium source
for the preparation of the cor-
responding sodium amide was
n-butyl sodium. The reason for
using n-butyl sodium is the
possibility to observe the for-
mation of mixed alkyl sodium/
sodium amide complexes. 1

15,
__ENH N

0947-6539/01/0716-3461 $ 17.50+.50/0 3461





FULL PAPER

0. Davidsson and A. Johansson

Results and Discussion

A NMR tube was loaded with an n-butyl sodium™! (500 uL)
hexane slurry, and the hexane was removed at a vacuum
line. The n-butyl sodium was dissolved in diethyl ether
([D(]DEE; 0.5mL). A signal from the a protons on the
carbanionic carbon in n-butyl sodium was observed at 0 =
—0.83 in the "TH NMR spectrum at —90°C. When 0.25 equiv-
alents of amine were added, two triplets were observed in the
'"H NMR spectra at 6 =—0.83 and —0.87 (Figure 1). The

'H NMR nBuNa

nBuNa
0.25 equiv of 1

nBuNa
0.50 equiv of 1

-13 o

Figure 1. 'H NMR spectra at — 90 °C of nBuNa in [D,(]DEE with different
amounts of 1 added, showing the carbanionic a-protons from nBuNa.

-0.5 -0.7 -0.9 -1l

concentration of the n-butyl sodium hexane slurry was
determined by titration with amine 1 until the '"H NMR signal
originating from the a-carbanionic carbon protons, which was
observed at 0 —0.83, disappeared totally (55 pL, 0.27 mmol of
the amine 1).

The signal at 0 = —0.87 was assigned to derive from a mixed
dimer (2) that consists of one molecule of n-butyl sodium and
one molecule of sodium amide. In the 3C NMR spectra, two
signals at 6 = 152.40 and 150.89 were observed in a 2:1 ratio at
—90°C. The signal at 6 =150.89 was assigned to the quater-
nary carbon in the mixed dimer complex 2, as this signal

decreased upon further addi-
tion of amine (see Figure 2).
The “C NMR signal at 6=
152.40 was assigned to be the
quaternary carbon in a dimer

N complex, 3a or 3b, since the
BN amides preferably forms dimers
v e in solvents like DEE, and this
signal increased in intensity

when further amine was added.

Mixed dimer complexes have

previously been observed to be

easily formed when lithium was

2 used as counterion, but to the

3462
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13¢ NMR

#BuNa

0.25 equiv of 1 carbanionic carbon

#BuNa
0.50 equiv of 1

nBuNa
0.75 equiv of 1

nBuNa
1 equiv of 1 and
0.45 equiv of nBuLi

nBuNa
1 equiv of 1 and
0.89 equiv of #BuLi l

J

lunL_dl

140 120 100 80 60 40 20 g

Figure 2. C NMR spectra at —90°C of nBuNa in [D,(|DEE with different
amounts of 1 added and with different additions of nBuL.i.

3a 3b
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best of our knowledge there exists no reports of mixed butyl
sodium/sodium amide complexes.'!l This observation indi-
cates that it might be possibile to use sodium mixed complexes
as asymmetric addition reagents to carbonyl carbon atoms.

When equimolar amounts of amine had been added to the
n-butyl sodium, there was only one C NMR quartenary
signal seen at d =152.40 (see Figure 2). No «a protons from n-
butyl sodium was observed in the '"H NMR spectra. There are
two possible indistinguishable structures available for this
dimer, either an unsymmetrical internal coordination (3a) or
a symmetrical internal coordination (3b). There is a small
preference for structure 3a as the lithium analogue in DEE
exclusively forms asymmetrically internally coordinated di-
mers (4). The 1:1 solution of the amine and nBuNa was then
titrated with n-butyl lithium, and when 0.45 equivalents of
nBuLi was reached one triplet was observed at 0=2.22
(J(°Li,"N) =4.36 Hz) in the °Li NMR spectra at —90°C. This
shows that structure 5a, 5b, or 5c¢ is formed (see Figure 3).

In the '"H NMR spectra one observes the a-carbanionic
carbon protons from 5 at 0 = —0.83 and a new a-carbanionic
carbon proton signal at 6 =—0.87 from the n-butyl sodium
formed. The reason for the appearance of n-butyl sodium is
that the more electropositive metal is directed to the more
acidic carbon atom; this results in metal — metal exchange (see
Figure 4).

The magnitude of the coupling
constant indicates that the lith-
ium is tetracoordinated (one sol-
vent molecule included), that is,
it is coordinated by the two
pyrrolidine nitrogen atoms and
C\ //\ / the two amide nitrogens.'?l This

15N indicates that the sodium cation
LI\ oLi preferably is found in the tricoor-
15N dinated site (one or two addi-
AN tional solvent molecules includ-
ed) in the asymmetrically solvat-
ed dimer 5a. This coordinative
arrangement of the cations in a
lithium/sodium mixed amide has
previously been observed in only
4 a few cases.["’]

u,, iy

oy, "
ey, ”

L

LX L0
s
15N

5a 5b
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OLi NMR #BuNa
1.0 equiv of 1

and 0.45 equiv of nBuLi

#BuNa
1.0 equiv of 1
and 0.89 equiv of nBuLi

nBuNa
1.0 equiv of 1
and 1.34 equiv of nBuLi

34 30 26 22 18 14 §

Figure 3. °Li NMR spectra at —90°C of 3 in [D;]DEE with different
additions of nBuLi.

Further addition of nBuLi results in the disappearance of
the triplet at  =2.22 and two new triplets appear at 6 =2.29
and 2.28 with J(°Li,’N)=5.90 and 4.11 Hz, respectively.
These two new triplets show the same chemical shifts and
coupling constant magnitudes as observed for the unsym-
metrically solvated lithium dimer 4.0 Altogether these
observations show that sodium has to be situated in the
tricoordinate site, as shown in Sa. The addition of nBuLi
expels sodium from the sodium amide to form nBuNa; this is
clearly seen in the 'H NMR spectra in which a protons from -
butyl sodium start to appear upon increased addition of
nBuLi, due to metal exchange.

The reactivity of the amine was measured by enantioselec-
tive deprotonation of a symmetrical epoxide, cyclohexene
oxide, to give the optically active allylic alcohol, (S)-cyclo-
hexanol. A NMR tube with 3 in DEE was prepared the same
way as above, and one equivalent of cyclohexene oxide was
added to the solution at room temperature. The enantiomeric
excess (ee), determined by using chiral gas chromatography,

was 37 % ee of the § enantiom-

er. The corresponding lithium

amide gave an ee of 70 % of the

same enantiomer. A NMR tube

§ with §in DEE was prepared the

3 same way, and the enantiomeric
excess was 10% ee for the §

e T, enantiomer. The reason for the
il M-l large difference in enantiomer-
BN ic excess is probably to be

/ found in the difference of the

ionic radii and the coordination
number at the alkali metals; the
lithium cation coordinates the
substrate to a larger extent both
in the initial as in the transition
5¢ state. In the case of lithium a
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4 NMR

nBuNa
1.0 equiv of 1 and
0.45 equiv of nBuLi

methane protons from
complex 5a and 5b

methane protons from U

complex 2 \

a-carbanionic carbon
protons from #BuNa

A
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tighter transition state is formed, and the substituents on the
amide play a more important role in directing the stereo-
chemistry of the reaction. The coordination number may also
have an importance as the rates of ligand exchange are faster
at a tetracoordinated site relative to a tricoordinated one.

The difference in ee is indeed reflected in the coordination
status of the lithium and sodium cations in the alkali metal
amide; in this case, the substrate coordinates to the tricoordi-
nated sodium and therefore the ee decreases due to less
interactions from substituents.

Experimental Section

General: All glassware and syringes used for the NMR studies and
epoxide-opening reactions were dried at 50°C in a vacuum oven before
transferred into a glove box (Mercaplex GB80 equipped with a gas
purification system that removes oxygen and moisture) that contained a
nitrogen atmosphere. Chromatographic analyses were carried out on a
Varian Star 3400 CX gas chromatograph. All GC analyses were run on a
chiral stationary phase column (CP-Chirasil-DEX CB, 25 m, 0.32 mm)
from Chrompack. All analyses were performed at 135°C (injector: 225°C;
detector: 250°C) with He (2 mLmin~') as carrier gas. The NMR analysis
were recorded on a Varian Unity 500 spectrometer with a 5 mm 'H, 3C, SLi,
5N quad resonance probe head custom built by Nalorac.

Synthesis of the chiral amine 1: The amine 1 was synthesized by using
published procedures.['

Preparation of NMR samples: The °Li-labeled lithium amides, and the
NMR samples were prepared according to procedures published in
previous papers.['”]

The reaction of enantioselective deprotonation of cyclohexene oxide: The
reaction of enantioselective deprotonation of cyclohexene oxide was
performed by using published procedures.!']

Acknowledgements
The authors are most grateful to the Swedish Natural Science Research

Council, Carl Trygger research foundation and “Kungl. Vetenskaps- och
Vitterhets-samhadllet i Goteborg” for financial support.

3464 ——

-0
Figure 4. 'H NMR spectra at —90°C of nBuNa with 1 equivalent of 1 and 0.45 equivalents of nBuLi added.

(3]

4

=

(5]

(o]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Lim, Czech. Pat. 132.254, appli-
cation date December 30, 1964
[Chem. Abstr. 1970, 73, 25642f];
b) P.C. Andrews, N.D.R. Bar-
nett, R.E. Mulvey, W. Clegg,
P. A. O’Neil, D. Barr, L. Cowton, A.J. Dawson, B. J. Wakefield, J.
Organomet. Chem. 1996, 518, 85; ¢) E. Pasquinet, P. Rocca, F. Marsais,
A. Godard, G. Quéguiner, Tetrahedron 1998, 54, 8771; d) B. Renger,
H. Hiigel, W. Wykypiel, D. Seebach, Chem. Ber. 1978, 111,2630; ¢) S.
Raucher, G. A. Koolpe, J. Org. Chem. 1978, 43, 3794.

a) A. Mordini, Advances in Carbanion Chemistry, Vol. 1 (Ed.: V.
Snieckus), JAI, Greenwich, CT (USA), 1992, p. 1; b) A. Mordini, E.
Ben Rayana, C. Margot, M. Schlosser, Tetrahedron 1990, 46, 2401;
¢) F. Gualtieri, A. Mordini, S. Pecchi, S. Scapecchi, Synlett. 1996, 447;
d) P. A. A. Klusener, L. Tip, L. Brandsma, Tetrahedron 1991, 47, 2041;
e) D. Barr, A.J. Dawson B.J. Wakefield, J. Chem. Soc. Chem.
Commun. 1992, 2, 204; f) P.C. Andrews, N.D. R. Barnett, R. E.
Mulvey, W. Clegg, P. A. O’Neil, D. Barr, L. Cowton, A.J. Dawson,
B.J. Wakefield, J. Organomet. Chem. 1996, 518, 85; g) A. Ricci, A.
Guerrini, G. Secondi, A. Mordini, T. Constantieux, J.-P. Picard, J.-M.
Aizpurua, C. Palomo, Synlett 1994, 955; h) T. Kremer, S. Harder, M.
Junge, P. von R. Schleyer, Organometallics 1996, 15, 585.

a) N. S. Simpkins, Chem. Commun. 1986, 88; b) C. M. Cain, R. P. C.
Cousins, G. Coumbarides, N. S. Simpkins, Tetrahedron 1990, 46, 523;
¢) K. Koga, Pure Appl. Chem. 1994, 66, 1487; d) R. Shirai, M. Tanaka,
K. Koga, J. Am. Chem. Soc. 1986, 108, 543; e) R. Shirai, D. Sato, K.
Aoki, M. Tanaka, H. Kawasaki, K. Koga, Tetrahedron 1997, 53, 5963;
f) T. Yamashita, D. Sato, T. Kiyoto, A. Kumar, K. Koga, Tetrahedron
Lett. 1996, 37, 8195; g) T. Yamashita, D. Sato, T. Kiyoto, A. Kumar, K.
Koga, Tetrahedron 1997, 53, 16987.

a) P. O’Brien, J. Chem. Soc. Perkin Trans. 1 1998, 1439; b) D. M.
Hodgson, J., Witherington, B. A. Moloney, Tetrahedron: Asymmetry
1994, 5, 337; c¢) D. M. Hodgson, J., Witherington, B. A. Moloney,
Tetrahedron: Asymmetry 1994, 4, 1649; d) D. M. Hodgson, A.R.
Gibbs, G.P. Lee, Tetrahedron 1996, 52, 14361; e) P. O’Brien, P.
Poumellec, Tetrahedron Lett. 1996, 37, 8057; f) A. Bigi, A. Mordini, A.
Thurner, F. Faigl, G. Poli, L. Toke, Tetrahedron: Asymmetry 1998, 9,
2293; g) J. K. Whitesell, S. W. Felman, J. Org. Chem. 1980, 45, 755;
h) D. Bhuniya, A. DattaGupta, V. K. Singh, J. Org. Chem. 1996, 61,
6108; i) D. M. Hodgson, A. R. Gibbs, Tetrahedron Lett. 1997, 38, 8907,
j) J. P. Tierny, A. Alexakis, P. Mangeney, Tetrahedron: Asymmetry
1997, 8, 1019; k) M. J. Sodergren, P. Andersson, J. Am. Chem. Soc.
1998, 120, 10760; 1) M. J. Sédergren, P. S. K. Bertilsson, P. Andersson,
J. Am. Chem. Soc. 2000, 122, 6610; m) D. Milne, P. J. Murphy, J. Chem.
Soc. Chem. Commun. 1994, 675; n) M. Asami, J. Synth. Org. Chem.
Jpn. 1996, 54,188; 0) M. Asami, S. Inoue, Tetrahedron 1995, 51,11725;
p) M. Asami, T. Suga, K. Honda, S. Inoue, Tetrahedron Lett. 1997, 38,
6425.

a) D. A. Price, N. S. Simpkins, A. M. McLeod, A.P. Watt, J. Org.
Chem. 1994, 59, 1961; b) R. A. Ewin, N.S. Simpkins, Synlett 1996,
317; ¢) S. E. Gibson, P. C. V. Potter, M. H. Smith, Chem. Commun.

1991, 37, 48.
-1 8

0947-6539/01/0716-3464 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 16





Sodium and Lithium Amides

3461-3465

Chem. Eur. J. 2001, 7, No. 16

1996, 2757; d) S. E. Gibson, P. Ham, G. R. Jefferson, M. H. Smith, J.
Chem. Soc. Perkin Trans. 1 1997, 2161; ¢) E. L. M. Cowton, S. E.
Gibson, M. J. Schneider, M. H. Smith, Chem. Commun. 1996, 839.

a) C. Schade, P.von R. Schleyer, Adv. Organomet. Chem. 1987, 27,
169; b) E. Weiss, Angew. Chem. 1993, 105, 1565; Angew. Chem. Int.
Ed. Engl. 1993, 11,1501; ¢) P. Gantzel, P. J. Walsh, Inorg. Chem. 1998,
37,3450; d) P. B. Hitchcock, M. F. Lappert, W-P. Leung, L. Diansheng,
T. Shun, J. Chem. Soc. Chem. Commun. 1993, 1386; ¢) S. Harder, M.
Lutz, T. Kremer, Organometallics 1995, 14,2133 f) D. Barr, W. Clegg,
R. E. Mulvey, R. Snaith, J. Chem. Soc. Chem. Commun. 1989, 57;
¢) D. R. Armstrong, W. Clegg, L. Dunbar, S. T. Liddle, M. MacGregor,
R. E. Mulvey, D. Reed, S. A. Quinn, J. Chem. Soc. Dalton Trans. 1998,
3431; h) F. Antolini, P. B. Hitchcock, M. F. Lappert, P. Merle, Chem.
Commun. 2000, 1301; i) P. C. Andrews, W. Clegg, R. E. Mulvey,
Angew. Chem. 1990, 702, 1480; Angew. Chem. Int. Ed. Engl. 1990, 29,
1440; j) M. Driess, H. Pritzkow, M. Skipinski, U. Winkler, Organo-
metallics 1997, 16, 5108; k) K. Gregory, M. Bremer, W. Bauer, P. v. R.
Schleyer, N. P. Lorenzen, J. Kopf, E. Weiss, Organometallics 1990, 9,
1485; 1) B. Gemiind, H. N6th, H. Sachdev, M. Schmidt, Chem. Ber.
1996, 129, 1335; m) W. Clegg, K. W. Henderson, L. Hornsburgh, F. M.
MacKenzie, R. E. Mulvey, Chem. Eur. J. 1998, 4, 53; n) D. Barr, W.
Clegg, L. Cowton, L. Horsburgh, F. M. MacKenzie, R. E. Mulvey, J.
Chem. Soc. Chem. Commun. 1995, 891; o) P.C. Andrews, D.R.
Armstrong, W. Clegg, M. MacGregor, R. E. Mulvey, J. Chem. Soc.
Chem. Commun. 1991, 497; p) 1. Cragg-Hine, M. G. Davidson, A. J.
Andrews, P. R. Raithby, R. Snaith, J. Chem. Soc. Dalton Trans. 1994,
2901; q) J. Knizek, I. Krossing, H. Noth, H. Schwenk, T. Seifert, Chem.
Ber. 1997, 130, 1053; r) P. C. Andrews, D. R. Armstrong, D. B: Baker,
R.E. Mulvey, W. Clegg, L. Horsburgh, P. A. O’Neil, D. Reed,
Organometallics 1995, 14, 427; s) M. Veith, J. Bohnlein, V. Huch,
Chem. Ber. 1989, 122, 841; t) R. E. Mulvey, Chem. Soc. Rev. 1991,
20,167; u) M. Veith, Angew. Chem. 1987, 99, 1, Angew. Chem. Int. Ed.
Engl. 1987, 26, 1; v) D. Barr, W. Clegg, R. E. Mulvey, R. Snaith, J.
Wright, J. Chem. Soc. Chem. Commun. 1987, 716; w) W. Clegg, M.
MacGregor, R. E. Mulvey, P. A. O’Neil, Angew. Chem. 1991, 104, 74;
Angew. Chem. Int. Ed. Engl. 1992, 31, 93;x) N. P. Lorentzen, J. Kopf, F.
Olbrich, U. Schiimann, E. Weiss, Angew. Chem. 1990, 102, 1481;
Angew. Chem. Int. Ed. Engl. 1990, 29, 1441; y) R. Hacker, E.
Kaufmann, P.von R. Schleyer, W. Mahdi, H. Dietrich, Chem. Ber.
1987, 120, 1533; z) F. Pauer, D. Stalke, J. Organomet. Chem. 1991, 418,
127; aa) S. Freitag, W. Kolodziejski, F. Pauer, D. Stalke, J. Chem. Soc.
Dalton Trans. 1993, 3479; ab) F. Pauer, D. Stalke, J. Organomet. Chem.
1991, 418, 127; ac) S. Freitag, W. Kolodziejski, F. Pauer, D. Stalke, J.

[8

—_

[9

—

[10]

(11]

(12]

(13]

(14]

(15]

[16]

Chem. Soc. Dalton Trans. 1993, 3479; ad) P. C. Andrews, P. J. Duggan,
G. D. Fallon, T. D. McCarthy, A. C. Peatt, J. Chem. Soc. Dalton Trans.
2000, 2505; ae) J. D. Smith, Adv. Organomet. Chem. 1999, 43, 267,
af) J. Eppinger, E. Herdtweck, R. Anwander, Polyhedron 1998, 17,
1195.

a) D. R. Baker, R. E. Mulvey, W. Clegg, P. A. O’Neil, J. Am. Chem.
Soc. 1993, 115, 6472; b) M. A. Nichols, D. Waldmiiller, P. G. Williard,
J. Am. Chem. Soc. 1994, 116, 1153; c) S. G. Sakharov, N. I. Pakuro,
A. A. Arest-Yakubovich, L. V. Shcheglova, P. V. Petrovskii, J. Orga-
nomet. Chem. 1999, 580, 205.

P. I. Arvidsson, O. Davidsson, Angew. Chem. 2000, 112, 1527; Angew.
Chem. Int. Ed. 2000, 39, 1467.

n-Butyl sodium was prepared according to published procedures, see
C. Schade, W. Bauer, P. v. R. Schleyer, J. Organomet. Chem. 1985, 295,
C25.

a) G. Hilmersson, . Davidsson, J. Organomet. Chem. 1995, 489, 175,
b) P. G. Williard, C. Sun J. Am. Chem. Soc.1997,119,11693; c) C. Sun,
P. Williard, J. Am. Chem. Soc. 2000; d) A. Corruble, J.-Y. Valnot, J.
Maddaluno, Y. Prigent, D. Davoust, P. Duhamel, J. Am. Chem. Soc.
1997, 719, 10042; e) A. Corruble, J.-Y. Valnot, J. Maddaluno, P.
Duhamel, Tetrahedron: Asymmetry 1997, 8, 1519; f) A. Corruble, J.-Y.
Valnot, J. Maddaluno, P. Duhamel, J. Org. Chem. 1998, 63, 8266; g) Y.
Prigent, A. Corruble, J.-Y. Valnot, J. Maddaluno, P. Duhamel, D.
Davoust, J. Chim. Phys. 1998, 95, 401; h)P.I. Arvidsson, G.
Hilmersson, O. Davidsson, Chem. Eur. J. 1999, 5, 2348; i) A.
Thompson, E. G. Corley, M. F. Huntington, E.J. J. Grabowski, J. F.
Remenar, D. B. Collum, J. Am. Chem. Soc. 1998, 120, 2028.

K. B. Aubrecht, B. L. Lucht, D. B. Collum, Organometallics 1999, 18,
2981; see also ref. [9].

a) P. G. Williard, M. A. Nichols, J. Am. Chem. Soc 1991, 113, 9671;
b) see ref. [8a)] and [7aa)].

The chiral amine 1 was synthesized by following the published
procedures according to B. E. Rossiter, M. Eguchi, G. Miao, N. M.
Swingle, A. E. Hernandez, D. Vickers, E. Fluckiger, R. G. Patterson,
K. V. Reddy, Tetrahedron 1993, 49, 965.

a) G. Hilmersson, O. Davidsson, J. Organomet. Chem. 1995, 489, 175,
b) G. Hilmersson, P.1. Arvidsson, M. Hakansson, O. Davidsson,
Organometallics 1997, 16, 3352; c¢) G. Hilmersson, 0. Davidsson, J.
Org. Chem. 1995, 60, 7660.

R. I. Olsson, P. Ahlberg, Tetrahedron: Asymmetry 1999, 10, 3991.

Received: December 11, 2000 [F2926]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0716-3465 $ 17.50+.50/0 3465






FULL PAPER

Novel Resorcin[4]arenes as Potassium-Selective Ion-Channel

and Transporter Mimics
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Abstract: A series of novel resorcin-
[4]arenes with extended st systems have
been synthesised and developed as po-
tassium-selective transporters. Resorci-
n[4]arenes that feature crown ether
moieties function as efficient carriers of
K* across bulk liquid membranes show-
ing enhanced selectivity over the other

Introduction

Cations play a number of crucial roles in biology, including the
involvement of potassium and sodium in nerve impulse
transmission, which depends upon the efficient transport of
cations across cellular membranes. However, the lipid bilayer
of biological membranes is intrinsically impermeable to ions
and polar molecules, and permeability is only conferred by
integral membrane proteins such as channels, pumps and
transporters. Understanding the functions and mechanisms
underlying these transport processes is of paramount impor-
tance to chemistry and biochemistry.[']

Over the past decade considerable research effort has been
directed towards the proteins responsible for transport. The
structure of the acetylcholine-gated sodium/potassium chan-
nel was elucidated by cryoelectron microscopy by Unwin in
1995, and the first X-ray structure of a potassium channel
(from Streptomyces lividans) was reported three years later.P!
Such discoveries of structural features have sparked intensive
investigation into the mechanistic details concerning trans-
port and selectivity. Ion-channel proteins are difficult to
isolate and handle,[® therefore a number of model systems
have been developed that are based on naturally occurring
channel-forming peptide sequences and synthetic ion-channel
models.
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alkali metal ions relative to a model
system (benzo[15]crown-5). Incorpora-
tion of functionalities suitable for pore

Keywords: alkali metals - ion chan-
nels - ionophores - planar lipid
bilayer - resorcin[4]arenes
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formation, in addition to an extra annu-
lus of aromatic residues, gives molecules
which have remarkable ion-channel-
mimicking behaviour in a biological
lipid bilayer with outstanding K*/Na*
selectivity.

Many different synthetic architectures have been exploited
in the development of ion channel mimics: some composed of
two half-channels,>- 9 others of a selective core derived from
macrocycles such as cyclodextrins,) crown ethers®! and
calixarenes.’l In these last approaches the core is presumed
to reside within the bilayer, and ion conduction to occur
through the central unit. There are few examples of model
systems that exhibit cation selectivity. Such systems have
potential applications as sensors and cell-permeabilising
agents, allowing laboratory testing of channel-blocking agents
and facilitating drug delivery.[']

Resorcin[4]arenes form complexes with both cations and
polar organic molecules, but are also capable of solubilising
simple sugars such as glucose and ribose into non-polar
solvents,"!] and transporting simple hexoses and pentoses
across a lipid bilayer.['”l Tanaka and Kobuke® have reported
transport of cations across a bilayer, with discrimination
between potassium and sodium, by using simple alkyl
resorcin[4]arenes. They postulated that the residues self-
assemble into tail-to-tail dimers within a phospholipid bilayer
by interdigitation of the alkyl chains, to form a channel pore
that allows the passage of cations. Resorcin[4]arenes share
similar architectural motifs with the recently solved structure
of the potassium channel.’l Notably, the channel structure
includes an array of four aromatic groups at the membrane
face and carbonyl oxygens, directed into the selectivity filter,
which are arranged to differentiate between potassium and
other cations.

Here we report the synthesis of a novel class of resorcin-
[4]arenes that are capable of transporting potassium through
bulk liquid membranes and across planar lipid bilayers.
Incorporation of functionalities designed for pore formation
has allowed us to develop potassium-selective molecules;
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these exhibit remarkable ion-channel-like behaviour in model
membranes. Furthermore, inclusion of specific binding sites
(e.g. crown ethers) has enabled the design of bulk liquid
membrane transport molecules that can be fine-tuned for the
selective transport of potassium over sodium and caesium.

Results

Synthesis: Resorcin[4]arenes were chosen for development as
they include two key features required by potential ion
channels: amphiphilicity to enable effective orientation in the
bilayer and an annulus of the correct dimensions to allow the
passage of ions. Inclusion of an extra ring of aromatic groups
at the lower rim was intended to both rigidify the structure to
facilitate pore functioning and allow additional weak cation—
7 interactions!'® ! within the pore to enhance both kinetics
and selectivity.

Three approaches were developed to investigate the
structural requirements for transport across bulk liquid or
supported liquid membranes. A series of new resorcin[4]-
arenes with phenoxyalkyl substituents (A) were initially pre-

pared in which the carbon chain length at the lower rim was
systematically varied in order to provide evidence of a
mechanism involving interdigitation of the two resorcin[4]-
arenes within the bilayer and to identify an optimal chain
length, which could be correlated with the known width of the
bilayer (~50 A).

Alternatively pre-organised binding sites were provided by
using monoether and crown ether moieties (C) whose
selective complexation and transport properties are well
documented.['> 191 Acyclic analogues of crown-ether-derived
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species (B) were also synthesised that have been proposed to
provide a series of binding sites allowing cation “hopping”.['7)

The new resorcin[4]arenes were prepared by using mod-
ifications of previously reported synthetic procedures.!'s]
Condensation of resorcinol with an appropriately functional-
ised aldehyde in absolute ethanol at 80°C yielded the all cis
isomers in high yield (70-91%). For both the alkyl and
polyether resorcin[4]arenes (1-8; Scheme 1) the desired
isomer precipitated from the reaction mixture and recrystal-
lisation or trituration from hot ethanol gave the pure product.
However, with the benzocrown ether derived resorcin[4]-
arenes (9, 10; Scheme 2), the products were obtained as a
mixtures of isomers; their low solubility precluded purifica-
tion.

The low solubility of the simple resorcin[4]arenes (1-10) in
halogenated solvents lead to the synthesis of octaacyl
derivatives (11-16) suitable for study using bulk liquid
membrane techniques (Scheme 1). Acylation was achieved
through heating the resorcin[4]arenes to 110°C in acetic
anhydride using pyridine as base.'¥l With both the alkyl and
polyether derivatives the product was isolated as a flattened
cone structure, with inequivalent adjacent aromatic units. In
the case of the benzocrown ether derivatives this method
enabled isolation of the resorcin[4]arenes as a single isomer in
the C,, symmetrical crown conformation.

Discussion

A combination of bulk liquid membrane and planar lipid
bilayer techniques were used to identify resorcin[4]arene-
based molecules with potential as both transporter molecules
and channel mimics. Bulk liquid systems were initially used to
provide a qualitative picture of carrier-function and selectiv-
ities. Detailed conductimetric studies were then performed by
insertion of the resorcin[4]arenes into planar lipid bilayers.
This latter technique yielded useful information regarding the
mechanistic details of resorcin[4]arene behaviour for analogy
with natural systems.

U-tube studies: To gain an understanding of the general
transport abilities and selectivities of the molecules towards
alkali metal cations, initial crude bulk liquid membrane
studies in chloroform were performed by using a modification
of the technique of Rebek, Jr. et al.l'%]

Comparison of resorcin[4]arenes with known transporter
systems (crown ethers): U-tube studies with potassium picrate
were carried out on an example of each type of resorcin[4]-
arene synthesised: phenoxy-alkyl, -polyether, and -crown
ether. Resorcin[4]arenes (15, 16), which feature the well-
known crown ether pre-organised unit,'! demonstrated
efficient carrier-mediated transport over the seven hour study
period although the rate of transport was reduced relative to
that of the model compound benzo[15]crown-5 (Figure 1).
In contrast, the acylated derivatives (11, 14) of alkyl and
polyether resorcin[4]arenes show negligible transport com-
parable to the blank experiment with no carrier in the
membrane phase. Comparison of the concentration of potas-
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Scheme 2. Synthesis of crown ether resorcin[4]arenes and their acylated derivatives

sium picrate (KPic) in the receiving phase after 24 hours Table 1. Transport of potassium across a chloroform bulk liquid membrane
(Table 1) reflects the requirement for a pre-organised binding (T=20°C).
site. Mean fluxes of only 10~° molh~' were observed for the Resorcin[4]arene [KPic] in Mean flux
alkyl and polyether resorcin[4]arenes, whereas the crown receiving phase [mu]"! [molh~']
resorcin[4]arenes exhibited fluxes of 10~® molh~. 1 0.01 210 %107
14 0.04 8.96 x 10~
Cation selectivity: After suitable transporter molecules had 15 5.30 1.10x 10°
been identified, Group 1 metal ion selectivity studies were 16 512 1.05 %107
undertaken through variation of the source phase (10mwm agq. [a] After 24 h.
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Figure 1. Transport of potassium picrate across a chloroform bulk liquid
membrane at 20°C by resorcin[4]arenes 14 (o), 15 (o), 16 () and
benzo[15]crown-5 (m)

sodium picrate, potassium picrate and caesium picrate).
Under these conditions, the model compound benzo[15]-
crown-5 shows considerable transport of both sodium and
potassium, but is unable to distinguish between these two
cations (Table 2).

Table 2. Comparison of alkali metal transport across a chloroform bulk
liquid membrane (7=20°C).

Resorcin[4]arene Mean flux Na* Mean flux K*  Mean flux Cs*
[molh~1] [molh~1] [molh~1]

15 8.30 x 1077 1.10x 10-° 8.50 x 1077

16 4.04 x 1077 1.05 x10°° 1.04 x 10°°

benzo[15]crown-5  1.03 x 10-¢ 1.09 x 106 6.20 x 1077

In contrast when the same unit is incorporated onto a
resorcin[4]arene scaffold (15), selectivity is enhanced with
potassium being transported faster than both sodium and
caesium (Figure 2). With resorcin[4]arene 16, which features
four benzo[18]crown-6 units, more complex selectivity trends
are observed (Table 2). Transport of sodium is slow, whereas
both caesium and potassium are transported at similar rates.
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Figure 2. Cation selectivity profile for bulk liquid membrane transport of
picrate salts by resorcin[4]arene (15) at 20°C. potassium (o), sodium (m)
and caesium (A)
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These results may be rationalised by considering the
balance between the rates of complexation at the source
phase and decomplexation at the receiver phase, which is
itself influenced by the complementarity between the metal
cation and the crown ether binding site. For the benzo[15]-
crown-5 derivative 15, sodium is bound most strongly and,
therefore, transport is limited by de-complexation, whereas
caesium is too large to be bound tightly and complexation
may be the rate-limiting step. In contrast, it can be proposed
that potassium is bound efficiently but not so as to disfavour
de-complexation and hence the highest fluxes are exhibited
with this cation.

Planar lipid bilayer studies: These preliminary U-tube studies
do not reveal any conclusive evidence regarding transport
abilities. However, they may be used in combination with
planar lipid bilayer studies to infer mechanism. Inactivity in
liquid membranes and activity in lipid bilayers implies a
channel-type mechanism, as only carrier-mediated transport
is possible in a bulk liquid membrane.!- 4 Pore sizes calculated
from conductance levels can be used to determine the mode
of ion conductance through the lipid bilayer.

Potassium ion transport: Five alkyl resorcin[4]arenes (1-5)
were tested for ion channel activity by using the planar lipid
bilayer technique of Montal and Miiller.?”! Rectangular
current patterns, indicating channel-like ion flux, were
observed for 4 and 5§ at an applied membrane potential of
+150 mV (Figure 3a and b). Lowering the membrane poten-
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Figure 3. Current activity of resorcin[4]arenes 5 (a), 4 (b), and 2 (c)
reconstituted in a lipid bilayer (L-a-phosphatidylcholine) at +150 mV
applied membrane potential. Data were filtered, resulting in a cut off
frequency of 50 Hz.
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tial below +150mV leads to a decrease in the current
amplitudes, a reduced number of events and an increase in
non-rectangular current patterns, all of which indicate re-
duced ion flux. In the case of resorcin[4]arenes with shorter
chain lengths (1 and 2), no current was observed regardless of
the applied potential. In contrast, the polyether resorcin[4]-
arene 8 simply perturbs the electrical properties of the
membrane resulting in only short burst-like channel activity
(Figure 4).

oMo
Al ™

5s
Figure 4. Current activity of 8 reconstituted in a lipid bilayer (L-a-
Phosphatidylcholine) at +150 mV applied membrane potential. Data were
filtered, resulting in a cut off frequency of 50 Hz.

‘_

This dependence of the channel recordings on the length of
the aliphatic chains is in agreement with the proposed
conceptl® that two resorcin[4]arenes firstly must co-align
across the membrane to allow the ion flux (E and F). A similar

%
%

G: Relay

- S |

E: Channel

D: Carrier F: Aggregate pore

mechanism has been postulated previously for gramici-
dine.['> %1 If the aliphatic chain length is too short, and the
ends cannot meet within the lipid membrane to allow the
formation of a water filled pore, then no current can be
observed. Addition of ether oxygens within the chains
appears, in these preliminary studies, to be detrimental to
ion flux.

The recordings indicate open times of over several seconds
for the resorcin[4]arenes 4 and 5. On expanding a particular
section of the channel recordings for 5 it is possible to resolve
channel fluctuations in the ms range indicating fast conforma-
tional changes of the molecules (Figure 5). Similar flickering
has also been observed with pore-forming membrane pep-
tides.P!- 221

With resorcin[4]arene 5 well-resolved, irregularly spaced
conductance levels [2, 13, 18 and 21 pA (13, 87, 120, 140 pS)]
were observed at — 150 mV (Figure 6). Whereas for 4 levels at
3 and 10 pA (20 and 67 pS) were found. The pore radius has
been estimated from these values, using standard methods, !
to be between approximately 0.5 and 1.7 A. This pore
diameter is large enough to allow for the passage of potassium

3478
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Figure 5. Extended view of a section of the unfiltered trace for resorcin[4]-
arene 5.
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Figure 6. Current histogram of current recordings from the data shown in
Figure 3. a) Based on a selected section from recordings for resorcin[4]-
arene 5. b) Based on the complete trace for resorcin[4]arene 4. Values in
histograms (shown in pA) refer to the centres of the peaks fitted onto the
data. C: closed state; O1 to O4: open states 1 to 4 at 2, 13, 18 and 21 pA
respectively.

ions and is smaller than the annulus of the resorcin[4]arenes
(~5.3 A C—C distance").

The current levels observed in all cases are of a similar size
to those of peptide-based ion channels; however, a number of
mechanisms can be proposed (D-G). Currents from the
aliphatic resorcinarenes (4 and 5) tend towards those seen for
peptide pores featuring hydrophilic residues on the interior of
the pore.P!]

Although the dependence of current flux on chain length
tends towards an interdigitation based mechanism (E), the
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estimated pore sizes, irregularly spaced conductance levels
and current levels observed are somewhat inconsistent with
an annular transport mechanism. Thus, our current study does
not rule out a mechanism for ion transport by the assembly of
the molecules around a pseudosymmetrical axis forming an
internal water-filled pore (F).

Cation selectivity studies: The selectivity of the alkyl
resorcin[4]arenes for potassium was evaluated through a
comparison with conductance using a sodium chloride based
electrolyte of identical ionic strength and pH.

No conductance was observed with an identical concen-
tration of resorcin[4]arene (4 and 5; 3 x 10~ mol) as in the
studies with potassium. In addition, application of up to
150 uL of a tenfold more concentrated solution (1mm) in
10 L aliquots resulted in no conductance. The permeability
ratios (Pg./Py,.) exceed 50 in both cases, a value considerably
higher than that obtained with resorcin[4]arenes that feature
only one annulus of aromatic residues.[! It can be concluded
that incorporation of further aromatic residues at the lower
rim both enhances the ion flux and increases the ion
selectivity (K™/Na™) of the resorcin[4]arene architecture.

Conclusion

Through the synthesis of a variety of novel resorcin[4]arene-
derived molecules, potassium selectivity in both bulk liquid
membranes and planar lipid bilayer conditions has been
established. Long-chain phenoxyalkyl resorcin[4]arenes have
a conductance of potassium ions across a lipid bilayer of a
level comparable to that of natural systems (e.g., gramicidin)
and outstanding K*/Na* flux selectivity. Evidence for a
channel or aggregate pore mechanism has been demonstrat-
ed. The incorporation of a crown ether pre-organised binding
site resulted in molecules capable of demonstrating enhanced
transportation and selectivity for potassium across a bulk
liquid membrane when compared with a model system
(benzo[15]crown-5).

Experimental Section

All chemicals were commercial grade and used without further purification
unless otherwise stated. Solvents were pre-dried, purified by distillation
and stored under nitrogen where appropriate. Dichloromethane was
distilled from calcium hydride, tetrahydrofuran was distilled from sodium
wire with benzophenone as indicator and triethylamine was distilled from
potassium hydroxide.

Nuclear magnetic resonance spectra were recorded with either a 300 MHz
Varian VXWorks spectrometer or a 500 MHz Varian Unity spectrometer.
Ultraviolet-visible spectra were recorded on a Perkin—Elmer Lambda6
spectrophotometer. Mass spectral analyses were carried out by the EPSRC
mass spectrometry service of University College, Swansea.l2]

Simple aldehyde precursors were prepared according to literature proce-
dures.”’! 4-formylbenzo[15]crown-5 and 4'-formylbenzo[18]crown-6 were
synthesised by following the method of Reinhoudt.?!

General procedure for the synthesis of resorcin[4]arenes: Concentrated
hydrochloric acid (3 mL, 35 mmol) was added dropwise to a stirred mixture
of 1,3-dihydroxybenzene (1.65g, 15 mmol) and the corresponding aldehyde
(15 mmol) in absolute ethanol (12 mL). The red solution was stirred at
75°Cfor 10 h then cooled over ice. The resulting precipitate was isolated by
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Biichner filtration, washed with cold
ethanol and dried. The crude product
was recrystallised from hot ethanol to
give the desired resorcin[4]arene. The
numbering scheme for NMR assign-
ments of resorcin[4]arenes is given in
Figure 7.

2,8,14,20-Tetra(4-butyloxyphenyl)pen-
tacyclo[19.3.1.13.1%13115Y|tetracosa-
1(25),2,4,7(26),8,10,13(27),14,16,19-
(28),20,22-dodecaene-4,6,10,12,16,18,
22,24-octol (1): Yield: 79 %; '"H NMR
(500 MHz, [D]DMF, 18°C): 6 =8.47
(s, 8H; ArOH), 6.58 (d, *J(H,H)=
8.6 Hz, 8H; H,), 6.49 (d, *J/(H,H) = 8.6 Hz, 8H; H,), 6.27 (brs, 4H; H,),
6.08 (s, 4H; H,), 5.54 (s, 4H; H,), 3.86 (t, 3/(H,H) = 6.2 Hz, $H; OCH,),
1.67 (m, SH; OCH,CH,), 1.43 (m, $H; CH,CHS,), 0.93 (t, J(H,H) =74 Hz,
12H; CH;); ®*C NMR (75 MHz, [D]DMF, 18°C): 6 =156.21, 153.00, 137.87,
131.09, 129.28, 120.78, 112.81, 101.69, 66.77, 40.50, 31.18, 18.80, 13.13; MS
(FAB): m/z: 1081 [M]*, 1104 [M+Na]*.
2,8,14,20-Tetra(4-hexyloxyphenyl)pentacyclo[19.3.1.132.1%13.1'5]tetraco-
s2-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,12,16,
18,22,24-octol (2): Yield: 80%; 'H NMR (500 MHz, [D]DMF, 18°C): 6 =
8.55 (s, 8H; ArOH), 6.61 (d, 3J(H,H) =8 Hz, 8H; H,), 6.52 (d, *J(H,H) =
8 Hz,8H; H,), 6.26 (brs,4H; H,), 6.11 (s,4H; H,), 5.86 (s, 4H; H,), 3.87 (t,
3J(H,H)=5.5 Hz, $H; OCH,), 1.67 (m, $H; OCH,CH,), 141 (m, SH;
OCH,CH,CH,), 129 (m, 16 H; CH,), 0.86 (t, *J(H,H) = 8.3 Hz, 12H; CH,);
13C NMR (75 MHz, [D]DMF, 18°C): 6 =156.02, 152.87, 137.79, 131.02,
129.17, 120.68, 112.70, 101.59, 67.00, 40.41, 31.16, 29.03, 25.29, 22.03, 13.16;
MS (FAB): m/z: 1193 [M]*, 1215 [M+Na]*.

2,8,14,20-Tetra(4-heptyloxyphenyl)pentacyclo[19.3.1.137.1%3.1'5tetraco-
sa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,12,16,
18,22,24-octol (3): Yield: 85%; 'H NMR (500 MHz, [D]DMF, 18°C): 6 =
8.50 (s, 8H; ArOH), 6.59 (d, %J(H,H) =8.7 Hz, $H; Hy), 6.50 (d, J(H,H) =
8.7 Hz, 8H; H,), 6.27 (brs, 4H; Hy), 6.09 (s, 4H; H,), 5.55 (s, 4H; H,), 3.86
(t, (HLH) = 6.6 Hz, 8H; OCH,), 1.70 (m, 8H; OCH,CH,), 1.41 (m, 8H;
OCH,CH,CH,), 1.29 (m, 24 H; CH,), 0.85 (t, *J(H,H) = 6.9 Hz, 3H; CH,);
3C NMR (75 MHz, [D]DMF, 18°C): 6 =155.64, 152.44, 137.42, 130.65,
128.81, 120.29, 112.34, 101.21, 66.67, 39.97, 30.94, 28.72, 28.29, 25.22, 21.64,
12.84; MS (FAB): m/z: 1249 [M]*.
2,8,14,20-Tetra(4-octyloxyphenyl)pentacyclo[19.3.1.13.1%13.1'5%]tetracosa-
1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,12,16,18,
22,24-octol (4): Yield: 72 %; 'H NMR (500 MHz, [D]DMF, 18°C): 6 =8.52
(s, $H; ArOH), 6.61 (d, ¥(H,H)=9.5 Hz, 8H; Hy), 6.51 (d, J(H,H)=
9.5Hz, 8H; H,), 6.29 (brs, 4H; H,), 6.11 (s,4H; H,), 5.57 (s, 4H; H.), 3.87
(t, J(H,H) =3.1 Hz, 8H; OCH,), 1.68 (m, 8H; OCH,CH,), 1.40 (m, $H;
OCH,CH,CH,), 1.24 (brs, 32H; CH,), 0.82 (1, JJ(H,H) =6.75 Hz, 12H;
CH,); C NMR (75 MHz, [D]DMF, 18°C): 6 =156.00, 152.84, 137.77,
131.01, 129.16, 120.66, 112.67, 101.57, 66.96, 40.37, 31.27, 29.10, 28.77, 25.64,
22.00, 13.16; MS (FAB): m/z: 1305 [M]*, 1328 [M-+Na]*; HRMS: calcd for
CuHyOpNa: 1327.7425; found 1327.7429 [M+Na]*.

2,8,14,20-Tetra(4-decyloxyphenyl)pentacyclo[19.3.1.13.1°13.115]tetraco-
sa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,12,16,
18,22,24-octol (5): Yield: 85%; 'H NMR (500 MHz, [D]DMF, 18°C): d =
8.51 (s, 8H; ArOH), 6.59 (d, %J(H,H) = 8.9 Hz, $H; Hy), 6.49 (d, J(H,H) =
8.9 Hz, 8H; H.), 6.27 (brs, 4H; Hy), 6.09 (s, 4H; H,), 5.57 (s, 4H; H,), 8.86
(t, %(H,H)=5.9 Hz, 8H; OCH,), 1.70 (m, 8H; OCH,CH,), 1.42 (m, 8H;
OCH,CH,CH,), 125 (m, 48 H; CH,), 0.83 (1, *J(H,H) = 6.5 Hz, 12H; CHs);
3C NMR (75 MHz, [D]DMF, 18°C): 6 =156.03, 152.86, 137.78, 131.06,
129.19, 120.69, 112.69, 101.61, 67.03, 40.40, 31.30, 29.16, 29.07, 28.77, 25.67,
22.00, 13.16; MS (FAB): m/z: 1417 [M]*, 1440 [M+Na]*.

2,8,14,20-Tetra[4-(2-ethoxyethoxy)phenyl]pentacyclo[19.3.1.137.1%13.1151°]-
octacosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,

12,16,18,22,24-0ctol (6) : Yield: 84 %; 'H NMR (500 MHz, [D]DMF, 18°C):
0 =[recce-crown] 8.52 (s, 8H; ArOH), 6.61 (d, 3/(H,H) =8.5 Hz, 8H; H,),
6.56 (d,3J(H,H) =8.5 Hz, 8H; H,), 6.27 (brs,4H; H,), 6.12 (s,4H; H,), 5.58
(s, 4H; H,), 4.01 (t, ’J(HH)=4.7 Hz, 8H; ArOCH,), 3.69 (t, 3J(H,H) =
4.7 Hz, 8H; ArOCH,CH,), 3.51 (q, */(H,H)=6.5 Hz, 12H; OCH,CH,);
[rcce-flattened cone] 8.50 (s, 4H; (ArOH),), 8.43 (s,4H; (ArOH),), 6.51 (d,
3J(H,H) =8.8 Hz, 8H; H,), 6.46 (d, *J(H,H) =8.8 Hz, 8H; H,), 6.31 (s, 2H;

Figure 7. Numbering scheme
for NMR assignment of resor-
cin[4]arenes.
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H,)), 6.29 (s,2H; H,,), 6.12 (s, 2H; Hy,), 5.68 (s, 2H; Hy,), 5.46 (s, 4H; H,),
3.92 (t, 3J(H,H)=4.7 Hz, 8H; ArOCH,), 3.65 (t, 3J(H,H)=4.7 Hz, 8H,
ArOCH,CH,), 349 (q, *J(HH)=65Hz, 8H; OCH,CH;), 1.11 (t,
3J(H,H) =6.5 Hz, 12H; OCH,CH>); 3C NMR (75 MHz, [D]DMF, 18°C):
0 =155.68, 155.57, 152.91, 152.83, 152.77, 137.90, 136.34, 131.98, 130.94,
129.48,129.07, 112.66, 112.50, 101.47, 101.16, 68.48, 68.43, 66.71, 66.55, 65.49,
41.08, 40.35, 14.27; MS (FAB): m/z: 1143 [M]*, 1165 [M + Na]*.
2,8,14,20-Tetra{4-[2-(2-ethoxyethoxy)ethoxy]phenyl}pentacyclo[19.3.1.1>
71°13,115P]tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodeca-
ene-4,6,10,12,16,18,22,24-octol (7): Yield: 91%; 'H NMR (500 MHz,
[D]DMSO, 18°C): 6=8.48 (s, 4H; (ArOH),), 8.41 (s, 4H; (ArOH),),
6.48 (d,*J(H,H) =8.7 Hz, 8H; H,), 6.43 (d, *J(H,H) =8.7 Hz, 8H; H.), 6.28
(s,2H; H,), 6.26 (s, 2H; H,,), 6.10 (s, 2H; Hy,), 5.65 (s, 2H; Hy,), 5.44 (s,
4H; H,), 3.91 (t, ¥(HH)=4.6 Hz, 8H; ArOCH,), 3.69 (t, 3J(HH)=
4.6 Hz, 8H; ArOCH,CH,), 3.56 (t, *’J=4.8 Hz, 8H; ArCH,CH,OCH,),
3.49 (t,3J(H,H) =4.8 Hz, 8H; ArOCH,CH,OCH,CH,), 3.42 (q, *’J(HH) =
73 Hz, 8H; OCH,CH;), 1.08 (t, *J(HH)=73Hz, 12H; OCH,CH,);
3C NMR (75 MHz, [D]DMF, 18°C): ¢ =155.43, 152.77, 152.69, 136.22,
131.86, 129.37, 128.92, 120.83, 112.41, 101.25, 101.03, 69.751, 68.99, 68.91,
66.44, 65.26, 40.982, 14.12; MS (ES): m/z: 1321 [M]*, 1343 [M+Na]*.
2,8,14,20-Tetra{4-{2-[2-(2-ethoxyethoxy)ethoxy]ethoxy}phenyl}pentacy-
clo[19.3.1.13.1%5.115Y]tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),
20,22-dodecaene-4,6,10,12,16,18,22,24-octol (8): Yield: 70%; 'H NMR
(500 MHz, [D]DMSO, 18°C): 6=8.52 (s, 4H; (ArOH),), 845 (s, 4H;
(ArOH),), 6.50 (d, 3J(H,H)=8.8 Hz, 8H; H,), 6.45 (d, *J(H,H) =8.8 Hz,
8H; H,), 6.30 (s,2H; H,,), 6.28 (s, 2H; H,,), 6.11 (s, 2H; H,;), 5.66 (s, 2H;
Hy), 545 (s, 4H; H,), 3.92 (t, *J(H,H) =4.8 Hz, 8H; ArOCH,), 3.67 (t,
3J(H,H) =4.8 Hz, 8H; ArOCH,CH,), 3.57-3.49 (m, 48H; OCH,), 3.32 (q,
3J(HH)=70Hz, 8H; OCH,CH;), 106 (t, J(HH)=70Hz, 12H;
OCH,CH,); MS (FAB): m/z: 1498 [M]*, 1520 [M+Na]*; HRMS: calcd
for Cg,H;(,0,4Na: 1519.6815; found 1519.6812 [M+Na]*.
2,8,14,20-Tetra(1,4,7,10,13-pentaoxabenzo[ b]cyclopentadecan-15-yl)penta-
cyclo[19.3.1.13°.1°13,115 P tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),
20,22-dodecaene-4,6,10,12,16,18,22,24-octol (9):1*! Yield: 73%; 'H NMR
(500 MHz, [D]DMSO, 18°C): 6 =8.50 (s,4H; ArOH), 8.46 (s, 4H; ArOH),
6.51-6.02 (2m and 2s, 20H; ArH), 5.61-5.46 (2s,4H; H,), 3.89-3.78 (2m,
16H; ArOCH,), 3.72 (m, 16H; ArOCH,CH,), 3.64 (m, 32H; OCH,); MS
(FAB): m/z: 1553 [M]*, 1575 [M+Na]*.
2,8,14,20-Tetra(1,4,7,10,13,16-hexaoxabenzo[ b]cyclooctadecan-18-yl)pen-
tacyclo[19.3.1.137.1%13.1'5]tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,
19(28),20,22-dodecaene-4,6,10,12,16,18,22,24-octol  (10): Yield: 93 %;
'H NMR (300 MHz, [D]DMSO, 18°C): 6=8.45 (s, 8H; ArOH), 6.50—
5.94 (2m and 3s, 20H; ArH), 545 (s, 4H; H,), 3.94-3.78 (2m, 16H;
ArOCH,), 3.65 (m, 16 H; ArOCH,CH,), 3.56 (m, 40H; OCH,); MS (FAB):
m/z: 1731 [M+H]*.

General procedure for the preparation of acylated resorcin[4]arenes: A
solution of resorcin[4]arene (1 g, 0.95 mmol) in acetic anyhydride (7.2 mL,
76.3 mmol) and pyridine (1.3 mL, 16.3 mmol) was stirred at 110°C for 3 h.
Methanol (30 mL) was added and the reaction mixture cooled overnight to
—23°C. The resulting precipitate was isolated by Biichner filtration and
recrystallised from 1:2 chloroform/methanol to yield a white crystalline
solid. The numbering scheme for NMR assignments of resorcin[4]arenes is
given in Figure 8.

Figure 8. Numbering scheme for NMR assignment of the flattened cone
acylated derivatives of resorcin[4]arenes.

2,8,14,20-Tetra(4-butyloxyphenyl)pentacyclo[19.3.1.13".1%18.1'5 ]tetraco-

sa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,12,16,

18,22,24-octayl octaacetate (11): Yield: 70%; 'H NMR (500 MHz,
[D]CHCL, 18°C): 6=707 (s, 2H; H,,), 6.82 (s, 2H; H,,), 6.60 (s, 16H;
H,, H,), 6.09 (s, 2H; Hy,), 6.04 (s, 2H; Hy,), 530 (s, 4H; H,), 3.91 (t,
3J(H,H) = 6.3 Hz, SH; ArOCH,), 2.03 (s, 12H; (COCHs),), 1.98 (s, 12H;
(COCHs),), 178 (m, 8H; OCH,CH,), 1.56 (m, 8H; CH,CH,), 1.00 (t,
3J(H,H) =74 Hz, 12H; CHy); *C NMR (75 MHz, [D]CHCL,, 18°C): 6 =
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168.33, 15768, 146.92, 146.82, 132.40, 132.34, 132.16, 130.71, 129.44,
128.58, 117.35, 116.19, 114.07, 67.50, 44.06, 31.49, 20.62, 20.52, 19.26, 13.93;
MS (FAB): m/z: 1417 [M]", 1440 [M+Nal".

2,8,14,20-Tetra(4-octyloxyphenyl)pentacyclo[19.3.1.1>.1%13.1'%°]tetracosa-
1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodecaene-4,6,10,12,16,18,
22,24-octayl octaacetate (12): Yield: 66 %; 'H NMR (500 MHz, [D]CHCl;,
18°C): 6 =7.07 (s, 2H; H,,), 6.83 (s, 2H; H,y), 6.60 (s, 16 H; Hy, H,), 6.09 (s,
2H; Hyy), 6.03 (s, 2H; Hyy), 531 (s, 4H; Hy), 3.90 (t, (H,H) = 6.9 Hz, 8H;
OCH,), 2.04 (s, 12H; (COCH,),), 1.98 (s, 12H; (COCHa),), 1.79 (m, 8H;
OCH,CH,), 1.48 (m, 8H; OCH,CH,CH,), 1.33 (m, 32H; CH,), 0.90 (t,
3J(HH) = 6.8 Hz, 12H; CHs); “C NMR (75 MHz, [D]JCHCL, 18°C): 6 =
168.37, 157.70, 146.93, 146.84, 132.43, 132.35, 132.14, 130.74, 129.45, 128.60,
11737, 116.19, 114.07, 67.85, 44.08, 31.86, 29.55, 29.53, 29.32, 26.14, 22.67,
20.65, 20.56, 14.10; :MS (FAB): m/z: 1642 [M+H]*, 1664 [M+Na]*.

2,8,14,20-Tetra[4-(2-ethoxyethoxy)phenyl]pentacyclo[19.3.1.137.1%13.1151]-
tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22 - 4,6,10,12,16,18,22,
24-octayl octaacetate (13): Yield: 70%; 'H NMR (500 MHz, [D]CHCl;,
18°C): 8 =710 (s, 2H; H,,), 6.87 (s, 2H; H,,), 6.61 (s, 16 H; Hy, H,), 6.23 (s,
2H: Hyy), 6.07 (s, 2H: Hyy), 5.41 (s, 4H; Hy), 4.05 (t, (H,H) = 5.0 Hz, 8H;
ArOCH,), 3.77 (t, 3J(H,H)=5.0 Hz, $8H; ArOCH,CH,), 3.69 (m, 8H;
OCH,CH,0EY), 3.60 (m, $H; OCH,CH,OEL), 3.56 (q, J(H,H) =7.1 Hz,
8H; OCH,CH,), 2.05 (s, 12H; (COCHs),), 2.00 (s, 12 H; (COCH,), ), 1.24 (1,
3J(H,H) =7.1 Hz, 12H; OCH,CH,); *C NMR (75 MHz, [D]CHCl,, 18°C):
0=168.52, 168.23, 15733, 146.76, 146.40, 132.56, 131.91, 131.15, 129.89,
129.11, 117.02, 116.81, 114.33, 69.03, 67.17, 66.75, 43.76, 20.62, 20.54, 15.18;
MS (FAB): m/z: 1480 [M]*, 1503 [M+Na]*; HRMS: calcd for CgHgyO,,:
1481.5744; found 1481.5743 [M+H]".

2,8,14,20-Tetra{4-[2-(2-ethoxyethoxy)ethoxy]phenyl}pentacyclo[19.3.1.1*
7121315 P tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),20,22-dodeca-
ene-4,6,10,12,16,18,22,24-octayl octaacetate (14): Yield: 72%; 'H NMR
(500 MHz, [D]CHCl;, 18°C): 6 =710 (s,2H; H,,), 6.87 (s, 2H; H,,), 6.60 (s,
16H; Hy, H,), 6.23 (s, 2H; H,,), 6.05 (s, 2H; Hy,), 5.41 (s, 4H; H,), 4.07 (t,
3J(HH)=52Hz, 8H; ArOCH,), 3.83 (t, *J(HH)=52Hz, 8H; Ar-
OCH,CH,), 3.71 (t, 3J=4.7Hz, 8H; ArOCH,CH,OCH,), 3.61 (t,
3J(H,H) =4.7 Hz, 8H; ArOCH,CH,0CH,CH,), 3.54 (q, 3/=7.0Hz, 8H;
OCH,CHs;), 2.05 (s, 12H; (COCH;),), 2.00 (s, 12H; (COCH5),), 1.21 (t,
3J(H,H) =7.0 Hz, 12H; OCH,CH,); '*C NMR (75 MHz, [D]CHCl;, 18°C):
0=168.49, 168.22, 157.26, 146.75, 146.38, 132.51, 131.90, 131.17, 129.88,
129.13, 117.00, 116.80, 114.29, 70.79, 69.82, 69.75, 67.13, 66.64, 43.75, 20.62,
20.51, 15.14; MS (FAB): m/z: 1658 [M+Na]*, 1694 [M+K]*.

2,8,14,20-Tetra(1,4,7,10,13-pentaoxabenzo[ b]cyclopentadecan-15-yl)penta-
cyclo[19.3.1.137.1%13.115]tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,19(28),
20,22-dodecaene-4,6,10,12,16,18,22,24-octayl octaacetate (15): Yield: 66 %;
'H NMR (500 MHz, [D]JCHCl;, 18°C): 6=6.90 (s, 4H; H,), 6.56 (d,
3J(H,H) =75 Hz, 4H; Hy), 6.21 (d, 3J(H,H) =75 Hz, 4H; H.), 6.21 (brs,
4H; H,), 6.21 (s, 4H; Hy), 5.38 (brs, 4H; H,), 4.08 (s, 8H; ArOCH,,), 3.89
(s, 8H; ArOCH,,), 3.85 (s, 16 H; ArOCH,CH,), 3.74 (s, 32H; OCH,), 2.05
(s,24H; COCHs;); MS (FAB): m/z: 1889 [M]*, 1912 [M+Na]*.

2,8,14,20-Tetra(1,4,7,10,13,16-hexaoxabenzo[ b]cyclooctadecan-18-yl)pen-
tacyclo[19.3.1.137.1%13.1'5Y]tetracosa-1(25),2,4,7(26),8,10,13(27),14,16,
19(28),20,22-dodecaene-4,6,10,12,16,18,22,24-octayl  octaacetate  (16):
Yield: 74%; 'H NMR (300 MHz, [D]CHCl;, 18°C): 6 =6.97 (s, 4H; H,),
6.91 (s, 4H; Hy), 6.55 (d, 3J(H,H) =10.6 Hz, 4H; H,), 6.19 (d, 3J(H,H) =
10.6 Hz, 4H; H.,), 6.19 (brs, 4H; H,), 5.36 (brs, 4H; H,), 4.10 (s, 8H;
ArOCH,,), 3.90 (s, 8H; ArOCH,,), 3.86 (s, 16H; ArOCH,CH,), 3.68 (s,
48H; OCH,), 2.06 (s, 24H; COCH,).

U-tube studies:!') The source phase comprised a 10 mm aqueous solution of
an alkali metal picrate salt and the receiving phase was distilled water. The
liquid membrane was a 1.0mwm solution of the resorcin[4]arene under study
in chloroform. The temperature was maintained at 20°C throughout.
Aliquots were taken from both aqueous phases at periodic intervals and
analysed by UV/Vis spectroscopy, monitoring the absorbance at 206 nm.

Planar lipid bilayer studies: Planar lipid bilayers were formed across an
elliptical aperture (ca. 100 pm diameter on the long axis) in a thin (25 um)
teflon film (Yellow Springs Instruments, OH, USA).2 About 40 puL of
lipid L-a-phosphatidylcholine (Type II-s) and cholesterol (10:1 w/w)
(Sigma), in pentane were layered on top of a buffer solution (0.5m KCI,
10mMm BES, pH 7.0). After allowing the solvent to evaporate, the buffer
level was raised across the aperture. This resulted in approximately 0.2 mg
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lipid on each side. The resorcin[4]arenes were dissolved in ethanol (1 mm)
and added to both the cis and trans sides (amplifier) either by injection
under the aqueous surface near the bilayer or onto the aqueous surface
once the buffer level was lowered (temporarily destroying the bilayer). The
temperature was maintained at 20°C throughout the measurements.
Electrical currents were recorded with an Axopatch 1D amplifier at a rate
of 5 kHz and filtered with 1 kHz by using a Digi Data 1200 interface (Axon
Instruments, CA, USA). Currents were generated by using a Function
Generator TG 302 (LEVELL, Barnet, UK). Histograms were calculated by
using Origin 5.0. A step size of 0.2 pA was applied and the data were fitted
with Gaussian curves. The numbers in the histograms reflect the peak
centres of the curves in pA.
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Dual-Mode “Co-Conformational” Switching in Catenanes Incorporating
Bipyridinium and Dialkylammonium Recognition Sites**
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Abstract: Three [2]catenanes and three
[3]catenanes incorporating one or two
m-electron-rich macrocyclic polyethers
and one m-electron-deficient polycation-
ic cyclophane have been synthesized in
yields ranging from 4 to 38%. The x-
electron-rich macrocyclic components
possess either two 1,4-dioxybenzene or
two 1,5-dioxynaphthalene recognition
sites. The m-electron-deficient cyclo-
phane components incorporate two bi-
pyridinium and either one or two dia-
lkylammonium recognition sites. The
template-directed syntheses of these
catenanes rely on i) m---m stacking
interactions between the dioxyarene

between some of the dioxyarene hydro-
gen atoms and the aromatic spacers
separating the bipyridinium units. The
six catenanes were characterized by
mass spectrometry and by both 'H and
13C NMR spectroscopy. The absorption
spectra and the electrochemical proper-
ties of the catenanes have been inves-
tigated and compared with those exhib-
ited by the component macrocycles and
by related known catenanes. Broad and
weak absorption bands in the visible
region, originating from charge-transfer
(CT) interactions between electron-do-
nor and electron-acceptor units, have
been observed. Such charge-transfer

interactions are responsible for the
quenching of the potentially fluorescent
excited states of the aromatic units of
the macrocyclic polyether components.
The redox behavior of these novel com-
pounds has been investigated and corre-
lations among the observed redox po-
tentials are illustrated and discussed.
The catenanes undergo co-conforma-
tional switching upon one-electron re-
duction of the two bipyridinium units.
One of them—in its reduced form—can
be also switched by acid/base inputs and
exhibits AND logic behavior. The co-
conformational rearrangements induced
by the redox and acid/base stimulations

and bipyridinium recognition sites, ii)
C-H---O hydrogen bonds between
some of the bipyridinium hydrogen
atoms and some of the polyether oxygen
atoms, and iii)) C-H---m interactions
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lend themselves to exploitation in the
development of molecular-level ma-

cyclophanes . .
chines and logic gates.

Introduction

Molecules incorporating mechanically-interlocked compo-
nents,!! that is, the so-called catenanes and rotaxanes, are
ideal candidates for the generation of molecular-sized
switches®?! and machines.?! Indeed, bistable [2]catenanes!*!
and [2]rotaxanesP! can be designed and constructed by
introducing chemically-, electrochemically-, and/or photo-
chemically-active recognition sites into one of their two
interlocked components. By employing chemical, electro-
chemical, and/or photochemical stimuli, the recognition
properties of these units can be altered, inducing the move-
ment of one of the interlocked components relative to the
other. By exploiting such externally triggered dynamic
processes, switching between two stable states becomes
possible. Recently, we designed® and synthesized a series of
[2]rotaxanes that incorporate a bipyridinium and a dialkyl-
ammonium recognition site in their dumbbell-shaped compo-
nents, which are encircled by a m-electron-rich macrocyclic
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polyether. These [2]rotaxanes can be switched reversibly
between two states by deprotonation/protonation of the
dialkylammonium recognition site as these processes are
accompanied by the shuttling of the macrocyclic component
from the dialkylammonium to the bipyridinium recognition
site and vice versa. Furhermore, the recognition properties of
the bipyridinium unit can be modulated electrochemically.[”
Therefore, the presence of two recognition sites of a different
nature leads to the possibility of dual-model® (acid/base and
redox) stimulation of the system. In order to generate
switchable catenanes, we have taken the opportunity to
synthesize molecules incorporating m-electron-rich macro-
cyclic polyethers interlocked with polycationic cyclophanes
that possess bipyridinium and dialkylammonium recognition
sites. Here, we report the template-directed syntheses® ' of
three [2]catenanes and three [3]catenanes in which cyclo-
phanes of this type are interlocked with 1,4-dioxybenzene- or
1,5-dioxynaphthalene-based macrocyclic polyethers. The ab-
sorption spectra and electrochemical properties of the novel
catenanes have been investigated and compared with those
exhibited by the component macrocycles and by related

Abstract in Italian: Sono stati sintetizzati tre [2]catenani e tre
[3]catenani contenenti un ciclofano policationico 7 elettron
accettore e, rispettivamente, uno e due polieteri macrociclici &
elettron donatori, con rese comprese fra 4 e 38 %. [ componenti
macrociclici 7 donatori possiedono due unita 1,4-diossibenze-
ne o due unita 1,5-diossinaftalene, mentre il componente 7
accettore contiene due gruppi dipiridinio ed uno o due gruppi
dialchilammonio. La sintesi templata di questi catenani si basa
su i) interazioni w--- 7 fra i siti di riconoscimento diossiaro-
matici e dipiridinio, ii) legami a idrogeno C—H -+ O fra atomi
di idrogeno dei gruppi dipiridinio ed atomi di ossigeno delle
catene polieteree e iii) interazioni C—H---x fra atomi di
idrogeno delle unita diossiaromatiche e gli spaziatori p-feni-
lenici che separano i gruppi dipiridinio. I sei catenani sono stati
caratterizzati mediante spettrometria di massa e spettroscopia
'H e 3C NMR. Il comportamento elettrochimico e gli spettri di
assorbimento dei catenani sono stati esaminati e confrontati
con quelli dei componenti macrociclici e di altri catenani simili
studiati in precedenza. Si osservano bande di assorbimento
deboli e allargate nella regione del visibile, attribuite alle
interazioni di trasferimento di carica fra le unita 7 elettron
donatrici e quelle 7 elettron accettrici. Tali interazioni sono
responsabili anche dello spegnimento degli stati eccitati,
potenzialmente fluorescenti, localizzati sulle unita aromatiche
dei polieteri macrociclici. Dalle correlazioni fra i potenziali dei
processi redox osservati si puo concludere che i catenani
subiscono riarrangiamenti co-conformazionali in seguito a
riduzione monoelettronica dei due gruppi dipiridinio. Uno dei
catenani esaminati, nella forma ridotta, da luogo a riarrangia-
menti strutturali anche a seguito di stimoli chimici di tipo acido/
base, evidenziando un comportamento logico di tipo AND. I
movimenti co-conformazionali indotti mediante stimoli redox
e acido/base suggeriscono la possibilita di impiegare questi
nuovi catenani per la realizzazione di macchine e porte logiche
a livello molecolare.
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known catenanes. One of these catenanes reveals an interest-
ing machine-like behavior and logic gate performance.

Results and Discussion

Synthesis: Treatment of 1 with HBr afforded the hexafluoro-
phosphate salt 2H - PF (Scheme 1), which was reacted with
4,4'-bipyridine to give the tris(hexafluorophosphate) salt 3H -
3PF,. Reaction of 2H - PF, and 4 - 2 PF; in the presence of the
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Scheme 1. The synthesis of the tris(hexafluorophosphate) salt 3H - 3 PF,.

1,4-dioxybenzene-based macrocyclic polyether 5 (BPP34C10)
afforded the [3]catenane 7H-5PF, in a yield of 6%
(Scheme 2), after counterion exchange. When the 1,5-dioxy-

42PF¢ N/ N/ \/\
O 0 0O 0 O
+ : : +
N N a 5
(J (J
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Scheme 2. The template-directed syntheses of the [3]catenanes 7H - 5 PFg
and 8H - 5PF,.
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naphthalene-based macrocyclic polyether 6 (1/5SDN38C10)
was used instead, under otherwise identical conditions, the
[3]catenane 8H-5PF, was isolated in a yield of 38%. The
efficiency of the catenation diminished significantly when the
tris(hexafluorophosphate) salt 3H-3PF; was treated with
2H - PF; in the presence of 6 (Scheme 3). In this instance,
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@ o
g ;@ 90
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\ : _,;1- : Br /S
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Scheme 3. The template-directed synthesis of the [2]catenane 9H, - 6 PF
and of the [3]catenane 10H, - 6 PF;.

however, the [2]catenane 9H,-6PF, was obtained, together
with the [3]catenane 10H,-6PF,, in yields of 5 and 4%,
respectively. No catenanes were isolated when the reaction
was carried out in the presence of 5 instead. The template-
directed synthesis of the pentacationic cyclophane 13H - 5 PF;
was realized (Scheme 4) by treating 2H - PF with 11-2PF; in
the presence of the 1,4-dioxybenzene-based template 12.
When 5 was employed instead, under otherwise identical
conditions, the [2]catenane 14H - 5 PF, was isolated in a yield
of 12%. Condensation of 1,6-diaminohexane with methyl
4-formylbenzoate, followed by the reduction of the resulting
bisimine 15, gave the bisamine 16 (Scheme 5). Protection of
16, followed by the reduction of the resulting compound 17,
yielded the diol 18 which was treated with HBr to afford the
bis(hexafluorophosphate) salt 19H, -2 PF,. Reaction of 11-
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Scheme 4. The template-directed synthesis of the cyclophane 13H - 5PFg
and of the [2]catenane 14H - 5 PF,.
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Scheme 5. The synthesis of the bis(hexafluorophosphate) salt 19H, - 2 PF;.
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2PF, with 19H,-2PF¢ in the presence of 5 gave the
[2]catenane 20H,- 6 PF, in a yield of 19% (Scheme 6), after
counterion exchange.

| (@) | o o 0 0 O
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+
() () (5 5 E
- . O @)
+
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1) MeCN/RT/21d
2) NH4PFg / H,0
A\ 6PFg
o 0 0 O :
| @ .
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O 0O o 0o O 4

/N 20H,+6PF¢

Scheme 6. The template-directed synthesis of the [2]catenane 20H, - 6 PF;.

Mass spectrometry: The [2]catenanes and the [3]catenanes
were characterized (Table 1) by liquid secondary ion mass
spectrometry (LSIMS). In all instances, the spectra revealed

Table 1. Liquid secondary ion mass spectrometric (LSIMS) datal?! for the
[2]catenanes 9H, - 6 PF,, 14H - 5PF;, and 20H,- 6 PF; and for the [3]catenanes

7H - 5PF,, 8H-5PF,, and 10H, - 6 PF,.

Catenane [M —PF " [M —2PF* [M—3PF,* [M—4PFJ]+* [M—5PF]*
7H-5PF, 2369 2224 2079 1933 [o]
8H-5PF, 2570 2424 2279 2134 [o]
9H,-6PF, [l [o] 1829 1685 1540

10H,-6PF, [l 2613 2467 2322 2176

14H-5PF, U 1611 1466 1320 [o]

20H,-6PF, [l o] 1712 1567 1422

[a] The spectra were recorded on a VG ZabSpec mass spectrometer using
3-nitrobenzyl alcohol as matrix. The measured masses correspond to the

centroids of unresolved isotopic distributions. [b] Not observed.

peaks at m/z values for [M —3PF,]* and [M —4PF]*
corresponding to the losses of three and four hexafluoro-
phosphate counterions, respectively. For the [3]catenanes 7H -
5PF, and 8H - 5PF, peaks at m/z values for [M — PF¢]*" and
[M —2PF,]* were also observed. The spectra of the [3]cate-
nane 10H, - 6 PF, and of the [2]catenane 14H - 5 PF, revealed
peaks at m/z values for [M —2PF,]". For the [2]catenanes
9H,-6PF,; and 20H,-6PF,, and for the [3]catenane 10H,-
5PF,, peaks at m/z values for [M —5PF¢]" were also
observed.

1H NMR spectroscopy: The macrocyclic receptors BPP34C10
and 1/5DN38C10 bind bipyridinium dications as a result of

Chem. Eur. J. 2001, 7, No. 16
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strong 7t --- 7 stacking and C—H --- O interactions. Their N,N'-
dimethyl-4,4'-bipyridinium dication complexes have stability
constants of 240 and 1190M~!, respectively, in MeCN at
25°C.’] These macrocycles, however, are relatively large.
Only one of their two polyether loops can sustain "N—H---O
and C—H--- O interactions with a dialkylammonium recog-
nition site residing in the macrocyclic cavity. The lack of
cooperative binding is reflected in the low stability constants
for the corresponding 1:1 complexes.'"!! The marked prefer-
ence of BPPP34C10 and 1/5DN38C10 for bipyridinium
recognition sites dictates the co-conformation of the cate-
nanes (Figure 1), as demonstrated by the pronounced chem-
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¥ o

Figure 1. MMFF minimized (PC Spartan Pro) geometry of the cyclophane
13H>* and co-conformations of the [2]catenanes 14H>* and 9H,°* in which
the macrocyclic polyether encircles one of the two bipyridinium recog-
nition sites of the pentacationic cyclophane. Hydrogen atoms have been
omitted for clarity.

ical shift changes suffered by the bipyridinium protons (vide
infra). The cyclophane 13H>*, the [2]catenanes 9H,%+, 14H>*,
and 20H,%*, and the [3]catenanes 7H>*, 8H>*, and 10H,°* were
analyzed by 'H NMR spectroscopy at temperatures higher
than or equal to 298 K. Under these conditions, the dynamic
processes (vide infra) associated with the catenanes are fast
on the '"H NMR timescale, and, as a result, their 'H NMR
spectra are relatively simple. The chemical shifts (6) for the a-
and S-bipyridinium protons H, and Hy are listed in Table 2.
Two sets of signals are observed for the protons H, and H of
the [3]catenanes 7H>* and 8H>". In the 'H NMR spectrum of
the [3]catenane 7H’*, which incorporates the BPP34C10
macrocycle, the H, protons resonate at 6 =9.28 and 9.13, and
the H protons at 0 =8.09 and 8.07. For the [3]catenane 8H>",
incorporating the 1/5SDN38C10, the signals for the H, protons
shift upfield by about Ad=0.4 ppm. A more pronounced
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Table 2. Chemical shifts (0) for the a- and S-bipyridinium protons H, and
H; of the cyclophane 13H°, the [2]catenanes 9H,%", 14H>*, and 20H,°*, and
the [3]catenanes 7H%*, 8H>*, and 10H,°*.

Compound H, Hy Solvent Temperature [K]
TH* 9.28/9.13l1  8.09/8.071  (CD;),CO 304
8H* 8.85/8.74l1  7.03/7.00)  (CD;),CO 304
9H,"" 8.76) 7.53 0] CD,CN 344

10H,5* 8.84[] 7.15 ) CD,CN 304

13H* 9.370°) 8.62/8.591)  (CD;),CO 298

14H* 8.91/8.84l1  7.91/7.88%  CD;CN 298

20H,* 9.32/9.261)  8.46/8.441  (CD;),CO 298

[a] Two sets of signals, centered on the d values listed, are observed in the
"H NMR spectrum. [b] One set of signals, centered on the o value listed, is
observed in the 'H NMR spectrum.

upfield shift is observed for the resonances of the H; protons,
which move by approximately Ad = 1.0 ppm. These observa-
tions indicate that the 1,5-dioxynaphthalene units of the
macrocyclic polyether of 8H>* exert a more pronounced
shielding effect upon the bipyridinium protons than the 1,4-
dioxybenzene rings of 7H>*. Comparison of the chemical
shifts of the bipyridinium protons of the [2]catenane 9H,*
and the [3]catenane 10H,%*, both incorporating the same
hexacationic cyclophane component, shows a small difference
in the J values for the H, protons and a change of about Ad =
0.4 ppm for the H; protons. These observations confirm that
the Hy protons are more sensitive than the H, protons to the
shielding effects exerted by the sandwiching dioxyarene units.

In the case of the [3]catenane 7H>*, the temperature depend-
ence of the 'TH NMR spectrum was investigated. At 294 K in
CD,Cl,/CDsCN, the circumrotation of the two BPP34C10
macrocycles (Figure 2) through the cavity of the pentacationic
cyclophane is fast on the 'H NMR timescale. As a result, the
1,4-dioxybenzene rings located inside and alongside the cavity
of the pentacationic cyclophane cannot be distinguished. All
their protons resonate (Figure 2a) as a singlet centered at 0 =
6.08. Upon cooling down, the rate of the dynamic process
decreases, and this signal becomes broad (Figure 2b) and then
merges into the baseline (Figure 2¢). At 270.8 K, the half-
height broadening (A%) of this resonance is 66 Hz. This value
corresponds to a rate constant of 207 Hz and a free energy
barrier of 12.9 kcalmol~! for the circumrotation.[*?!

Absorption, emission, and electrochemical properties: The
compounds we have investigated are illustrated schematically
in Figure 3. Unfortunately, the cyclophane components (rep-
resented within square brackets in Figure 3) of the catenanes
TH>*, 8H>*+, 9H,%*, and 10H,%* could not be isolated, while the
[2]catenane 20H,% was not available in a sufficient amount to
perform the spectroscopic and electrochemical investigations.
For comparison, we have also taken into consideration the
cyclophane 214, its [2]catenanes 22*" and 23*", the cyclo-
phane 24*', and its [3]catenanes 25*" and 26**. The spectro-
scopic and electrochemical properties of these compounds,
which do not contain ammonium recognition sites, have been
investigated previously.l*s 13141 The absorption and emission
properties of all these compounds are summarized in Tables 3
and 4. All the [2]catenanes and [3]catenanes exhibit low-
energy charge-transfer bands caused by the interactions
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Figure 2. Circumrotation of the two macrocycles 5 of the [3]catenane 7H>*
through the cavity of the pentacationic cyclophane exchanging the 14-
dioxybenzene rings A and B. Partial 'H NMR spectra of 7H>* in CD,Cl,/
CD;CN at a) 294, b) 273, and c) 253 K.

Table 3. Absorption and electrochemical data (MeCN, 298 K) of the macrocyclic
polyether 5, the cyclophanes 214+, 24*" and 13H"", the reference [2]catenane 22+,
the reference [3]catenane 25*, the [2]catenane 14H*, and the [3]catenane 7H>".

Compound Absorptionl® Electrochemical reduction!®
Amax [nm] & [M~tem™!]  Ey, [V] (vs SCE)
5lel 290 5200 -
21441 261 40000 -029 (2); —-0.71 (2)
254+(d] —0.46 (2); —0.88 (2)
13H5+ 258 43000 ~0.33(2); —0.74 (2)
1344 258 43000 ~032(2); —0.74 (2)
224+l 478 700 —031(1); —0.44 (1); —0.84 (2)
14H* 456 370 —0.32 (1); —0.40 (1); —0.76 (2)
144+l 452 420 —0.32(1); =043 (1); —0.77 (1); —0.85 (1)
TH 459 830 —0.44 (2); —0.85 (2)
el 463 960 —0.46 (2); —0.87 (2)

[a] For the catenanes, only the data regarding the CT absorption band are reported.
[b] Argon purged solution, tetrabutylammonium hexafluorophosphate (TBAPFy)
as supporting electrolyte, glassy carbon as working electrode; all processes are
reversible; halfwave potential values in V vs SCE; the number of exchanged
electrons is indicated in parentheses. [c] Data from Ref.[4g]. [d] Data from
Ref. [14]. [e] Obtained by addition of one equivalent of n-Bu;N.
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between the electron deficient bipyridinium units contained
in the polycationic cyclophanes and the electron-rich dioxyar-
ene units of the macrocyclic polyethers, BPP34C10 (5) and
1/5DN38C10 (6).4 %Ll Such low-energy excited states are
responsible for the quenching of the higher energy, potentially
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For the sake of simplicity, we
will discuss the compounds that
contain the macrocyclic poly-
ethers 5 and 6 separately.

Catenanes containing
BPP34C10 (5): The absorption
and redox properties of [2]cat-
enane 14H>* and [3]catenane
TH>* are summarized in Ta-
ble 3, in which the properties
of the novel cyclophane 13H3*
and of the previously studied
macrocyclic polyether
BPP34C10 (5),* the cyclo-
phane 21*t %l and the cate-
nanes 22404l and 25404 are
also displayed for comparison.

The absorption spectrum of
cyclophane 13H%* is similar to
that of cyclophane 21* and
does not undergo any appreci-
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N
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square brackets could not be synthesized.

luminescent excited states of the dioxyarene units.[* el For
each compound, a great number of redox processes are
observed. They are related to the presence of the bipyridi-
nium and dioxyarene electroactive units. It is well known that
the potential values associated with such processes are
diagnostic of the presence of donor/acceptor inter-
actionsl*%afe. 6l and can therefore reveal the nature of the
“co-conformations” adopted by the catenanes in their various
redox and acid/base forms.’!

The novelty of the compounds described in this paper is
related to the presence in the polycationic cyclophanes of
both bipyridinium units and dialkylammonium centers, which
can play the roles of recognition sites for the aromatic crown
ethers 5 and 6. In order to understand the effects caused by
the simultaneous presence of these two types of recognition
sites, it is useful to compare the properties of these novel
catenanes with those exhibited by related compounds that
contain only the bipyridinium units within their cyclophane
components.

Chem. Eur. J. 2001, 7, No. 16
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Figure 3. Graphical representation of the macrocyclic polyether, cyclophanes, and catenanes whose absorption
spectra, luminescence properties, and electrochemical behavior are discussed. The cyclophanes enclosed within
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able change upon deprotona-
tion. This result is an expected
one, since the ammonium/
amine centers do not exhibit
absorption bands in the near
UV-visible absorption region.
On reduction, both 13H>* and
its deprotonated form exhibit
the two bielectronic processes
characteristic of the cyclo-
phanes that contain two equiv-
alent, noninteracting bipyridi-
nium units. The reduction po-
tentials are slightly more
negative than those of 214
Presumably, the different sizes
and flexibilities of the two cy-
clophanes impose different
strains on the bipyridinium units and, thus, affect the
reduction potentials.

The [2]catenane 14H>* (Figure 4, full line) and the [3]cat-
enane 7H>* show a charge-transfer (CT) absorption band at a
wavelength similar to that of [2]catenane 22** (Figure 4,
dashed line)./“s! The molar absorption coefficient of the CT
band of 14H>*, however, is about half that of 22*t and close to
that exhibited by a closely-related rotaxane.!'! This observa-
tion suggests that 5, when interlocked with the relatively large
cyclophane, surrounds a bipyridinium unit but, contrary to
what happens in the case of the [2]catenane 22, which
contains the smaller cyclophane, it does not interact with the
second (alongside) bipyridinium unit. Accordingly, the [3]cat-
enane 7H>* exhibits a molar absorption coefficient twice that
of 14H>*. Since the unprotonated catenanes possess only
bipyridinium recognition sites, and deprotonation of 14H>*
and 7H* does not cause any substantial change in the
absorption spectra,l'”l we conclude that the polyether macro-
cycle surrounds a bipyridinium recognition site even in the
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Figure 4. Absorption spectra (MeCN, 298 K) of the catenanes 14H>* (full
line) and 22+ (dashed line). Note that the visible CT bands are represented
on a magnified scale (see right hand axis).

protonated species. None of the catenanes exhibits the
characteristic fluorescence of free 5 because of the quenching
effect of the low-energy CT levels.

The electrochemical results confirm fully that in 14H>* the
macrocyclic polyether § surrounds one of the two bipyridi-
nium units. The first bielectronic reduction process of the
cyclophane splits into two monoelectronic processes, one
occurring at almost the same potential as that of the free
cyclophane 13H5*, and the other at a potential that is strongly
displaced toward a more negative value (Table 3 and Fig-
ure 5). In the catenane 22*, whose cyclophane ring is smaller,
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Figure 5. Correlation diagram for the reduction processes (MeCN, 298 K)
of the cyclophane 13H>* and its [2]catenane 14H>* and [3]catenane 7H*, as
well as of their deprotonated forms, obtained by addition of one equivalent
of n-Bu;N to the solution. 0: monoelectronic processes; @: bielectronic
processes..

the reduction of the alongside bipyridinium unit is only
slightly affected by the macrocycle S. Although deprotonation
of 14H>* does not affect the first reduction process (assigned
to the alongside bipyridinium unit), it moves the second
reduction process (assigned to the inside bypiridinium unit) to
slightly more negative values. This observation indicates that
a stabilizing interaction exists between 5 and the ammonium
center when both the bipyridinium units have been mono-
reduced (vide infra), and that such an interaction can be
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switched off by addition of base. In 14H*, the second
bielectronic reduction process of the cyclophane is only
slightly shifted and does not split, showing that when both the
bipyridinium units have been monoreduced, the macrocycle §
resides on the ammonium center. In the deprotonated
catenane, however, the second reduction process of the two
bipyridinium units splits into two monoelectronic processes,
with, once again, one occurring at almost the same potential
as that of 13H>*, and with the other one shifted to more
negative potentials. Such a behavior suggests that, when the
ammonium recognition center is switched off, the macrocycle
resides on one of the two monoreduced bipyridinium units—a
situation that permits some donor/acceptor stabilization to
occur.

In the [3]catenane 7H>*, which contains two polyether
macrocyclic rings and only one ammonium recognition center,
the first reduction process of both the bipyridinium units takes
place simultaneously and is displaced toward more negative
potentials (Table 3, Figure 5) in a manner that is expected for
a structure in which both the bipyridinium units are sur-
rounded by a macrocyclic polyether. Since the second
reduction of the two bipyridinium units in 7H3* does not split
and occurs at a potential expected for such units surrounded
by macrocycle 5, switching of one of the two rings onto the
ammonium center apparently cannot occur. This behavior can
be explained by considering that the movement of one
molecule of 5 to the ammonium center is prevented by the
presence of the other ring, which exhibits the same tendency.
Such an explanation is fully consistent with the behavior
exhibited (vide infra) by the [3]catenanes 25, 26*+ and 8H>",
whose cyclophane components do not possess enough recog-
nition sites to receive the two macrocyclic rings after
reduction of the bipyridinium units. Of course, the same
results are obtained for the deprotonated species, 74+.

On oxidation, the [2]catenane 22*" has two distinct one-
electron processes at +1.42 and +1.72 V'8l which can be
assigned to the alongside and inside dioxybenzene units,
respectively. In the catenane 14H>*, whose cyclophane is
larger, both the dioxybenzene units are oxidized at the same
potential, confirming that 5 interacts only with the inside
bipyridinium unit (vide supra). Since the oxidation processes
are not fully reversible, we will avoid any further speculation
on this issue.

In conclusion, the absorption spectra and electrochemical
properties show that in the [2]catenane 14H3*, as well as in its
deprotonated form, the macrocyclic ring 5§ surrounds one of
the two bipyridinium units and does not interact with the
alongside one. Therefore, protonation/deprotonation does not
cause any switching of the ring position. However, after one-
electron reduction of both the bipyridinium units, the macro-
cyclic ring 5 is displaced onto the ammonium center in a
process which means that an electrochemically induced “co-
conformational” switching occurs (Figure 6, left-hand side).
Furthermore, after the two-electron reduction of 14H%*, the
macrocyclic ring 5 is not only located on the ammonium
center, but it also moves back onto one of the monoreduced
bipyridinium units upon deprotonation (14** in Figure 6).
Thus, the [2]catenane 14* behaves (Figure 7) according to an
AND binary logic.!"”]
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Figure 6. Schematic representation of the “co-conformational” switching processes associated with redox and

acid/base stimulation of catenane 14H>*.
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Figure 7. Schematic representation of the AND logic behavior exhibited
by the deprotonated [2]catenane 14*". The input signals correspond to the
injection of two electrons and the addition of a proton, respectively, while
the output manifests itself in the change in the position of the macrocyclic
polyether.

Catenanes containing 1/5DN38CI0 (6): The absorption and
redox properties of the [2]catenane 9H,** and the [3]cate-
nanes 8H>*" and 10H,%* are summarized in Table 4, in which
the properties of the previously studied macrocyclic polyether
1/5DN38C10 (6),[*! the [2]catenane 23**,*] the cyclophane
244+ [ and the [3]catenane 26**** are also displayed for com-
parison. Unfortunately, the cyclophane components of [2]cat-
enane 9H,* and [3]catenane 10H,%*, and [3]catenane 8H*
could not be prepared. Although their redox behavior and
potential values should be reasonably very similar to those of
13H°*, which, in turn, are not too distant from those exhibited
by cyclophane 24*, their availability would have helped con-
siderably in the interpretation of the electrochemical results.

The [2]catenane 9H,*+ has a CT absorption band sligthly
displaced to higher energies compared to that of [2]catenane
23+, The molar absorption coefficient, however, is less than
half that of 23*", and even smaller than that exhibited by a
closely related rotaxane.”” This observation suggests that in
9H,%* macrocycle 6 surrounds a bipyridinium unit but—
contrary to what happens in the case of 23**, which has a much
smaller cyclophane—it does not interact with the second
(alongside) bipyridinium unit. Accordingly, the [3]catenanes
8H>* and 10H,°* exhibit a molar absorption coefficient twice
that of 9H,5*. In all cases, deprotonation does not cause
substantial changes! in the absorption spectra, showing that
6 prefers to stay on the bipyridinium recognition site even in
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the protonated species. None of
the catenanes exhibits the fluo-
rescence of the free macrocycle
6, because of the quenching
effect of the low energy CT
levels.

On electrochemical reduc-
tion, the [2]catenane 9H,** ex-
hibits two distinct one-electron
processes, followed by a two-electron process (Table 4 and
Figure 8). This behavior shows that the two bipyridinium units
of 9H,5* are not equivalent. The potential of the first
reduction process is about the same as that shown by the
bipyridinium units in the free cyclophane 24*+, while the value
for the second reduction process is not far from that observed
for the same process in the [2]catenane 23%*, and similar to
that of the first (two-electron) reduction process observed in

RO

1 42+

Table 4. Absorption and electrochemical data (MeCN, 298 K) of the macrocyclic
polyether 6, the reference [2]catenane 23**, the reference [3]catenane 26**, the
[2]catenane 9H,*, and the [3]catenanes 10H,** and 8H>*.

Compound Absorptionl? Electrochemical reduction®!
Amax [nm] & [Mtem™!]  E,, [V] (vs SCE)
6l 295 17600 -
244+ 260, 340 83000, 3000 —0.31(2); —0.72 (2)
234+l 529 1100 —0.35(1); —0.56 (1); —0.81 (1); —0.89 (1)
26+ 558 1300 —0.55(2); —0.90 (2)
9EL5* 504 350 —0.33 (1); —0.47 (1); —0.76 (2)
94+ [l 487 430 —0.35(1); —0.49 (1); —0.78 (2)
10H,%+ 510 930 —0.50(2); —0.75 (2)
10+l 493 1060 —0.51 (2); —=0.75 (2)
SH* 519 1400 —0.51 (2); —0.90 (2)
g4+t 521 1300 —0.52 (2); —0.91 (2)

[a] For the catenanes, only the data regarding the CT absorption bands are reported.
[b] Argon purged solution, TBAPF, as supporting electrolyte, glassy carbon as
working electrode; all processes are reversible; halfwave potential values in V vs
SCE; the number of exchanged electrons is indicated in parentheses. [c] Data from
Ref. [4g]. [d] Data from Ref. [13]. [e] Obtained by addition of two equivalents of n-
Bu;N. [f] Obtained by addition of one equivalents of n-Bu;N.
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Figure 8. Correlation diagram for the reduction processes (MeCN, 298 K)
of the [2]catenanes 8H>* and 10H,°*, and the [2]catenane 9H,%*. Their
deprotonated forms, obtained by addition of one (or two) equivalents of n-
Bu;N, exhibit the same behavior (see text). The reduction processes
relating to the cyclophane 24* and its [3]catenane 26*" are also shown for
comparison. O: monoelectronic processes; @: bielectronic processes..
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the [3]catenanes 8H>* and 10H,5*. These results demonstrate
that, in 9H,°*, the macrocyclic polyether 6 surrounds one of
the two bipyridinium units and does not perturb the other one,
while, in the [3]catenanes, both the bipyridinium units are
surrounded by a molecule of 6. In 9H,%*, the second reduction
of the two bipyridinium units occurs at the same potential, and
at a value not distant from that of 13H>" and 24* . This
observation shows that 6 is no longer preferentially engaged
with one bipyridinium unit when the first reduction of each
unit has occurred. In addition, deprotonation does not cause
any splitting in the two-electron process; this corresponds to
the second reduction of the two bipyridinium units, contrary
to what happens for 14H>" (vide supra). The different
behaviors of 9H,%* and 14H3* upon deprotonation are related
presumably to the larger size and much greater flexibility of
the cyclophane component of the former catenane relative to
that of 13H%*.?2l As a matter of fact, inspection of CPK space-
filling molecular models shows that while 24*" is a very rigid
square-shaped “box”, 13H>* can be viewed (Figure 1) as a
trapezoid with considerable flexibility on one of its sides and
so the cyclophane component of 9H,** is quite floppy.
Apparently, the catenane 9H,%*, after one-electron reduction
of its two bipyridinium units, is capable of adopting “co-
conformations” in which macrocycle 6 (which also has a larger
cavity than its counterpart 5 in catenane 14H3*) remains well
away from such units, regardless of the protonation state of
the system (redox switching, Figure 9, top). We recall that the
[3]catenane 10H,** has a bielectronic reduction wave at a
potential much more negative than that corresponding to
unperturbed bipyridinium units and close to that of the other
[3]catenane 8H>* (Table 4 and Figure 8). This behavior
demonstrates that the two macrocycle polyethers surround
the two bipyridinium units. The second reduction of the two
bipyridinium units of 10H,** occurs once again at the same
potential, which is, however, much less negative than that
exhibited by 8H>* and 26*. This behavior suggests that, after
the two-electron reduction of 10H,**, the two macrocycle
polyethers are free to move away from the one-electron
reduced bipyridinium units (redox switching, Figure 9 bottom),

Hz Hap
N

whereas this possibility does not exist in the case of the [3]cat-
enanes 8H>" and 26*", whose cyclophane components do not
possess enough recognition sites to receive the two macro-
cycle polyethers after reduction of the bipyridinium units
(vide supra). As in the case of the [2]catenane 9H,**—and
probably for the same reasons—the redox switching of 10H,%*
is not affected by the protonation state of the [3]catenane. Not
surprisingly, the electrochemical behavior of the [3]catenane
8H’* is also independent on its protonation state.

Conclusion

Either one or two dialkylammonium and two bipyridinium
recognition sites have been introduced into a m-electron-
deficient ring component of three [2]catenanes and of three
[3]catenanes incorporating m-electron-rich macrocyclic poly-
ethers (BPP34C10 or 1/5DN38C10) as their other ring
component(s). The template-directed syntheses of these
catenanes were realized by reacting the acyclic precursors of
the m-electron-deficient cyclophanes in the presence of a
preformed 1,4-dioxybenzene- or 1,5-dioxynaphthalene-based
macrocyclic polyether. These self-assembly processes are
assisted by a combination of i) m--- 7 stacking interactions
between the complementary aromatic units, ii) C—H---O
hydrogen bonds between some of the bipyridinium hydrogen
atoms and some of the polyether oxygen atoms, and iii)
C—H---nt interactions between some of the dioxyarene
hydrogen atoms and the aromatic spacers separating the
bipyridinium units within the m-electron-deficient cyclophanes.
The novel catenanes have been studied by absorption
spectroscopy and voltammetric techniques, and their behavior
has been compared with that exhibited by the component
macrocyclic polyethers and by related known cyclophanes
and catenanes. These investigations have shown that, in these
novel catenanes, the macrocyclic polyether(s) reside(s) ini-
tially around the bipyridinium unit(s), but move to the
ammonium recognition site(s) upon one-electron reduction
of the two bipyridinium units. One of the [2]catenanes, which
can also be switched by acid/

H base stimulation in its two-elec-

tron reduced form, behaves ac-
cording to the AND logic oper-
ation. The “co-conformational”

E@+ -ze \Ne +2H" e switching exhibited by these
NZ N H catenanes is of interest for the
9H,® U eHt 2
2 9 development of new prototypes
of molecular-level machines,
particularly with reference to
" | the controlled unidirectional
2 2 H . . . .
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Figure 9. Schematic representation of the “co-conformational” switching processes associated with redox
stimulation of the [2]catenane 9H,** (top) and the [3]catenane 10H,** (bottom).
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purchased from Aldrich and used as
received. Solvents were dried accord-
ing to literature procedures.’ The
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compounds 1,%°1 4.2 PF,,1201 51271 6 (281 11 - 2 PF,?”) and 12*"] were prepared
as described previously in the literature. Thin layer chromatography (TLC)
was carried out on aluminum sheets coated with silica gel 60 (Merck 5554).
Column chromatography was performed on silica gel 60 (Merck 9385,
230-400 mesh). Melting points were determined on an Electrother-
mal 9200 melting point apparatus and are uncorrected. Liquid secondary
ion mass spectrometry (LSIMS) was performed on a VG Zabspec instru-
ment with 3-nitrobenzyl alcohol as matrix. 'H and 3C NMR spectra were
recorded on Bruker AC300 or AMX400 spectrometers. Elemental
analyses were performed by Quantitative Technologies. Apparatus and
methods for the absorption, luminescence, and electrochemical measure-
ments have been described previously.*#"3 Experimental errors are
estimated to be: wavelength values, £2 nm; molar absorption coefficients,
+10%; potential values, £ 10 mV.

Bis(4-bromomethylbenzyl)ammonium hexafluorophosphate (2H - PFy): A
suspension of 1 (0.21 g, 0.59 mmol) in HBr/MeCO,H (33 %, 10 mL) was
stirred mechanically for 5d at ambient temperature. The solvent was
distilled off under reduced pressure and the residue was dissolved in H,O
(200 mL). The precipitate obtained after the addition of NH,PF¢ was
filtered off, washed with H,O, Et,0, and n-hexane, and dried to afford 2H -
PF, (0.24 g, 75%) as a white solid. M.p. 192-193°C; UV (CD;CN): A4
(¢)=231 nm (23000); LSIMS: m/z: 384 [M — PF,]*; '"H NMR (CD,CN,
298 K): =753 (d, /=83 Hz, 4H), 748 (d, J=8.3 Hz, 4H), 4.61 (s, 4H),
4.24 (brs, 4H); BC NMR (CD;CN, 298 K): 6 =140.9, 131.6, 131.2, 130.5,
52.0,33.6; elemental analysis calcd (%) for C ¢H sBr,NPF; (529.3): C 36.31,
H 3.43, N 2.65; found C 36.13, H 3.69, N 2.58.

Bis(4- (4,4 -pyridylpyridiniummethyl) phenylmethyl)ammonium tris(hexa-
fluorophosphate) (3H - 3PF): The dibromide 2H - PF,4 (0.30 g, 0.60 mmol)
was added in small portions to a solution of 4.4'-bipyridine (2.00 g,
12.80 mmol) in MeCN (45mL) maintained at 70°C and under an
atmosphere of N,. The mixture was heated at 70°C for a further 24 h.
After cooling down to ambient temperature, the solvent was distilled off
under reduced pressure, and the residue was purified by column
chromatography [SiO,, MeOH/2m NH,CI (aq)/MeNO, (7:2:1)] to yield a
product that was dissolved in H,O. The precipitate obtained after the
addition of NH,PF, was filtered off, washed with H,O, and dried to afford
3H-3PF, (0.31g, 53%) as a white solid. M.p. 215°C (decomp); UV
(CD3CN): Aoy (€) =264 nm (31900); LSIMS: m/z: 972 [M]*, 826 [M —
PF4]*, 680 [M —2PF4]*; '"H NMR (CD;CN, 298 K): 6 =8.82 (d, /= 6.7 Hz,
8H), 8.32 (d, J=6.6 Hz, 4H), 7.96 (brs, 4H), 7.80 (brs, 4H), 7.63 (d, /=
8.0 Hz, 4H), 7.50 (d, J=8.0 Hz, 4H), 5.76 (s, 4H), 4.23 (s, 4H); *C NMR
(CD;CN, 298 K): 6 =154.9, 150.4, 146.0, 143.5, 135.3, 132.8, 132.1, 130.5,
1274, 123.6, 64.4, 51.8.

[3]Catenane 7TH-5PF,: A solution of 2H-PFy (68.0 mg, 0.12 mmol), 4-
2PF¢ (100.0 mg, 0.12 mmol), and 5 (300.0 mg, 0.56 mmol) in MeCN
(30 mL) was stirred for 15d at ambient temperature. The solvent was
distilled off under reduced pressure, and the residue was purified by
column chromatography [SiO,, CH,Cl,/MeOH (9:1)] to yield a product
that was dissolved in H,O. The precipitate obtained after the addition of
NH,PF, was filtered off, washed with H,O, and dried to afford 7H - 5PF;
(18.0 mg, 6 %) as an orange solid. M.p. 175°C (decomp); UV (CD;CN):
Amax (£) =264 (53000), 459 nm (840); LSIMS: m/z: 2369 [M — PF,]*, 2224
[M —2PF(]+,2079 [M — 3PF(]*+, 1933 [M — 4PF4]*; 'H NMR (CD;COCDs3,
304 K): 0=9.28 (d, /=69 Hz, 4H), 9.13 (d, /=6.9 Hz, 4H), 8.09 (d, /=
70 Hz, 4H), 8.07 (d, J=6.9 Hz, 4H), 7.89 (d, /=84 Hz, 4H), 7.83 (d, /=
8.5 Hz, 4H), 7.72-770 (m, 4H), 7.56-7.53 (m, 4H), 6.06 (s, 4H), 5.99 (s,
4H),5.61 (s, 16 H), 3.80-3.79 (m, 32H), 3.60-3.59 (m, 16 H), 3.28 -3.27 (m,
16H).

[3]Catenane 8H-5PF,: A solution of 2H-PF, (68.0 mg, 0.13 mmol), 4-
2PF¢ (100.0 mg, 0.12 mmol), and 6 (356.0 mg, 0.54 mmol) in MeCN
(30 mL) was stirred for 15d at ambient temperature. The solvent was
distilled off under reduced pressure, and the residue was purified by
column chromatography [SiO,, CH,Cl/MeOH (9:1-5:1)] to yield a
product that was dissolved in H,O. The precipitate obtained after the
addition of NH,PF, was filtered off, washed with H,O, and dried to afford
8H - 5PF; (133.0 mg, 38%) as a purple solid. M.p. 195°C (decomp); UV
(CDsCN): Aoy () =267 (53500), 521 nm (1100); LSIMS: m/z: 2570 [M —
PF4]*, 2424 [M —2PF(]*+, 2279 [M — 3PF4]*, 2134 [M —4PF(]*; '"H NMR
[(CD3),CO, 304 K]: 6=8.85 (d, /J=6.4 Hz, 4H), 8.74 (d, /=6.4 Hz, 4H),
8.01 (d, J=8.5Hz, 4H), 797 (d, J=8.6 Hz, 4H), 776 (d, J=8.1 Hz, 4H),
771 (d, J=8.1Hz, 4H), 7.03 (d, J=6.7 Hz, 4H), 7.00 (d, J=6.8 Hz, 4H),
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6.30—6.25 (m, 8H), 6.11-6.07 (m, 16H), 6.03 (s, 4H), 5.91 (s, 4H), 4.03 (s,
4H), 3.91-3.83 (m, 32H), 3.80-3.79 (m, 16H), 3.70-3.69 (m, 16H);
3C NMR ((CD,),CO, 304 K): 6 =153.5, 1452, 144.8, 144.7, 144.4, 142.3,
134.9, 131.1, 130.8, 130.5, 129.1, 125.9, 125.2, 124.8, 113.7, 105.4, 72.1, 71.7,
71.0, 684, 65.8, 65.2, 52.4.

[2]Catenane 9H, -6 PF; and [3]Catenane 10H,-6 PF,: A solution of 2H -
PF, (60.5 mg, 0.11 mmol), 3H - 3PF (84.4 mg, 0.09 mmol), and 6 (220.0 mg,
0.35 mmol) in MeCN (15 mL) was stirred for 21 d at ambient temperature.
The solvent was distilled off under reduced pressure and the residue was
purified by column chromatography [SiO,, MeOH/2M NH,CI (aq)/MeNO,
(7:2:1)] to yield two products which were dissolved in H,O. The precipitates
obtained after the addition of NH,PF, were filtered off, washed with H,O,
and dried to afford 9H, -6 PF, (9.0 mg, 5%) and 10H, - 6 PF, (9.3 mg, 4%)
as purple solids.

[2]Catenane 9H,-6 PF,: UV (CD;CN): A, (¢)=266 (22000), 504 nm
(330); LSIMS: m/z: 1829 [M —3PF]*, 1685 [M —4PF,]*, 1540 [M —
5PF]*; '"H NMR (CDCN, 344 K): 6 =876 (d, J =70 Hz, $H), 759 (m,
16H), 7.53 (d, J = 6.2 Hz, 8H), 6.60 (pt, J = 7.7 Hz, 4H), 6.53 (d, J = 8.5 Hz,
4H), 639 (d, J =74 Hz, 4H), 5.79 (s, 8H), 3.97-3.95 (m, $H), 3.88-3.85
(m, 32H).

[3]Catenane 10H,-6 PF,: UV (CDyCN): Ay, (£)=271 (30000), 510 nm
(930); LSIMS: miz: 2613 [M —2PF]*, 2467 [M —3PF|*, 2322 [M—
4PF,]*, 2176 [M — 5PF,]*; '"H NMR ((CD,),CO, 304 K): 6 =8.84 (d, J =
74 Hz, $H), 780 (d, J=8.3 Hz, 8H), 762 (d, J =83 Hz, 8H), 715 (d, J =
74 Hz, 8H), 6.4 (pt, J=8.7 Hz, 8H), 6.32 (d, J = 8.7 Hz, 8H), 6.27 (d, J =
8.5 Hz, 8H), 5.98 (s, $H), 3.94—3.90 (m, 8 H), 3.82-3.76 (m, 64 H).

Cyclophane 13H-5PF;: A solution of 2H - PF, (116.0 mg, 0.22 mmol), 11-
2PF; (146.0 mg, 0.21 mmol), and 12 (125.3 mg, 0.44 mmol) in MeCN
(15 mL) was stirred for 21 d at ambient temperature. The solvent was
distilled off under reduced pressure, and the residue was purified by
column chromatography [SiO,, MeOH/2Mm NH,CI (aq)/MeNO, (7:2:1)] to
yield a product that was dissolved in H,O. The precipitate obtained after
the addition of NH,PF, was filtered off, washed with H,O, and dried to
afford 13H - 5 PF, (90.0 mg, 32 %) as a white solid. UV (CD3;CN): 4., (€) =
258 nm (10700); '"H NMR ((CD3),CO, 298 K): 6 =9.37 (brs, 8H), 8.62 (d,
J=6.3Hz, 4H), 8.59 (d, J=5.9 Hz, 4H), 7.85 (s, 4H), 7.76 (d, J=8.1 Hz,
4H), 767 (d, J=8.1 Hz, 4H), 6.13 (s, 4H), 6.12 (s, 4H), 4.65 (s, 4H).

[2]Catenane 14H - 5PF,: A solution of 2H - PF, (88.0 mg, 0.17 mmol), 11-
2PF¢ (112.0 mg, 0.16 mmol), and 5 (162.6 mg, 0.30 mmol) in MeCN
(10 mL) was stirred for 21 d at ambient temperature. The solvent was
distilled off under reduced pressure, and the residue was purified by
column chromatography [SiO,, MeOH/2M NH,CI (aq)/MeNO, (7:2:1)] to
yield a product that was dissolved in H,O. The precipitate obtained after
the addition of NH,PF, was filtered off, washed with H,O, and dried to
afford 14H -5PF, (36.8 mg, 12%) as an orange solid. UV (CD;CN): A4«
(¢) =260 (31000), 455 nm (370); LSIMS: m/z: 1611 [M —2PF,]*, 1466
[M —3PF¢]*, 1320 [M — 4PF4]*; '"H NMR (CD;CN, 298 K): 6 =8.91 (d,J =
6.9 Hz, 4H), 8.84 (d, J=71Hz, 4H), 791 (d, /=70 Hz, 4H), 788 (d, J =
70 Hz, 4H), 7.77 (s, 4H), 7.52 (d, J =8.8 Hz, 4H), 7.44 (d, /=8.6 Hz, 4H),
5.85 (s, 8H), 5.80 (s, 8H), 4.16 (s, 4H), 3.67-3.48 (m, 32H).

1,6-Bis(4-carbomethoxyphenylimino)hexane (15): A mixture of 1,6-diami-
nohexane (11.5g, 99.0 mmol) and methyl 4-formylbenzoate (33.3 g,
202.8 mmol) in PhMe (150 mL) was heated under reflux for 1d and the
H,O formed was distilled off using a Dean—Stark apparatus. After cooling
down to ambient temperature, the solvent was distilled off under reduced
pressure to afford 15 (38.4 g, 95%) as a yellowish solid. M.p. 115-116°C;
UV (CD;CN): Ay (8)=260nm (51000); EIMS: m/z: 409 [M+H]";
'H NMR (CDCl;, 298 K): 6 =8.25 (s, 2H), 8.02 (d, J=8.4 Hz, 4H), 7.73 (d,
J=8.4Hz, 4H), 3.87 (s, 6H), 3.59 (dt, J=6.9, 0.9 Hz, 4H), 1.71-1.66 (m,
4H), 1.41-1.36 (m, 4H); *C NMR (CDCl;, 298 K): 6 =166.5, 159.7, 140.1,
131.5, 129.7, 127.8, 61.7, 52.1, 30.6, 27.0; elemental analysis calcd (%) for
C,,H,0O,N, (408.5): C 70.57, H 6.91, N 6.86; found C 70.64, H 7.34, N 6.72.

1,6-Bis(4-carbomethoxybenzylamino)hexane (16): A solution of 15
(10.42 g, 25.5 mmol), NaBH, (3.14 g, 83.0 mmol) in a mixture of THF
(250 mL) and MeOH (250 mL) was stirred for 1 d at ambient temperature.
After the addition of a 2m aqueous solution of HCI, the solvent was
distilled off under reduced pressure and the residue was dissolved with an
8M aqueous solution of NaOH (400 mL). The solution was extracted with
CH,Cl, (3x250mL), and the organic phase was dried (MgSO,) and
concentrated under reduced pressure to afford 16 (7.50 g, 71 %) as a yellow
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solid. M.p. 102-103°C; UV (CD;CN): Aa (€) =234 nm (27000); EIMS:
mlz: 412 [M]*; '"H NMR (CDCl,, 298 K): 6 =7.94 (d, J =8.2 Hz, 4H), 7.33
(d,J=82Hz, 4H),3.85 (s, 6H), 3.78 (s, 4H), 2.55 (1, / = 7.1 Hz, 4H), 1.48 -
1.43 (m, 4H), 1.37 (brs, 2H), 1.32-1.28 (m, 4H); *C NMR (CDCl,, 298 K):
0=166.9, 145.8, 129.6, 128.6, 127.8, 53.6, 51.9, 49.3, 29.9, 27.1; elemental
analysis caled (%) for C,;H3, 04N, (412.5): C 69.88, H 7.82, N 6.79; found C
69.11, H 8.69, N 6.60.

1,6-Bis(4-carbomethoxybenzylamino-N,N'-tert-butoxycarbonyl)hexane
(17): A solution of 16 (2.70 g, 6.6 mmol), di-tert-butyloxycarbonylanhydride
(2.95¢g, 13.5mmol), and 4-dimethylaminopyridine (5mg) in CHCl,
(400 mL) was stirred for 24 h at ambient temperature. The solvent was
distilled off under reduced pressure, and the residue was purified by
column chromatography [SiO,, EtOAc/hexane (3:7)] to afford 17 (3.60 g,
90%) as a white solid. M.p. 88—-89°C; UV (CD;CN): 4, (¢) =234 nm
(25500); EIMS: m/z: 612 [M]*; '"H NMR (CDCl;, 298 K): 6 =7.96 (d, J =
8.2Hz, 4H), 724 (d, J=6.6 Hz, 4H), 443-4.40 (m, 4H), 3.88 (s, 6H),
3.18-3.17 (m, 2H), 3.07-3.06 (m, 2H), 1.45-1.36 (m, 22H), 1.23-1.19 (m,
4H); "C NMR (CDCl;, 298 K): 6 =166.9, 144.3, 144.0, 129.8, 129.0, 127.3,
126.7, 79.8, 52.1, 50.4, 49.8, 47.0, 28.4, 28.0, 26.5; elemental analysis calcd
(%) for C3,H 304N, (612.8): C 66.64, H 7.90, N 4.57; found C 66.63, H 8.73,
N 4.56.
1,6-Bis(4-hydroxymethylbenzylamino-N,N'-tert-butoxycarbonyl)hexane
(18): A solution of 17 (3.20 g, 5.2 mmol) in dry THF (50 mL) was added
dropwise to a suspension of LiAlIH, (0.50 g, 13.1 mmol) in THF (250 mL)
maintained at 0°C. After the addition, the mixture was allowed to warm up
to ambient temperature and then it was stirred for 1 d. After the addition of
H,O (150 mL), the mixture was concentrated under reduced pressure and
extracted with CH,Cl, (3 x 150 mL). The organic phase was dried (MgSO,),
and the solvent was distilled off under reduced pressure to afford 18 (2.40 g,
83%) as a white solid. M.p. 83-84°C; UV (CD;CN): A, (¢) =263 nm
(550); LSIMS: m/z: 558 [M]*; '"H NMR (CDCl;, 298 K): =728 (d, J=
7.6 Hz, 4H), 718 (brs, 4H), 4.63 (s, 4H), 4.36 (s, 4H), 3.11-3.05 (m, 4H),
1.44-1.41 (m, 22H), 1.14 (brs, 4H); ¥C NMR (CDCl;, 298 K): 6 =141.9,
138.9, 128.3, 127.8, 80.0, 64.5, 50.4, 50.3, 47.4, 28.7, 27.2; elemental analysis
caled (%) for C3,H,;304N, (556.7): C 69.04, H 8.69, N 5.03; found C 68.85, H
9.51, N 5.01.

1,6-Bis(4-bromomethylbenzylammonium)hexane dihexafluorophosphate
(19H,-2PFy): A solution of 18 (0.59 g, 1.1 mmol) in HBr/MeCO,H
(45%, 15mL) was stirred for 3 d at ambient temperature. The solvent
was distilled off under reduced pressure, and the residue was dissolved in
H,O (200 mL). The precipitate obtained after the addition of NH,PF, was
filtered off, washed with H,O, Et,0, and pentane, and dried to afford 19H, -
2PF, (0.74 g, 90 %) as a white solid. M.p. 190-192°C; UV (CD;CN): A«
(¢)=228 nm (19000); LSIMS: m/z: 629 [M —PF|*, 483 [M —2PF,]*;
'"H NMR ((CD;),CO, 298 K): 6 =8.15 (brs, 4H), 7.58 (d, /=74 Hz, 4H),
753 (d, J=7.5Hz, 4H), 4.66 (s, 4H), 4.52 (s, 4H), 3.40 (t, /=76 Hz, 4H),
1.91-1.88 (m, 4H), 1.51 (brs,4H); C NMR ((CD3),CO, 298 K): 6 =140.8,
132.2,131.4, 130.7, 52.3, 49.1, 33.4, 26.4, 26.3; elemental analysis calcd (%)
for C,H3;,N,Br,P,Fy, (774.4): C34.12, H 4.17,N 3.62; found C 34.22, H 4.33,
N 3.62.

[2]Catenane 20H,-6PF,: A solution of 11-2PF (91.0 mg, 0.13 mmol),
19H, - 2 PF, (105.0 mg, 0.14 mmol), and 5 (138.0 mg, 0.26 mmol) in MeCN
(15 mL) was stirred for 21 d at ambient temperature. The solvent was
distilled off under reduced pressure, and the residue was purified by
column chromatography [SiO,, MeOH/2m NH,CI (aq)/MeNO, (7:2:1)] to
yield a product that was dissolved in H,O. The precipitate obtained after
the addition of NH,PF, was filtered off, washed with H,O, and dried to
afford 20H, - 6 PF, (52.5 mg, 19%) as an orange solid. UV (CD;CN): 1.«
(e)=261 (17500), 434 nm (295); LSIMS: m/z: 1712 [M —3PF]*, 1567
[M —4PF(]+, 1422 [M — 5PF,]*; 'H NMR ((CD;),CO, 298 K): 6 =9.32 (d,
J=170Hz, 4H), 9.26 (d, /=70 Hz, 4H), 8.46 (d, J=6.6 Hz, 4H), 8.44 (d,
J=5.5Hz, 4H), 7.90 (s, 4H), 7.78 -7.60 (m, 8H), 6.20 (s, 4H), 6.14 (s, 4H),
6.05 (s, 8H), 4.45 (brs,4H), 3.75-3.71 (m, 16 H), 3.64-3.62 (m, 8 H), 3.58 -
3.56 (m, 8H), 3.24 (t, J=8.5Hz, 4H), 2.65-2.60 (m, 4H).
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Arylthiazylamides: Syntheses, Structures, and Bonding Properties

Tobias Borrmann,!! Enno Lork,"! Riidiger Mews,*"! Wolf-Dieter Stohrer,*!?!
Paul G. Watson,”! and Andrey V. Zibarev*!‘!

Abstract: Air-sensitive, thermally un-
stable  tris(dimethylamino)sulfonium
(TAS) salts (3) of the title anions
[ArNSN]- have been prepared
from corresponding sulfurdiimides
Ar—N=S=N-SiMe; (2) by Si—N bond
cleavage with [(Me,N);S]*[Me;SiF,]~

terminal S—N distance (144.2 (3h)-
1479 (3i) pm) and the relatively long
internal S—N distance (158.3 (3i)-160.3
(3¢) pm) the [ArNSN]- ions should be

Keywords: ab initio calculations -
arylthiazylamides - multiple bonds -

regarded as thiazylamides 1b, rare spe-
cies containing a S=N triple bond. A
bonding model is developed and the
experimental results are compared with
those of restricted Hartree—Fock
(RHF), density functional theory
(DFT), and Mgller-Plesset second-or-

(TASF). They are characterized by
low-temperature X-ray crystallography
as Z isomers. Because of the very short

N ligands -
elucidation

Introduction

Previously, it was observed! that fluoride-ion-induced (CsF
in boiling MeCN) intramolecular nucleophilic ortho-cycliza-
tion of Ary—X—N=S=N-SiMe; sulfurdiimides makes it possi-
ble to obtain, depending on Ary and X, the previously
unknown and otherwise inaccessible polyfluorinated 2,1,3-
benzothiadiazoles (X=-; Arz=4-RC¢F,),! naphtho[1,2-c]-
and naphtho[2,3-c][1,2,5]thiadiazoles (X = -; Arg =2-C,(F;) ,&
or 1,3,24-benzodithiadiazines (X=S; Arp=CF;).}l With
Arg=4-Pyp and X=-; S (4-Pyp=2,3.,5,6-tetrafluoropyrid-4-
yl), however, no heterocycles have been prepared, instead
polyfluorinated 4-aminopyridine is the major product. The
key intermediates in all of these reactions are likely to be the
corresponding fluoroarylsulfurdiimide anions, although these
species are not observed under the reaction conditions
applied. It follows from the available datal'¥l that the
reactivity of these intermediate anions [ArNSN]~ toward
internal electrophiles (ortho-cyclization) depends strongly on
the substituents at the [NSN]~ moiety.
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der (MP2) calculations.

Recently,Pl we reported syntheses and structures of
[(Me,N);S]" (TAS') salts of two fluoroarylsulfurdiimide
anions [ArgNSN]~ (Arg=2-FC¢H,, 2,6-F,C¢H;). It follows
from the X-ray data that, owing to the unexpectedly short
terminal S—N bond (for example, 144.2 pm, Arg = 2,6-F,C¢Hs;
145.8 pm, Arp =2-FC¢H,), these anions should be regarded as
thiazylamide (1b) rather than sulfurdiimide (1a) anions
(Scheme 1). Thus, the [ArNSN]- ions belong to the rare type
of compounds featuring S=N triple bonds and therefore
deserve intensive investigation.

/N/ \\N\e o O
| IITI Nt
ArF Ar,
1a 1b

Scheme 1. Possible representations of [ArgNSN]~.

Other structurally characterized [RNSN]- ions (R =Me;C,
Me,Si) are also best described as thiazylamides.[! Importantly,
this bonding description seems to be more general; a similar
change is observed in the RN=S=0Q/|N=S5-Q|© and
RN=C=NR/RN-C=N | © systems.!

The present work provides detailed experimental informa-
tion on the preparation, isolation, and characterization of
[TAS]*[ArNSN]- salts with various fluoro- and non-fluoroar-
yl substituents. A bonding model for the [ArNSN]- system is
developed and the influence of the various aryl substituents
on the [NSN]~ group is investigated by restricted Hartree —
Fock (RHF), density functional theory (DFT), and Mgller—
Plesset second-order (MP2) methods.
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Results and Discussion

TAS™ salts of arylthiazylamides
[AXNSN]- (3): As previously
indicated, the reaction of TASF
with N-aryl-N'-trimethylsilylsul-
furdiimides provides an excel-
lent synthetic route to arylthi-
azylamide salts [TAS]*[ArNSN]".
TASF is available in almost
quantitative yield and in high
purity from the reaction of SF,
and Me,NSiMe, ! N-aryl-N'-tri-
methylsilylsulfurdiimides are
generally available from the cor-
responding thionylimides ArN-
SO and LiN(SiMe,),, followed
by the reaction with Me;SiCl
according to Scheme 2.

With TASF in CH;CN solu-
tion, cleavage of the Si—N bond
readily occurs at —40 to —30°C,
independent of the substituents
at the aryl ring (Scheme 2). By
this route derivatives with donor
and acceptor substituents
(OCH;, CH;, F, CF,) in ortho
or para positions are readily
available. For 3g (Ar=4-
NO,C¢H,) and 3j (Ar=CyFs),
which contain the most electron-
withdrawing aryl groups, fast
decomposition occurs even at
—40°C to give unidentified tarry

Ar—N=S=0 (1) LiN(SiMes), Ar—-N=S=N—SiMe3 + LiCl + Me3SiOSiMe;

(2) MesSiCl

la - 1j 2a - 2i

TAS" Ar-N—$=N + 2 MesSiF

Ar—N=S=N—SiMe3 + TASF
2a - 2 3a - 3f,3h,3i

Scheme 2. Syntheses of  N-aryl-N'-trimethylsilylsulfurdiimides and

[TAS]T[AINSN]-. Ar=CH; (a), 2-FCH, (c), 2-CF;CH, (e),

4-CH;0CH, (f), 4-O,NC¢H, (g), 2,6-F,CH; (h), 2,6-(CH;),CeH; (i), CoFs

@-

products. This is in contrast to the related carbanion chemistry
where acceptor ring substituents stabilize the systems by
delocalizing the negative charge.[®!

Salts 3a—fh,i are orange-yellow solids, stable under
vacuum or inert gas atmosphere for at least a few weeks at
temperatures below —20°C. On warming to room temper-
ature or on contact with air they decompose immediately to
give brown tars.

Structure and bonding properties of arylthiazylamides
[ArNSN]~ (3): In the case of 3b—d,fh,i the structures of the
salts have been confirmed by low-temperature (—100°C)
single-crystal X-ray diffraction (Figure 1, Table 1, Table 2. The

Chem. Eur. J. 2001, 7, No. 16
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Figure 1. X-ray crystal structures of the anions of [TAS]*[AINSN]- (Ar=4-FCH,(3¢), 2-CF;C,H,(3d),
4-CH;0C¢H,(3f), and 2,6-(CH;),C,H;(3i) together with the previously reported® 3b (Ar=2-FCH,) and 3h
(Ar=2,6-F,C;H,) (selected bond lengths [pm] and angles [°] are given in Table 2, 7 is the torsion angle between
the N-S-N and the ring planes).

structures of 3b,h and of the isoelectronic 2,6-F,CsH;NSO
have been published previouslyP!). Unfortunately, suitable
single crystals for X-ray structural analysis of the salts of the
parent anion 3a and its 4-CF; derivative 3e could not be
obtained.

According to the X-ray data, all of the characterized anions
adopt the Z configuration in the solid state (Figure 1); the
torsion angle between the aryl plane and the N-S-N group
ranges from 3.6° (3f), 4.4° (3d), 6.8° (3b), and 26.5° (3¢) to
70.1° (3i) and 75.6-79.0° (3h, three independent molecules),
depending upon the substituents. The isoelectronic ArNSO
compoundsP °! (Figure 2, Table 3) also adopt the Z config-
uration in the solid state with the corresponding torsion angle
varying from 1.8° to 43.6°. With the analogous fluoroaryl
substituent (4-FC;H,NSO and 3c¢; 2,6-F,C,H;NSO and 3h)
the torsion angle is larger in the anions, probably reflecting
electrostatic repulsion between the F atoms and the [NSN]~
moiety. The terminal S—N, bond lengths (Table 2), which
range from 144.2 (3h) to 1479 pm (3i) in the anions of 3,
correspond to the S™—N triple bond in structurally charac-
terized thiazyl derivatives R—S=EN (1423 pm, R=
(CF;),N—O;['" 144.6 pm, R =F;["l and 145.0 pm, R = CI1l'?).
The bridging S—N,, bonds of 3 (Table 2) range from 158.3 (31i)
to 160.3 pm (3c¢) in length and are between single and double
bond lengths (cf. ArNSO: 150.0—-151.5 pm)& % (Figure 2). In
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Table 1. Crystal data and structure refinement for 3¢,d,f,i.l"J
3¢ 3d 3f 3i

empirical formula C,H,FN;S, C3Hy,F3NsS, - CGH3N C,3HysN;50S, C,HyN;S, - G;H;N

formula weight 319.47 410.53 331.50 370.58

T [K] 173(2) 173(2) 173(2) 173(2)

A [pm] 71.073 71.073 71.073 71.073

crystal system monoclinic monoclinic monoclinic monoclinic

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

unit cell dimensions

a [pm] 1090.1(3) 786.80(10) 823.40(10) 843.9(2)

b [pm] 1233.7(2) 2721.2(2) 1991.8(2) 1620.5(2)

¢ [pm] 1219.6(8) 969.40(10) 1098.50(10) 1541.5(3)

AI°] 99.70(3) 101.210(10) 103.360(10) 96.640(10)

volume [nm?] 1.6167(12) 2.0359(4) 1.7528(3) 2.0939(7)

V4 4 4 4 4

Pearea [Mgm—3] 1.312 1.339 1.256 1.176

u [mm~1] 0.338 0.229 0.310 0.264

F(000) 680 864 712 800

crystal size [mm?] 0.5%x0.5%x0.3 0.6x0.4x0.2 0.8x0.5%0.15 0.2x0.1x0.05

0 range [°] 2.51-22.50 2.61-27.50 2.74-22.49 2.51-22.00

index ranges —12<h<12 —1<h<7 —-8<h<1 —1<h<8
-14<k<14 —-35<k<1 —-21<k<1 -1<k<15
—-14<1<13 —-12<i<12 —-11<i<11 —-14<I<14

reflections collected 4432 5400 2980 2707

independent reflections 2110 4096 2190 1953

Rin 0.0595 0.0295 0.0327 0.0834

refinement full-matrix least-squares full-matrix least-squares full-matrix least-squares full-matrix least-squares
on F? on F? on F? on F?

data/restraints/parameters 2107/0/189 4096/0/245 2190/0/209 1953/0/229

goodness of fit on F? 1.033 1.022 1.003 0.574

final R indices [I > 20(])]

R1 0.0636 0.0439 0.0505 0.0431

wR2 0.1582 0.0951 0.1168 0.0679

R indices (all data)

R1 0.0983 0.0723 0.0835 0.1461

wR2 0.1799 0.1070 0.1334 0.0868

extinction coefficient - 0.0033(6) 0.0046(12) 0.0014(4)

largest diff. peak/hole [e nm~3] 494/ — 301 307/ —301 246/ — 250 167/ —181

[a] See also ref. [15].

Table 2. Selected bond lengths [pm] and angles [°] in arylthiazylamides.?]

Aryl CuN NS SN, NeSN,  CaN,S 1 Ref
3d  1392(2) 1593(2) 147.5(2) 1259(1) 1268(2)  4.4(2)
3h0 1407 1589 1442 1223 1190 777 5
3b  139.0(6) 159.9(4) 145.8(4) 124.8(2) 12653) 68(5) 5
3¢ 1388(7) 1603(5) 146.9(5) 124.5(3) 126.0(4) 26.5(3)
3i 1385(8) 1583(5) 147.9(5) 1247(3) 122.0(4) 70.1(3)
3f 141.0(5) 158.6(4) 147.3(4) 125.5(2) 127.1(3) 3.6(4)

[a] The anions are arranged in decreasing order of the calculated acceptor
strength of the aryl group (see Figure 4a—c and Tables 4 and 5).[b] Aver-
age data for three crystallographically independent molecules.

thiazyl derivatives RSN the bond angle at S is 117-119°, in
the anions of 3 the N-S-N angle is widened to 122.7 (3h) -
125.9° (3d), and in ArNSO the N-S-O angle is 120-121°.

Figure 2. X-ray crystal structures of 4-FCH,NSO (4) and 4-O,N-C;H,NSO (5) with selected bond lengths [pm]
and angles [°]: 4: C1-N1 140.7(2), N1-S1 151.50(15), S1-0O1 145.6(1); C1-N15-S1 132.5(1), N1-S1-O1 119.8(1); ©
1.8(1). 5: C1-N1 141.1(1), N1-S1 151.5(1) S1-0O1 145.1(1); C1-N1-S1 131.9(1), N1-S1-O1 120.3(1); = 7.8 (1).

3506 —
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The available data (see references [5, 9]; Figure 1 and 2;
Table 2) also demonstrate that the geometry of the NSO
group in ArNSO compounds (only a few examples of which
were structurally characterized® before our work) is practi-
cally independent of the conformation (planar or twisted) as
well as of the nature of the carbocyclic substituents. This is in
contrast to the geometry of the [NSN]~ moiety in [ArNSN]~
ions.

Bonding model for arylthiazylamides [ArNSN]- (3): The
detailed bonding description of [RNSN]~ ions (R =Me;C,
Me,Si) was reported previously.l) Theoretical considerations
of the present work focus on the description of the m system of
the [NSN]~ fragment including the effects of the s-donor/
acceptor properties of the aryl group upon it, and the effect of
twisting around the C,—N,
bond caused by steric and/or
electrostatic interactions.
Calculations for the title
anions at the RHF/6-3114+G*,
B3LYP/6-311+G*, and MP2/6-
311+G* levels of theory were
carried out to study these ef-
fects (Tables 4—6, respective-
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Table 3. Crystal data and structure refinement for 4 and 5.1%

4 5
empirical formula CH,FNOS CH,N,O;S
formula weight 157.16 184.17
T [K] 173(2) 173(2)
A [pm] 71.073 71.073
crystal system monoclinic monoclinic
space group P2i/n P2,/c
unit cell dimensions
a [pm] 381.50(10) 373.20(10)
b [pm] 2017.9(3) 988.70(10)
¢ [pm] 853.1(2) 2001.7 (4)
AN 97.73(3) 90.81
volume [nm?) 0.6508(2) 0.7385(3)
V4 4 4
Pearea [Mgm—3] 1.604 1.656
u [mm~1] 0.435 0.401
F(000) 320 376
crystal size [mm?] 0.70 x 0.40 x 0.20 0.6x0.5x%x0.4
0 range [°] 2.61-27.48 2.90-27.52
index ranges —1<h<4 —1<h<4
—26<k<26 —-12<k<12
—-11<i<11 —23<1<26
reflections collected 3990 4475
independent reflections 1347 1666
R 0.0312 0.0412

int

refinement

full-matrix
least-squares on F?

full-matrix
least-squares on F?

data/restraints/parameters 1347/0/93 1666/0/111
goodness of fit on F? 1.046 1.076
final R indices [I > 20(])]

R1 0.0323 0.0317
wR2 0.0815 0.0839

R indices (all data)

R1 0.0395 0.0389
wR2 0.0860 0.0876
extinction coefficient 0.019(3) 0.0079(16)
largest diff. peak/hole [enm~3] 236/ —319 252/ —241

[a] See also ref. [15].

Table 4. Bond lengths and torsion angles in selected arylthiazylamides calculated
at the RHF/6-3114+-G* level of theory.

Table 5. Bond lengths and torsion angles in selected arylthiazylamides calculated
at the B3LYP/6-3114+G* level of theory.

Aryl rco [pm] roxe [Pm] raes[Pm] s [pm] Teoms [ NIMAGH
(ArO~) (ArNSN-) (ArNSN-) (ArNSN-) (ArNSN-) (ArNSN-)

p-NO, (3g) 12533 13522 166.70 150.36 0.0 0

CFs (3j)® 12560  136.27 166.32 149.54 53.0 0

0-CF; 3d) 12575 135.97 165.24 150.60 0.0 0

2,6-F, (3h) 12597  136.67 165.61 149.76 53.0 0

o-F (3b) 126.44  136.67 164.74 150.72 0.0 0

o-F, twisted 126.44  137.39 165.01 150.14 53.0 fix -

Ph (3a)' 126.96  137.38 164.59 150.79 0.0 0

p-F(3c¢) 127.04 13751 164.51 150.78 0.0 0

p-F twisted 127.04 13822 164.89 150.26 530 fix -

2,6-Me, (3i) 127.50 138.18 164.08 150.28 54.1 0

p-OMe (3f) 12729 137.75 164.31 150.86 0.0 0

[a] Number of imaginary frequencies: 0 = confirms a minimum, — = not calculated.

[b] Not isolated. [c] Not structurally characterized.

Table 6. Bond lengths and torsion angles in selected arylthiazylamides calculated
at the MP2/6-311+G* level of theory.

Aryl reo [pm] rexy [pPm] raps[pPm]  ren [Pm] teenss [ NIMAGH!
(ArO~) (ArNSN-) (ArNSN-) (ArNSN-) (ArNSN-) (ArNSN-)

p-NO, (3g)" 126.14  138.06 163.27 149.65 0.0 -

CoFs B 12631 13815 163.66 149.07 58.8 -

o-CF; (3d) 126,53 138.32 162.47 150.09 0.0 -

2,6-F, (3h) 126.56 138.32 163.02 149.37 58.0 -

o-F (3b) 127.01  138.64 162.19 150.29 0.0 -

o-F, twisted 127.01  139.03 162.58 149.81 58.0 fix -

Ph (3a)l 127.53  139.39 161.96 150.42 0.0 -

p-F (3¢) 127.62  139.40 161.97 150.46 0.0 -

p-F twisted 127.62  139.78 162.40 149.93 58.0 fix -

2,6-Me, (3i) 128.16 139.64 162.03 150.19 57.8 -

p-OMe (3f) 127.80 139.48 161.89 150.60 0.0 -

[a] Number of imaginary frequencies: 0 = confirms a minimum, — = not calculated.
[b] Not isolated. [c] Not structurally characterized.

based upon RHF calculations (Table 4) and are confirmed by
B3LYP (Table 5) and MP2 (Table 6) calculations.

The correlation of the calculated phenolate C,—O and

Aryl T m] r, m] rwslpm] m] T °] NIMAGH

Y (jfr[op,)] ((XI:I\[II;N% (XiEESl\]I*) (2’;1[\11051\}7) (XCF;:ISS[N]f) (ArNsN-)  Ca—N,, bond lengths of the thiazylamides is, as expected, very
P NO, Bl 12249 13375 ToL14 126,88 00 0 good for the planar anions. The.z dependence of the bond
CF, Gj)P 12348 13601 160.38 146.19 56.0 0 length on the acceptor strength is evident; the stronger the
0-CF; (3d) 12355 134.91 159.76 146.89 0.0 0 acceptor, the shorter is the C,,—O or the C,,—N, bond length
26-F,(3h) 12397 13673 15960 14628  57.7 0 respectively (Figure 3a).
oF (31?) 12426  135.87 159.13 146.92 00 0 The influence of the twisting around the C,—N, bond is
o-F, twisted 12426  137.35 158.93 146.44 60.0 fix - . . . .-
Ph (3a)1 12466 136.52 15904 146.94 0.0 0 also evident and for three selected anions 3i, 3h, and 3j it is
p-F (3¢) 12501 136.90 158.85 146.92 0.0 0 virtually the same; the bond lengths increase by around
p-F, twisted 125.01  138.28 158.83 146.47 60.0 fix - 1.2 pm.
2,6-Me, (3i) 12522 13834 15822 14646 624 0 The correlation between C,,—O bond lengths and N,—S or
p-OMe (3f) 12532 13728  158.55 146.92 00 0 S—N, bond lengths is less evident. The N,—S bond becomes
[a] Number of imaginary frequencies: 0 = confirms a minimum, — = not calculated. longer (Figure 3b) with increasing acceptor strength and

[b] Not isolated. [c] Not structurally characterized.

ly). Additional calculations for the analogous phenolates
(where no twisting is possible) were performed to observe the
influence of only the donor/acceptor strength of the aryl
group on the observed bond lengths. This made it possible to
interpret the influence of each effect independently of the
other. The C,,—O bond lengths thus calculated serve as an
indicator for the donor/acceptor strength of the aryl groups
(Tables 4—6). The analyzed bond length dependencies are

Chem. Eur. J. 2001, 7, No. 16
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remains virtually independent of twisting of the planes with
respect to each other. The decrease of the S—N, bond length
(Figure 3c) with increasing acceptor strength is very small,
however, twisting of the aryl plane by approximately 60° leads
to a considerable shortening of this bond.

The dependence of the bond lengths on the acceptor
strength is most easily explained by a very simple qualitative
description of the m interaction between the HOMO of the
[NSN]*- fragment and an empty p orbital of a substituent.
This interaction transforms the completely nonbonding
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a) ] 60.0°(fixed) 62.4° Table 7. Dependence of RHF-calculated bond lengths on aryl’s acceptor strength
138 = and twisting of aryl and N-S-N planes.
.38 3¢
60.0°(fixed)
a E—S\ A
1.374 3 o &
< 1.36
LS 1 . .
135 increasing acceptor strength
' increases Jiygy — Mar, thus increasing: bonding antibonding bonding
1344 character character character
. CN, NS SN,
Tenb Nbs Tsnt
1.334 shorter  longer shorter
T T T T 1
1.22 1.23 1.24 1.25 1.26
roJAl of AO
b) 1.615+
i [ ]
1.6104 3¢ - -
1.6054 65000 increasing torsion angle
1 Ty decreases Tygy — T, thus decreasing: bonding antibonding bonding
< 1.600+ character character character
o ] & o CN, NS SN,
1,595 T Fenn T'Nbs TSNt
4 longer shorter longer
| |
1.590+ 80.O°3Db 3: M 60.0° increases ny — Ty, thus increasing: bonding
1 fixed 3¢ fived character
1.5854 I CN,
1 O 62.4° and decreasing: bonding antibonding
1.580 -t 7 3 — character character
1225 1.230 1235 1.240 1.245 1250 1.255 N,S SN,
roo[A] of ArO Tenb T'Nbs st
shorter  longer shorter
RHF-calculated bond length longer no change  shorter
L]
o) 1469{ . I A
39 3d
1.468
bond lengths becomes more pronounced as the above-
1.467 described orbital interaction becomes stronger, that is, as
1466 the acceptor strength increases.
'-‘Eé ' 60.0° The lengthening, and thus weakening, of the N,—S bond
P 465 (:2::) (ed) with the increase of the acceptor strength of the Ar group
O 0e2.4° . .- . . .
1464 o 3k g explains the decreased stability of the title anions with the
T most electron-withdrawing aryl groups (4-O,NC¢H,, C,F5), as
1.463 O 57.70 discussed previously. We assume that this instability is
. 3h associated with a cleavage of the N,—S bond. Such cleavage
14621 56.0° & should lead to ArNH, as the final product. Indeed, in the case

T T T T T 1 I T 1
1225 1.230 1.235 1.240 1.245 1.250 1.255
r. [A] of ArO’
Figure 3. RHF/6-311+G* calculated bond lengths rin [ArNSN]:a) C—N;
b) N,—S; ¢) S—N,. The bond lengths are plotted against that of C—O in
ArO-, which serves as an indicator of the acceptor strength. The planar
compounds are marked by m. The twisted compounds are marked by o

those with fixed torsion angles are labeled, the others have relaxed torsion
angles.

allylic-like HOMO of the [NSNJ?>~ fragment into a butadiene
type HOMO, as shown in Table 7. Thus the completely
nonbonding character of the HOMO in the [NSN]*~ changes
into an orbital that is bonding in the Ar—N,, and S—N, regions
and antibonding in the N,—S region, respectively, therefore
changing these bonds in the calculated manner. This change in

3508
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of Ar=4-Pyg, which is also a strong acceptor substituent (see
Introduction), the corresponding 4-Py:NH, was isolated from
the reaction mixture in high yield.[

In the qualitative description of the dependence of the bond
lengths on the twisting around the C,,—N,, axis one must not
only consider the ;7 interaction described above but also the
n,7 interaction with the lone pair of electrons on the bridging
nitrogen atom (Table 7). The lone pair of electrons of the
nitrogen atom in the planar [RNSN]- ions interacts only with
the o* orbital of the terminal S—N, bond with bonding
character in the N,—S region and antibonding in the region of
the S—N, bond.[ If the aryl group is twisted with respect to the
N-S-N plane, the nitrogen lone pair can donate electron
density into the st system of the aryl group. This weakens the
interaction with the o* orbital of the terminal S—N, bond with
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the result that the bonding is strengthened in the C,—N,
and S—N;, regions and the bonding is weakened in the N,—S
region.

Consequently, there are two opposing effects on twisting
around the C,,—N, bond (Table 7). The mt,7 interaction results
in a weakening of the C,—N, and S—N, bonds and a
strengthening of the Ny—S bond. The n,x interaction on the
other hand leads to a strengthening of the C,,—N, and S—N;
bonds and a weakening of the N,—S bond. Observations show
a longer C,,—N,, bond, a virtually unchanged N,—S bond, and
a shorter S—N, bond. Thus the 7t interaction dominates in
the C,,—N bond region and the n,r interaction dominates in
the S—N, bond region, and in the region of the N,—S bond they
cancel each other out.

Thus, the bonding model for alkylthiazylamides(® is now
extended to arylthiazylamides, and the dependence of N—S
and N—C bond lengths on acceptor strength and twisting can
be explained with the extended model. However, the agree-
ment of the calculated geometries with those from X-ray
structural analysis is not particularly good. Partial optimiza-
tions of 3a at the RHF/6-311+G* level show only small
energy differences (max. 1.6 kJmol™!) on changing the bond
lengths from equilibrium to the extremes of 3g and 3f,
respectively (Table 8). We have previouslyl® shown that
energy differences between E,Z conformers (up to
17 kI mol') are easily compensated by anion-cation inter-
actions. Altogether, these data indicate that a comparison of
theoretical (free molecules) and experimental (solid state)
geometries of [ArNSN]~ ions is complicated by solid-state
effects.

Table 8. RHF/6-3114+G* calculated energy differences for optimized and
model conformations of PANSN~ (3a).

Bond lengths Energy
3a optimized [pm] fixed [pm] AE [kJmol™!]
CAN, 136.52 133.75 3g) 16
NS 159.04 161.14 (3g) 0.7
CuN, 136.52 137.28 (31) 0.1
NS 159.04 158.55 (3f) <0.1
Conclusion

The arylthiazylamides prepared and structurally character-
ized in this work represent a new class of sulfur—nitrogen
anions. Importantly, they are thiazyl compounds, a rare type
of compounds containing a S=N triple bond, rather than
N=S=N derivatives. A qualitative bonding model is proposed,
which accounts for the influence of the acceptor strength and/
or twisting of the aryl groups on the bond lengths. The
quantitatively calculated effects, however, are rather small,
so that they are easily overcome by intermolecular interac-
tions in the experimentally determined structures in the solid
state.

Experimental Section

General: The 'H and "°F NMR spectra were recorded on a Bruker DPX-
200 spectrometer, for CDCl; solutions at frequencies of 200.13 and

Chem. Eur. J. 2001, 7, No. 16

188.28 MHz, respectively. Chemical shifts are given with respect to TMS
and CFCl;. The high-resolution mass spectra (EI, 70 eV) were measured
with a Finnigan MAT MS 8200 mass spectrometer. TASF was prepared by
established methods.I”! Syntheses were performed under an argon atmos-
phere, in dry solvents with stirring. The reagents were added dropwise and
the solvents were distilled off under reduced pressure. Compounds 2a, 2g,
2i, and 2j,' were prepared as previously reported. Table 9 lists the
physical and analytical data for the compounds synthesized.

Table 9. Characterization of N-aryl-N'-silylsulfurdiimides.

Com-
pound [%]

Molecular formula
[MS: M* [m/z],

Yield b.p.
[°C/mm]

NMR, 8 [ppm]

lH 19F

measured(calculated)]

2b

2¢

2d

2e

2f

2h

85  63-64/0.01 7.73 (1H), — 1185 C,H,;FN,SSi:
7.16-7.06 (3H), 228.0549
0.17 (9H) (228.0553)
90  80-81/0.01 7.87 (2H), —112.7 CyH,FN,SSi:
7.02 (2H), 228.0552
0.31 (9H) (228.0553)
80  74-75/0.01 7.77 (1H),7.73 (1H), —62.0 CjH,;F;N,SSi:
7.57 (1H), 7.30 (1H), 278.0525
0.25 (9H) (278.0521)
70 67-68/0.01 7.78 (2H) —62.8 C,H,;F;N,SSi:
7.70 (2H), 278.0523
0.37 (9H) (278.0521)
70 83-84/0.01 8.04 (2H), 6.29 (2H), —  C,H,N,0SSi:
3.84 (2H), 0.37 (9H) 240.0759
(240.0753)
80  64-65/0.01 7.05-6.84 (3H), ~ 1169 C,H,,F,N,SSi:
0.15 (9H) 246.0463
(246.0459)

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Crystallographic analysis: The single-crystal X-ray structure determina-
tions (Tables 1 and 3) were carried out on a Siemens P4 diffractometer
using Moy, (0.71073 A) radiation with a graphite monochromator. Refine-
ment based on F2; RI=X||F,| — | F.||; wR2={Z[w(F2 — F2)Y/Z[w(F2)?]}'~.
Programs used: SHELX-97(¥) and DIAMOND."™ The structures were
solved by direct methods (SHELXS).["¥! Subsequent least-squares refine-
ment (SHELXL 97-2)1"¥ located the positions of the remaining atoms in
the electron density maps. All non-hydrogen atoms were refined aniso-
tropically.’] The crystals were mounted using KEL-F oil on a thin glass
fiber. Single crystals of 4-FC,H,NSO (4)[') and 4-O,NC{H,NSO (5)!"] were
prepared by recrystallization from hexane, for 4 at —40°C.

Computational methods: All quantum-chemical calculations were per-
formed with the Gaussian 98 program.!'”l The fully optimized structures
were confirmed with frequency analyses only for RHF and B3LYP
calculations.

1-Aryl-3-trimethylsilyl sulfurdiimides (2b-f, h): A solution of the appro-
priate ArNSO!'®! (60 mmol) in hexane (25 mL) was added to a suspension
of LiN(SiMe;), (10.0 g, 60 mmol) in hexane (50 mL) at —30°C. The
temperature was raised to 20°C over 2 h, then a solution of Me;SiCl (6.6 g,
60 mmol) in hexane (10 mL) was added. The precipitate was filtered off,
the solvent distilled off, and the residue distilled under vacuum. Com-
pounds 2b—f and 2h were obtained as orange oils.

Tris(dimethylamino)sulfonium arylthiazylamides (3a—fh.i): TASF (1.37 g,
5 mmol) was placed into one side of a two-armed A-shaped glass vessel
fitted with a Teflon valve, the appropriate Ar—N=S=N—SiMe; (2a-£fh.i)
(5 mmol) was placed into the other side with a syringe under dry argon.
Through a vacuum line CH;CN (20 mL) was distilled onto the TASF at
—196°C, this solution was mixed with 2 at —40°C. After 2h at this
temperature, Et,0 (30 mL) was condensed onto the reaction mixture at
—196°C and the A-tube was placed into a cryostat at —40°C for crystal
growth. Salts 3a—fh.,i were obtained as orange-yellow crystalline solids
after removal of the solvents with a syringe under dry argon at —40°C.
Because of their thermal instability the salts were characterized only by
low-temperature X-ray crystallography.
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with Fluorinated Aromatic Rings
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Abstract: The chemical double mutant
cycle approach has been used to inves-
tigate substituent effects on intermolec-
ular interactions between aromatic rings
and pentafluorophenyl m-systems. The
complexes have been characterised us-
ing 'H and “F NMR titrations, X-ray
crystal structures of model compounds
and molecular mechanics calculations.
In the molecular zipper system used for
these experiments, H-bonds and the
geometries of the interacting surfaces
favour the approach of the edge of the

pentafluorophenyl n-system. The inter-
actions are generally repulsive and this
repulsion increases with more electron-
withdrawing substituents up to a limit of
+2.2kJmol™!, when the complex dis-
torts to minimise the unfavourable in-
teraction. Strongly electron-donating
groups cause a change in the geometry
of the aromatic interaction and attrac-
tive stacking interactions are found

Keywords: aromaticity - computer
chemistry - noncovalent interactions

(— 1.6 kJmol~! for NMe,). These results
are generally consistent with an electro-
static model: the polarisation of the
pentafluorophenyl ring leads to a partial
positive charge located at the centre and
this leads to repulsive interactions with
the positive charges on the protons on
the edge of the aromatic ring; when the
aromatic ring has a high m-electron
density there is a large electrostatic
driving force in favour of the stacked
geometry which places this m-electron
density over the centre of the positive

aromatic ring with the face of the

Introduction

Noncovalent interactions between aromatic motifs influence
and control many natural self-assembly and molecular
recognition processes, which are responsible for the formation
of the double helix of DNA and the tertiary structures of
proteins.'*l Experimental and theoretical studies suggest that
the aromatic interaction is mainly driven by electrostatic and
dispersion forces.’#! In particular, the interactions between
quadrupole moments (Q) arising from the aromatic mt-clouds
play a fundamental role.”) It is possible to change the
magnitude of the aromatic interaction by introducing sub-
stituents on the aromatic motif, which are able to change the
quadrupole moment.[”l Of particular interest is the hexafluoro-
benzene (C¢F4) molecule, in which all the six protons of the
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charge on the pentafluorophenyl group.

benzene (C¢Hjg) are substituted by six electronegative fluorine
atoms. This change reverses the quadrupole moment of the
molecule (see Figure 1).

a b

Figure 1. Representation of the charge distribution on hexafluorobenzene
(a) and benzene (b).

C¢Hy and CiF,; have molecular quadrupole moments that
are similar in magnitude, yet opposite in sign (Qceue=
—29.0x107% and Qcgre=31.7 x 10~% Cm~2). Therefore,
the face-to-face stacks of alternate molecules of C4Hy and
C4F¢ observed in the solid state can be explained on the basis
of minimisation of quadrupole —quadrupole interaction en-
ergies.""13 Further support for the importance of electro-
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Scheme 1. Complex that could be used to measure the pentafluorophenyl
aryl interaction using the double mutant cycle approach (X =NMe,, /Bu,
H, F, I, CF;, NO,).

statics in such interactions comes from elegant studies of
rotational barriers in 1,8-diarylnaphthalenes derivatives and
from theoretical studies on metal complexes.[' ¥ The penta-
fluorophenyl - phenyl interaction has been used to control
crystal structure architectures of diynes, olefins and diolefins
for photoreactions in the solid state.l' "1 Also, fluorination of
aromatic rings can have a dramatic effect on the interaction of
a substrate with a biological receptor.l In this work, we apply
the chemical double mutant cycle methodology previously
described to quantify the pentafluorophenyl-phenyl inter-
action and to study the effect of phenyl substituents on the
magnitude of the interaction.!'®!

Approach: The pentafluorophenyl—aryl interaction could
potentially be measured by performing mutations on the
complex shown in Scheme 1. Initial attempts using the
bispentafluorophenyl isophthalamide proved difficult how-
ever due to low solubility in CHCl;. Therefore, the unsym-
metrical complex, A in Scheme 2, was chosen and a double

Cc

Scheme 2. Differences in free energy observed on mutating complexes (X =NMe,, rBu, H, F, I, CF;, NO,).

Chem. Eur. J. 2001, 7, No. 16
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mutant cycle was designed (Scheme 2). The difference in free
energy observed on mutating complex A into complex B
(AGA — AGy) is related to the magnitude of the terminal
pentafluorophenyl —aryl interaction in complex A. However,
the strengths of other secondary interactions are also changed
by this mutation and their magnitude can be estimated by
mutating complex C to complex D. Therefore, it is possible to
dissect out the pentafluorophenyl-aryl interaction in com-
plex A from all the other contributions [Eq. (1)].

AAG ., =(AGA—AGg) — (AGc— AGp) =AG,—AGy —AG:+AG, (1)

It is possible to quantify the free energies directly by
measuring the binding constants of the complexes using
'"H NMR titrations. The method is based on two important
assumptions.

1) The entropy differences between the complexes in
Scheme 2 are cancelled out by the double mutant cycle;
therefore AAG is equivalent to the enthalpy.

2) Desolvation effects in CHCl; are small and are qualita-
tively similar for all substituents X.

Using this approach, the magnitude of the pentafluoro-
phenyl —aryl interaction in CHCI; for a series of substituents
(X =NMe,, tert-butyl, H, F, I, CF; and NO,) was determined.

Results and Discussion

Model compounds: The complexes in Scheme 2 have rela-
tively low binding constants and consequently obtaining good
crystals for X-ray studies has not been possible. Therefore, in
order to probe the geometry of the aromatic interaction under
investigation in complex A, we used model compounds 12—
14. Amides 12-14 were pre-
pared using standard amide
coupling reactions between
para-substituted benzoyl chlo-

(Scheme 3). Crystals of suitable
quality for X-ray crystal struc-
determinations  were

;\ a ture inati
I
N N F grown and the structures were

solved. In the solid state, the
E F molecules are arranged in in-
finite H-bonded chains as was
previously observed for the
model compound 17  (Fig-
ure 2a). In 17, the presence of
isopropyl groups constrains the
aromatic rings to an edge-to-
face geometry. In the model
compounds 12-14, less bulky
fluorine atoms replace the iso-
propyl groups, and as a conse-
quence, the aromatic rings have
more  rotational  freedom.
D Therefore, while the presence
of nitro and dimethylamino
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FULL PAPER

C. A. Hunter et al.

X
X F
F F 12. X = NO, (65%)
. . HoyNo 13. X = H (69%)
F F E F 14. X = NMe, (78%)
o7 >l NH;
F F

F

Scheme 3. Preparation of amides 12—14 using standard amide coupling
reactions between para-substituted benzoyl chlorides and pentafluoroani-
line.

O

-
al H H.-'Ilz':l :_:- . ] I
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17 d
x
[ ~ s
T i L1
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e -I-. P : .
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TN_T., ;ﬁ?{r ,\ﬁ

(K, ¥ = Mg, M. Hieg)

Figure 2. a) Model compound 17 and part of the X-ray crystal structure;
b) Overlay of dimers found in the solid state of model compounds; the
overlay shows that the substituents NO,, H and NMe, do not significantly
alter the geometry of the dimer in A for 2,6-diisopropyl aniline derivatives.

substituents in 17 did not essentially alter the geometry of the
2,6-diisopropyl dimers in Figure 2b,'l the structure of the
pentafluorophenyl dimers 12-14 changes dramatically with
substituents (Figure 3). When the substituent is NMe,,
pentafluoro—phenyl stacking interactions are observed be-
tween hydrogen-bonded dimers (12a) and between hydrogen-
bonded chains (12b). When the para-substituent is hydrogen
(13), offset phenyl-pentafluorophenyl stacking interactions
are present. Finally, when NO, is present, no interactions are
observed between the pentafluorophenyl and aryl rings
(14a,b). Instead offset phenyl - phenyl and pentafluorophen-
yl—pentafluorophenyl stacking interactions are preferred.
The melting points of the crystals also depend strongly on
the substituent: 155°C (X =NO,), 184°C (X=H) and 244°C
(X=NMe,). This supports the structural evidence that the
aryl-pentafluorophenyl stacking interaction in 12 is the
strongest, followed by the aryl-pentafluorophenyl offset
stacking interaction in 13 and the aryl —aryl/pentafluorophen-
yl—pentafluorophenyl offset stacking interactions in 14. The
nitro aryl-pentafluorophenyl interaction is not observed,
presumably because it is energetically unfavourable.

3496 ——
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Figure 3. Dimer complexes found in the X-ray crystal structures of model
compounds 12-14.

Double mutant cycles: All the compounds used in the double
mutant cycles in Scheme 2 were prepared in reasonable yield
by amide coupling reactions using well-established proce-
dures. The structures and syntheses of compounds 1,6,7 and 8
are described in Schemes4, 5 and 6 as well as in the
Experimental Section. Compounds 3, 4, §, 9, 10, 11, 15 and
16 have been previously described.?* 2!l The binding constants
(K,) of the complexes were measured by '"H NMR titrations in
CHCl; at room temperature (295 K). For each complex, the
K, values and the binding free energies (AG) are reported in
Table 1 and the limiting complexation-induced changes in
chemical shift (AJ) are in Tables 2 and 3.

All the amide NHs are characterised by large positive Ad
values and this is indicative of H-bonding. In complex A, the
Ad values for nhl are always larger than the corresponding Ad
values for nh2. As a result of the low symmetry of the
isophthaloyl compound, which has frans oriented amides,
these complexes can adopt two different conformations,
which are illustrated in Scheme 7. The A values indicate
that the a-conformation, in which the proton nhl is involved
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3. X=NMe,
4. X = tert-butyl
5. X=H
6. X=F 10
7. X=1
8. X=CFs
9 X=N02
Q d2 d1i
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12. X = NMe,
13. X=H
14. X = NO,
: 3
N (0]
54 SA®
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Scheme 4. Proton labelling scheme for compounds 1-16.
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Scheme 5. Synthesis of compound 1.
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7. X =1 (76%)
8. X = CF3 (85%)

Scheme 6. Synthesis of compounds 6-8.
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in the H-bond, is more stable
than the pJ-conformation, in
which the protonnh2 is
H-bonded instead (Scheme 7).
This is consistent with the
greater acidity of mhl. All of
the complexes show similar Ad
patterns for all of the protons in
the central core (t1, d1, d2, bl
and b2) (Figure 4a). Therefore,
mutations do not significantly
change the central structural
motif in the complexes. The
large upfield shifts observed
for the isophthaloyl triplet (t1)
and the two doublets (d1 and
d2) together with the small
downfield shifts observed for
b2 indicate that the isophthalo-
yl rings are interacting with the
bis-aniline pockets in an edge-
to-face orientation. Downfield
shifts for protons al and a2 in
complexes A and C show that
the phenyl group lies over the
aniline ring. Negative Ad values
for the isopropyl methyl groups
(me) show that they lie over the
face of the benzoyl group.
Three intermolecular NOEs
were observed in a ROESY
(Rotating-frame  Overhauser
Enhancement  Spectroscopy)
experiment on complex 7-1,
which also confirms that the
isophthaloyl group is docked
into the bisaniline pocket in
the core of the complex and
the benzoyl group lies over the
2,6-diisopropylaniline ring
(Scheme 8).

In order to find out about the
geometry of the pentafluoro-
phenyl—aryl interaction in
complex A, we needed more
information. Therefore, we de-
cided to look at the YF NMR
A0 values for f1, £2 and 3 in
complex A. These values are
difficult to interpret. However,
they are similar when the phen-
yl X substituents are fert-butyl,
H, F, I and CF;, much larger
when the substituent is NMe,
and very small when the sub-
stituent is NO, (Figure 4b). This
suggests some change in con-
formation in these systems. All
of the AJ values of complex 1-

3497





FULL PAPER

C. A. Hunter et al.

Table 1. Association constants K, and Gibbs free energy of binding.

Complex K, [m71] AG,,, [kJmol ']
31 145+8 -122
4-1 88+6 -11.0
5-1 54+5 -9.8
6-1 83+10 —-10.8
7-1 101 +14 -113
8-1 83+9 —-10.8
9-1 265433 -13.7
3-10 17+1 -6.9
4-10 19+1 -72
5-10 1741 -6.9
6-10 40+4 -9.0
7-10 40+9 -9.0
8-10 41+7 -9.1
9-10 146+ 6 —-122

11-1 27+2 -8.1

11-10 6+1 —44

9, in which the substituent (X) is the nitro group appear
anomalous. The AJ pattern is similar to the other A
complexes, but the values are smaller by a factor of two
(Figure 4a). Therefore, the geometry of this complex is
probably different from the other A complexes.

Table 3. Complexation-induced changes in 'H NMR chemical shifts
obtained by NMR titrations in chloroform at 295 K.[?!

Bisaniline Compounds Ad

Complex al a2 nh bl b2 r
31 -027 —015 048 —0.03 0.10 —0.04
4-1 -015 —-028 0.68 —0.04 0.14 —0.04
5-1 -024 -016 081 —0.05 0.13 —0.11
6-1 -022 —-010 078 —0.03 0.12 -
7-1 -025 —011  0.50 —0.02 —0.13 -
81 -033 -011 112 —0.04 0.17 -
9-1 —-012 —-004 043 —0.01 —0.04 -
3-10 -024 —-012 084 —0.12 0.07 —0.05
4-10 -022 —008 093 —0.05 0.11 —0.04
5-10 —-018 —0.04 043 0.15 0.16 0.00
6-10 -018 —0.08 0.64 —0.20 0.20 -
7-10 -022 —-010 0.50 —0.10 0.17 -
8-10 -020 —-018 052 —0.11 0.12 -
9-10 —-034  —004 150 —0.11 0.11 -

11-1 - - 0.52 —0.09 0.10 nd

11-10 - - 0.40 nd 0.08 nd

[a] nd indicates a value that was not determined.

The AAG,,, values for the aromatic interactions were
calculated using Equation (1) and the values are reported in
Table 4. The pentafluorophenyl —aryl interaction is attractive
only when the dimethylamino substituent is present in the aryl
ring. For all the other substituents, repulsive interactions were

Table 2. Complexation-induced changes in '"H NMR chemical shifts obtained by NMR titrations in chloroform at 295 K.l

Isophthaloyl compounds Ad

Complex tl d1 d2 s nhl nh2 2 d3 is me fl 2 3
31 —1.16 —0.31 —0.35 —0.02 1.74 0.90 —0.03 —0.04 —0.02 —0.11 1.04 —2.50 —1.81
4-1 —1.36 —0.38 —0.51 —0.01 1.82 0.88 0.02 —0.03 —0.05 —0.13 0.52 —0.86 —1.01
5-1 -1.27 —0.40 —0.46 0.01 1.77 0.98 —0.02 —0.02 -0.05 -0.14 0.39 —-1.17 —0.96
60-1 —143 —0.46 —0.55 —0.02 1.48 0.66 —0.03 —0.03 —0.06 —-0.15 0.31 —0.60 —0.67
7-1 —1.69 —045 —0.52 —0.03 1.39 0.53 —0.01 —0.01 —0.09 —0.13 0.29 —0.49 —0.23
8-1 —-1.70 —043 —0.52 —0.02 1.44 0.62 —0.02 —0.02 —0.08 -0.15 0.22 —-0.51 —0.68
9-1 —0.70 -0.17 -0.29 0.02 0.57 0.3 0.05 0.01 —0.04 —0.06 0.14 0.07 —-0.21
3-10 —0.93 —0.32 —0.13 0.00 0.88 1.38 —0.03 —0.04 0.02 —-0.11 - - -
4-10 —1.48 —0.47 —-0.21 0.01 1.01 1.43 0.02 —0.04 -0.03 -0.13 - - -
5-10 -1.17 —0.48 -0.18 —0.01 0.79 1.32 —0.02 —0.05 —0.05 -0.17 - - -
6-10 -1.03 —0.45 -0.19 -0.03 0.53 1.00 0.02 -0.02 —0.04 —-0.12 - - -
7-10 —1.60 —0.50 —-0.26 —0.09 0.45 0.74 0.01 -0.01 -0.05 -0.12 - - -
8-10 —-1.78 —0.56 —0.65 —0.06 0.43 1.12 —-0.01 —0.01 —0.06 -0.13 - - -
9-10 -1.32 —0.41 —-0.29 0.01 0.59 0.96 —0.06 -0.02 -0.07 -0.13 - - -
11-1 -1.29 —0.56 —0.46 nd 1.78 0.67 —-0.05 —0.05 —-0.03 —0.06 0.64 —0.98 —-0.73
11-10 -1.29 —0.66 —-0.25 nd 0.98 1.15 -0.07 -0.09 -0.03 —0.06 - - -

[a] nd indicates a value that was not determined.

o
o L2 o Ho 2 D
N 2 S )
H 0 Q H
. x X X
N A nht —_— nh2 Je)
No " N i F
Ny OF F @7\ o) H j@
F F
FF F
a B

Scheme 7. Conformational equilibrium observed in complex A. The Ad value for nhl is always bigger than the Ad value for mh2. Therefore, the
a-conformation is more stable than the 8 one (X=NMe,, rBu, H, F, I, CF;, NO,).
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Figure 4. a) Complexation-induced changes in the chemical shift (Ad) for the central core protons in complex A
plotted as a function of the Hammett substituent constant g,,; b) Complexation-induced changes in the chemical
shift for the fluorine atoms of the pentafluorophenyl group plotted as a function of the Hammett substituent

constant Oy

observed and they increase with an increase in the electron-
withdrawing character of the substituent. In order to interpret
the trends in Table 4, we have plotted the AAG,,, values
against the Hammett substituents parameters (o,), which
measure the electronic effects of the substituents on the
aromatic ring. We have previously used this approach for
simple edge-to-face aromatic interactions obtaining a straight
line correlation.”! However, it is evident from Figure 5 that
the Hammett plot is bent. Bent Hammett plots are generally
observed when the mechanism of a reaction changes upon
altering the substituents.’?l In our case, we are looking at
noncovalent interactions, and therefore the bent Hammett
plot is related to a change in the mechanism of interaction.
The NMR A0 data suggest that the change in mechanism is a
change in the geometry of the interaction. The f1, £2, and £3 Ao
values, change dramatically going from complex3-1 to
complex 9.1 (Figure 4b). Indeed, the shapes of the “F
NMR Aé vs o, plots in Figure 4b are very similar to the
Hammett plot in Figure 5.

~

Y

~—

n \Z\
n I

-

s

OnmnIT-Z
Z~Immuo

o
2 Q
P

T

o
n

o

Scheme 8. Intermolecular NOEs from a ROESY experiment on an
equimolar mixture of 1 and 7 in CDCl, at 295 K.

Table 4. Pentafluorophenyl-aryl interaction energies and Hammett sub-
stituent constants.

Interaction energies [kJmol!]

X g, AAG, AEqca [Egs. (4)
and (5)]

NMe, —-0.32 —-1.6+£0.7 —-38

Bu -0.15 0.0+0.5 0.2

H 0.00 09+0.5 0.9

F 0.15 1.9+0.6 1.8

1 0.28 1.4+0.6 0.9

CF; 0.53 20£0.6 -

NO, 0.78 22405 3.9
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Molecular mechanics calcula-
tions: Previously, we used a
molecular mechanics approach

1l and an improved version of the
—-12 XED force field to predict the
-o-13

magnitude of the interaction
energy between aromatic rings
in an edge-to-face orienta-
tion.> 2l Here, we apply the
same approach to try and gain
more insight into the causes of
the bent Hammett plot.

Using the double mutant cy-
cle in Scheme 9, the values of
AE q for X=NH,, tert-butyl,

1

035 060 085

%

3ﬁ
[ ]
2- ° .
[ ]
MGogpt *
kJ mol™!
0- e
- _
[
-2 T T T 1
-05 -02 01 04 07 1
()'p

Figure 5. Aromatic interaction energies (AAG,,,) plotted as a function of
the Hammett substituent constants (g,).
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Scheme 9. Double mutant cycle (X =NH,, rBu, H, F, I, CF;, NOZ).

EC Ep

T Ho

i T

H, F, I and NO, were calculated (the value of AE, for the
CF; substituent was not calculated because the XED force
field is not yet fully parameterised for aliphatic fluorine). The
truncated complexes in Scheme 3 represent the right-hand
part of the experimentally studied complexes in Scheme 2 and
the same key interactions are present. As demonstrated
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before, it is computationally easier to deal with these smaller
model complexes than the full structures in Scheme 2. The
equilibrium between the a- and S-conformations (Scheme 10)

H 0]
J H

—_——

) F
N R F / F:$:F
FﬁF N F
F H F

0

T

a B

Scheme 10. Conformational equilibrium in model complexes (X =NH,,
Bu, H, F, [, NO,).

was considered by minimising both structures and using the
Boltzmann weighted average (E.,.4) of the energies of the two
conformations [E, and Ej, Egs. (2)-(4)]. In these expres-
sions, ¥, is the mole fraction of complex a at equilibrium.

Eeaca = YuBa+ (1 = 22 Eg @
1/y.=1+exp{(E, — E)/RT} 3)
AEiq=Es—Eg—Ec+Ep (4)

All of the complexes in Scheme 9 were constructed using
the X-ray crystal structure of the dimer 17 (Figure 2a) and
optimised as explained in the Experimental Section. In other
words, the starting point for complex A was an edge-to-face
geometry between the aryl and pentafluorophenyl rings.
Calculations were performed in a vacuum using a dielectric
constant of two. We have previously found that if the values of
AE .4 [Eq. (5)] are divided by a factor of 2.2, the results are in
good agreement with our experimental data and this factor
represents in some way the dielectric effect of CHCl,
desolvation.

AE 4 =220AG,,, ®)

Equations (2), (3) and (4) were used to calculate the
chemical double mutant cycle energies for the six substituents
(NH,, tert-butyl, H, F, I and NO,) and then Equation (5) was
used to predict the interaction energies in Table 4.

After energy minimisation, A complexes with the phenyl
substituent X =tert-butyl, H, F, I and NO, retained the initial
edge-to-face geometry with RMS (Root Mean Square) differ-
ences of 0.2 and 0.3 A between the minimised complexes and
the starting structures (Figure 6a). In contrast, when X =NH,,
complex A changed conformation in order to allow the aryl
ring to stack with the pentafluorophenyl ring (Figure 6b), as
observed in the X-ray crystal structures for this substituent.
The value of AE_,4 for this interaction does not correlate well
with the corresponding experimental value (Figure 7) and this
may reflect some difference in the desolvation energy as a
consequence of the conformational change required to
produce the stacking interaction. For all the other substitu-
ents, the calculated and experimental values agree well:

3500

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

ay

=< X
- (

':"-— : e b
i ()‘— S, 3 :.:'—-'}ii;;

Figure 6. a) Two views of an overlay between minimised A complexes with
X =tert-butyl, H, F, I and NO,; b) Two views of the minimised structure of
complex A when X =NH,.
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® X=NO;,
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Figure 7. Correlation between the experimental measurements and the
calculated energies using the XED force field. o: previously calculated data
on the simple edge-to-face interaction.’ e: pentafluorophenyl-aryl
interactions discussed here. The outliers (X = NO, and NMe,) are discussed
in the text.

Figure 7 shows this data along with the previously calculated
data for simple edge-to-face aromatic interactions.?¥

The calculated structures show that the interaction energies
measured experimentally correspond to edge-to-face inter-
actions between the edge of the aryl ring and the face of the
pentafluorophenyl ring except when X =NMe,. In the edge-
to-face geometry, the positive protons on the aryl ring are
sitting over the positive charge on the face of the pentafluoro-
phenyl ring (Figure 8a). This creates an electrostatic repul-

a) b)
%4{ },x -
6+H I-%+ % - '
<> o .
R F : <

Figure 8. Representation of the charge distribution of the pentafluoro-
phenyl —aryl edge-to-face interaction (a) and the pentafluorophenyl —aryl
stacking interaction (b) (X=NMe,, Bu, H, F, I, CF;, NO,).
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sion between the rings, which grows when the magnitude of
the positive charge on the phenyl protons increases as a result
of electron-withdrawing substituents. There appears to be a
limit to the repulsion tolerated before a change in the
structure of the complex takes place (42 kJmol~'). When
X =NO, the calculated repulsion between the pentafluoro-
phenyl and the aryl ring is + 3.9 kJ mol~!, but the experimental
value is +2.2 kJmol~'. Although the pattern of Ad values for
this complex is similar to the others, the magnitudes of the
values are lower, which may reflect conformational rearrange-
ment to reduce the repulsive interaction.

The electron-donating effect of the NMe, substituent
increases the negative charge on the face of the aryl ring
and this leads to a strong driving force for the aryl ring to stack
with the pentafluorophenyl ring. In this geometry, the
negative aromatic cloud of the aryl ring interacts with the
partial positive charge on the pentafluorophenyl ring which
results in the only attractive interaction observed in this
system (Figure 8b).

Conclusion

We have used the double mutant cycle approach to investigate
the pentafluorophenyl—aryl interaction. From the values of
AAG.,,,, it is clear that the interaction is repulsive except for
the NMe, substituted aryl group, which shows an attractive
interaction. These results are generally consistent with an
edge-to-face geometry between the aryl group and the
pentafluorophenyl ring in complex A (Scheme 2). In this
geometry, the positive charges on the protons of the aromatic
ring interact with the partial positive charge located at the
centre of the pentafluorophenyl ring. The Hammett plot
shows that there is a change in the nature of the interaction
when electron-withdrawing substituents are replaced with
electron-donating substituents. The NMR chemical shift
analysis, X-ray crystal structures and molecular mechanics
calculations show that the change in the interaction from
repulsive to attractive is associated with a change in the
structure of complex A. When X =NMe, there is a strong
driving force for stacking, whereas the other systems remain
edge-to-face. The XED force field was used to predict the
experimental results and the calculated pentafluorophenyl—
aryl interaction agrees with the experimental data.

Experimental Section

Computer modelling: All the calculations were run on a Silicon Graphics
Indigo2 workstation using the XED force field with a dielectric constant of
2121 The following XED charge distribution for the fluorine atom type
allowed us to reproduce a hexafluorobenzene quadrupole: 31 ganee = 0.37;
32istance = 0:45; 33gistance = 0.00; 34 gigrance = 0.30; 35istance = 0-71; 3Lparge = 1.00;
eharge = 1.005 33cparpe = 0.005 34cpppe = 1.50; 35155 = 0.50 (see Figure 9).

The model complexes used for the calculations were constructed starting
from the X-ray crystal structure of the dimer of 17 (Figure 2a). A com-
plexes in the a-conformation were constructed by substitution of the para-
tert-butyl group in the aromatic ring a with the appropriate substituent and
the protons and the two isopropyl groups of the aromatic ring d were
replaced by fluorine atoms. The same substitutions were performed in
aromatic ringe and b, for the construction of A complexes in the

Chem. Eur. J. 2001, 7, No. 16
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p-conformation. B complexes in the a- and p-conformations were con-
structed by replacing aromatic rings a or ¢ with methyl groups respectively
and by replacing the protons and the isopropyl groups in the rings b or d
with fluorine atoms. C complexes in the a- and f-conformations were
constructed by replacing the aromatic rings d and b with methyl groups
respectively and replacing the tert-butyl groups in the aromatic rings a or ¢
with the appropriate substituents. Finally, the D complexes were obtained
by substitution of aromatic ringsa and d with methyl groups for the
a-conformer and b and ¢ for the f-conformer. The complexes were
subjected to energy minimisation using a maximum number of iterations of
8000, which guaranteed complete minimisation.

NMR binding experiments: A Bruker AC250 NMR spectrometer was used
for all of the '"H and 'F NMR titrations. Each titration was carried out by
preparing a solution of the host (3 mL) at known concentration (= 1073m)
in CDCl;. A sample (0.5 mL) was placed in a NMR tube. A solution of
guest (2mL) at known concentration (=1072M) was prepared using the
solution of host as solvent, so that the concentration of host remained
constant during the titration. The 'H NMR spectrum of the host solution
was recorded and the same operation was repeated after each subsequent
addition of aliquots of the guest solution into the NMR tube containing the
host solution. The NMRTit HG fit program was used to analyse changes in
chemical shifts during the titration to obtain the binding constant and the
values of limiting complexation-induced changes in chemical shift for the
protons of the host and the guest.

General procedures: Chemicals were purchased and used without further
purification. CH,Cl, was dried by distillation from CaH. TLC was carried
out using 0.2 mm Kieselgel 60F,s; precoated aluminium sheets, commer-
cially available from Merck. Visualisation was done by fluorescence
quenching at 254 nm, or by exposure to a solution of ninhydrin (5%) in
ethanol followed by heating at 200°C for 15 s. Flash column chromatog-
raphy was carried out using “flash” Kieselgel 60 (230-400 mesh) pur-
chased from Merck.

'H, BC and “F spectra were recorded on either a Bruker AC250 or
AMX400 spectrometer. All chemical shifts are quoted on the o scale and
the coupling constants are expressed in Hz.

Preparation of N-pentafluorophenyl-V'-[(2,6-diisopropyl)phenyl]iso-
phthalamide (1): Compound 3-{N-[(2,6-diisopropyl)phenyl]formamido}-
benzoyl chloride (0.50 g, 1.45 mmol) was added portionwise to a stirred
solution of pentafluoroaniline (0.29 g, 1.6 mmol) in CH,Cl, (10 mL) over a
5 min period. Following the addition, the mixture was stirred at room
temperature for four days before dilution with CHCl; (40 mL). The organic
solution was concentrated in vacuo and the crude product recrystallised
from CHCI; to give the title compound (0.44 g, 62 % yield) as a white solid.
M.p.>250°C.

'H NMR (250 MHz, CDCl,, 25°C, TMS): 6 =8.71 (s, 1H; 5), 8.16 (m, 1 H;
d1),8.11 (m, 1H; d2), 772 (s, 1H; nh1), 769 (t, J =7.9 Hz, 1 H; t1), 744 (s,
1H;nh2),736-741 (m, 1 H;2),724 (m, 2 H; d3), 3.12 (sep, J = 6.8 Hz, 2H;
is), 1.24 (d, J=6.9 Hz, 12H; me); *C NMR (63 MHz, [D4]DMSO, 25°C):
5=23.78,24.05, 28.67, 123.47, 127.92, 128.24, 129.52, 131.32, 131.64, 132.99,
133.29, 135.28, 146.58, 165.57, 165.93; "F NMR (235 MHz, CDCl,, 25°C):
8=—14479 (d, J=14.1Hz, 2F; f3), —15624 (t, J=14.0Hz, 1F; f1),

a

L
iz - n ‘J-I.

Figure 9. XED orbital descriptor.
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—162.13 to —162.28 (m, 2F; f2); MS (FAB+): m/z: 491 [M+H]*;
elemental analysis caled (%) for C,sH,3FsN,O, (490): C 63.67, H 4.73, N
5.71; found C 63.62, H 4.74, N 5.40.

Preparation of N,N'-bis-pentafluorophenyl isophthalamide (2): Isophthal-
oyl dichloride (0.30 g, 1.5 mmol) was added in one portion to a stirred
solution of pentafluoroaniline (1.08 g, 5.9 mmol) in dry CH,Cl, at room
temperature. Following the addition, the mixture was stirred at room
temperature for six days, whereupon a white precipitate was produced. The
crude reaction mixture was diluted with CHCIl; (50 mL) and the organic
layer washed successively with NaOH (1M, 30 mL), HCI (1M, 30 mL) and
water (2 x 50 mL) before it was dried (Na,SO,), filtered and concentrated
in vacuo. Recrystallisation from EtOH/water gave the pure title compound
(0.59 % yield) as a white solid. M.p. >260°C.

'"H NMR (250 MHz, [D¢]DMSO, 25°C, TMS): 6 =10.83 (s, 1H), 8.63 (s,
1H), 826 (d, J=7.6 Hz, 2H), 7.77 (t, ] = 7.5 Hz, 1H); 'F NMR (235 MHz,
CD;0D/CDCl;, 25°C): 6 =—145.19 (d, J=23.2 Hz, 4F; £3), —156.70 (t,
J=232Hz,2F; 1), —162.30 to —162.70 (m, 4F; £2); MS (FAB): m/z: 497
[M+H]*; elemental analysis calcd (%) for C,)H¢F,,N,O, (496): C 48.41, H
1.22, N 5.64; found C 48.64, H 1.25, N 5.57.

General procedure for the synthesis of compounds 6-8: A solution of
4-substituted benzoyl chloride (3.8 mmol) in dry CH,Cl, (30 mL) was
added dropwise over 20 min to a stirred solution of bisaniline 16 (0.6 g,
1.2 mmol) and triethylamine (0.5 mL, 4 mmol) in dry CH,Cl, (12 mL).
Following the addition, the mixture was stirred at room temperature for
12 h. The crude reaction mixture was diluted with CH,Cl, (30 mL) and the
organic layer washed successively with NaOH (1m, 30 mL), HCI (1w,
30 mL) and water (2 x 30 mL) before it was dried (Na,SO,), filtered and
concentrated in vacuo. Purification by recrystallisation gave the pure
compounds.

N,N’-(4-Difluorobenzoyl)-{1,1-bis[ (4-amido-3,5-dimethyl) phenyl]cyclo-
hexane} (6): Compound 6 was prepared following the general procedure
described above using 4-fluorobenzoyl chloride (0.45 mL). The crude
product was recrystallised from CHCly/petroleum ether to yield a white
solid (0.580 g, 86 % ). M.p. 178 -180°C.

'HNMR (250 MHz, CDCl;, 25°C, TMS): 6 =7.87-7.81 (m, 4H; a2), 7.43 (s,
2H;nh), 7.14-7.05 (m, 4 H; a1), 701 (s, 4 H; b2),2.23 (s, 12H; b1); *C NMR
(63 MHz, [Dg]DMSO, 25°C): 6 =18.63, 22.89, 26.31, 37.02, 45.39, 115.24,
115.62, 126.94, 129.67, 129.81, 130.50, 131.38, 135.09, 147.63, 162.76, 165.04,
166.76; MS (FAB +): m/z: 567 [M]*; elemental analysis calcd (%) for
CyeHy N0, (567): C 7629, H 6.40, N 4.94; found C 76.45, H 6.46, N 4.84.

N,N’-(4-Diiodoobenzoyl)-{1,1-bis[ (4-amido-3,5-dimethyl)phenyl]cyclo-
hexane} (7): Compound 7 was prepared following the general procedure
described above using 4-iodobenzoyl chloride (1.010 g). The crude product
was recrystallised from CHCly/petroleum ether to yield a white solid
(0.680 g, 73%). M.p. 210-214°C.

H NMR (250 MHz, CDCl,, 25°C, TMS): 6 =775 (d, J =82 Hz, 4H; a2),
7.64 (s,2H; nh), 7.50 (d, /=82 Hz, 4H; al), 6.94 (s, 4H; b2), 2.06 (s, 12H;
b1); 3C NMR (63 MHz, [D]DMSO, 25°C): 6 = 18.86, 22.88, 37.05, 45.42,
98.70, 127.10, 128.82, 130.98, 133.93, 134.90, 137.92, 147.61, 165.16; MS
(FAB +): m/z: 783 [M]"; elemental analysis calcd (%) for Cs;HszsI,N,O,
(783): C55.26, H 4.66, N 3.58,132.44; found C 55.11, H 4.66, N 3.40, 1 32.68.

N,N’-(4-Di-trifluoromethylbenzoyl)-{1,1-bis[ (4-amido-3,5-dimethyl)phen-
yllcyclohexane} (8): Compound 8 was prepared following the general
procedure described above using 4-trifluoromethylbenzoyl chloride
(0.790 g). The crude product was recrystallised from CHCly/petroleum
ether to yield a white solid (0.680 g, 85%). M.p. 205-207°C.

'H NMR (250 MHz, CDCl;, 25°C, TMS): 6 =7.94 (d, /=79 Hz, 4H; a2),
771 (d, J=8.2 Hz, 4H; al), 7.53 (s, 2H; nh), 7.00 (s, 4H; b2), 2.16 (s, 12H;
b1l); 3C NMR (63 MHz, CDCl;, 25°C): 6 = 18.82, 22.88, 26.28, 37.02, 45.43,
125.74, 127.14, 127.69, 130.84, 134.91, 137.83, 147.78, 164.71; MS (FAB + ):
m/z: 667 [M]*; elemental analysis calcd (% ) for C;3H3sF¢N,O, + H,O (685):
C 66.66, H 5.59, N 4.09; found C 67.48, H 5.59, N 4.09.

General procedure for the synthesis of compounds12-14: The com-
pound 4-substituted benzoyl chloride (6.0 mmol) was added in a dropwise
fashion to a stirred solution of pentafluoroaniline (0.75 g, 4.1 mmol) in
CH,Cl, (12 mL) over a 10 min period. Following the addition, the mixture
was stirred at room temperature for 20 h before dilution with CHCI,
(35 mL) and washing with water (2 x 30 mL). The organic solution was
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dried (Na,SO,) and the solvent was removed in vacuo. The crude product
was recrystallised to give the pure product.

N-Pentafluorophenyl-4-dimethylamino-benzamide (12): Compound 12
was prepared following the general procedure described above using
4-dimethylaminobenzoyl chloride (1.100 g). The crude product was recrys-
tallised from CHCly/petroleum ether to yield a white solid (0.880 g, 65%).
M.p. 244-245°C.

'"H NMR (250 MHz, CDCl;, 25°C, TMS): 0 =7.80 (d, /=8.9 Hz, 2H; a2),
718 (s, 1H; mh), 6.70 (d, J=9.2 Hz, 2H; al), 3.06 (s, 6H; r); °C NMR
(63 MHz, [Dg]DMSO, 25°C): 6=40.14, 111.29, 118.87, 130.02, 153.36,
165.47; YF NMR (235 MHz, [D¢]DMSO, 25°C): 6=-145.01 (d, J=
174 Hz, 2F; £3), —157.84 (t, /=219 Hz, 1F; 1), —163.26 to —163.50 (m,
2F; £2); MS (FAB +): m/z: 331 [M+H]"; elemental analysis calcd (%) for
C;5H;,FsN,0O + H,0 (348): C51.73, H3.76, N 8.04; found C 51.74, H 3.70, N
8.14.

Crystal data for C;sHFsN,O: M,=330.26, crystallises from acetone/water
as white blocks; crystal dimensions 0.40 x 0.40 x 0.20 mm. Monoclinic, a =
71585(10), b=23551(3), c=8.6829(12)A, B=112.667(3)°, U=
1350.8(3) A3, Z=4, p=1.624 mgm3, space group P2,/n (a nonstandard
setting of P2,/cC3 k' No. 14), Mo, radiation (1=0.71073 A), u(Moy,) =
0.151 mm~!, F(000) = 672.

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-153096.
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).

N-Pentafluorophenyl-benzamide (13): Compound 13 was prepared follow-
ing the general procedure described above using benzoyl chloride (0.840 g).
The crude product was recrystallised from CHCly/petroleum ether to yield
a white solid (0.820 g, 69 %). M.p. 183-185°C.

"H NMR (250 MHz, CDCl;, 25°C, TMS): 6 =7.95-7.89 (m, 2H; a2), 7.66 -
7.59 (m, 1H;r), 7.56-7.48 (m, 2H; al), 747 (s, 1H; nh); B*C NMR (63 MHz,
[Dg]DMSO, 25°C): 6 =128.42, 129.18, 133.07, 133.66; '’F NMR (235 MHz,
[Dg]DMSO, 25°C): 6 =—144.80 (m, 2F; £3), —156.90 (t, /=24.0 Hz, 1F;
f1), —162.86 to —163.05 (m, 2F; £2); MS (FAB +): m/z: 288 [M+H]*;
elemental analysis caled (%) for C;;H:FsNO + H,0O (305): C 51.16, H 2.64,
N 4.59; found C 51.36, H 2.54, N 4.53.

Crystal data for C;HFsNO: M,=287.19, crystallised from dichlorome-
thane/petroleum ether as white plates; crystal dimensions 0.35 x 0.20 x
0.10 mm. Triclinic, a=4.8309(17), b=9.826(5), ¢=24.501(10) A, a=
89.98(3)°, B=84.98(4)°, y=89.11(3)°, U=11584(8) A%, Z=4, p=
1.647 mgm-3, space group P1, (C!, No. 2) Moy, radiation (1=0.71073 A),
u(Moyg,) =0.160 mm~", F(000) = 576.

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-153098.
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).

N-Pentafluorophenyl-4-nitro-benzamide (14): Compound 14 was prepared
following the general procedure described above using 4-nitrobenzoyl
chloride (1.110 g). The crude product was crystallised with CHCI, to yield a
white solid (1.080 g, 78 %). M.p. 155-156°C.

"H NMR (250 MHz, CDCl;, 25°C, TMS): 6 =8.28 (d, J=8.3 Hz, 2H; a2),
731 (d, J=83Hz, 2H; al), 749 (s, 1H; nh); BC NMR (63 MHz,
[Dg]DMSO, 25°C): 6 =124.36, 130.02, 138.28, 150.23, 164.48; "F NMR
(235 MHz, [D¢]DMSO, 25°C): 6=-144.77 (d, J=174Hz, 2F; 13),
—156.33 (t, /=219 Hz, 1F; f1), —162.60 to —162.75 (m, 2F; f2); MS
(EI): m/z: 332 [M]*; elemental analysis calcd (%) for C;HsFsN,O; + H,O
(350): C 44.59, H 2.01, N 8.00; found C 44.63, H 2.06, N 8.10.

Crystal data for C;;H:FsN,0;: M, =332.19, crystallised from CHCl; as
white needles; crystal dimensions 0.35 x 0.07 x 0.07 mm. Monoclinic, a =
5.000(6), b =24.28(3), c=20.52(3) A, f=94.41(9)°, U=2483(5) A3, Z=8,
p=1.777 mgm=3, space group Cc, Moy, radiation (1=0.71073 A),
u(Moy,) =0.176 mm~!, F(000) =1328.

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-153097.
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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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The Acidity of Chloro-Substituted Benzenes:
A Comparison of Gas Phase, Ab Initio, and Kinetic Data

Manfred Schlosser,*2! Elena Marzi,'*! Fabrice Cottet,'?! Heinz H. Biiker,! and

Nico M. M. Nibbering!™

Abstract: The deprotonation energies
of benzene, chlorobenzene, all di-, tri-,
tetrachlorobenzenes, and pentachloro-
benzene have been determined in the
gas phase using a Fourier transform ion
cyclotron resonance mass spectrometer.

over, the contributions of three or more
chloro substituents are not perfectly
additive. In fact the accumulation at-
tenuates the contributions somewhat.
Quantum chemical calculations at the
MP2/6-3114+G* level reproduce the gas-

phase acidities fairly well, but reveal
special effects when extended to exper-
imentally not observable benzenides
carrying the halogens at anion-remote
positions. Competition experiments
have been performed to assess the

The values measured differ only slightly,
though significantly, from the corre-
sponding data for oligofluorobenzenes.
The heavier halogen acidifies ortho-
positions slightly less and meta-positions
slightly more than fluorine does. More-

metalation -
culations

Introduction

The Brgnsted equation,[!] the oldest and still one of the most
prominent linear free energy relationships, correlates the
rates of acid/base driven reactions with the acidity of the
catalyst. For example, the stronger the base employed to
generate the crucial carbanionic intermediate, the faster a
given hydrocarbon will undergo hydrogen/deuterium ex-
change. A similar situation is encountered when a hydro-
carbon is submitted to a stoichiometric hydrogen/metal
interconversion and the resulting organometallic species are
subsequently derivatized by electrophilic trapping. The main
difference lies in the irreversibility of the organometal-
promoted deprotonation. This crucial step thus becomes the
only rate limiting one. Whatever such details, one expects the
rate to reflect, to some extent at least, the acidity gradient
covered by the conversion of a stronger base, that is the
reagent, to a weaker base, that is the metalated substrate. The
problem is that no pK, values can be measured for common
hydrocarbons under aqueous standard state conditions, not
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relative reactivity of nine oligochloro-
benzenes towards sec-butyllithium in
tetrahydrofuran at —100°C. An almost
exact linear correlation between loga-
rithmic rates and gas-phase acidities has
been found.

reactions

even by resorting to the extrapolation of the H _ function.?
Therefore, proton affinities of carbanions measured in the gas
phase must be considered as the only available*! data which
are thermodynamically meaningful.

Results and Discussion

Gas-phase studies: In the continuation of previous work
featuring fluoroarenesl® and (trifluoromethyl)arenes” we
have determined the gas-phase acidity of chlorobenzene,’® °]
all di-, tri- and tetrachlorobenzenes, and pentachlorobenzene
by collision-mediated hydrocarbon/carbanion equilibration
using a Fourier transform ion cyclotron resonance instrument
(see Table 1). The values collected differ strikingly little from
those reported for the fluoro analogues.’! However, charac-
teristic divergences become apparent when one looks into the
details.

In the fluoro series, the experimental gas-phase acidities
can be reproduced with reasonable accuracy if one starts with
the parent benzene and substracts deprotonation increments
of 12, 6, and 4 kcalmol~! from the free energy of the parent
benzene for each ortho, meta, and para halogen substituent,
respectively (average deviation 1.3, maximum deviation
3.1 kcalmol !).Il' An even better fit can be achieved with
increments of 12.5, 6.5, and 4.5 kcalmol~! (average deviation
0.7, maximum deviation 2.5 kcalmol™!). In other words,
fluorine substituent effects are additive. This has already
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been suggested by Maksi¢ et al.l'% with respect to acidity
values for 1,2-, 1,3-, and 1,4-difluorobenzenes obtained from
ab initio calculations.

As previously described for the oligofluorobenzene series,
the gas-phase acidities of all mono-, di-, tri-, tetra-, and
pentachlorobenzenes were determined by Fourier transform
ion cyclotron resonance spectrometry. The free energies
measured for the deprotonation AGy were converted into
enthalpies AH in the usual straightforward way (Table 1).

Table 1. Acidity of zero-, mono-, di-, tri-, tetra- and pentachlorobenzenes
in the gas phase: experimental free energies (AGy) and enthalpies (AHY)
of deprotonation and proton affinities estimated on the basis of a simple set
of increments (AH,,,),l! deviations from the experimental data being given
in parentheses (A,).")

CH-acid AGy AHQ AH,, (Ap)

benzene 3929 401.7 398.1 (—3.6)
chlorobenzenel! 378.6 386.6 386.6 (£0.0)
1,2-dichlorobenzene 368.7 3771 379.1 (+2.0)
1,3-dichlorobenzene 366.3 374.0 375.1 (+1.1)
1,4-dichlorobenzene 368.8 377.0 379.1 (+2.1)
1,2,3-trichlorobenzene 366.8 374.9 374.6 (-0.3)
1,2,4-trichlorobenzene 362.6 370.3 367.6 (-2.7)
1,3,5-trichlorobenzene 360.8 369.2 370.6 (+1.4)
1,2,3,4-tetrachlorobenzene 360.1 368.3 367.1 (-12)
1,2,3,5-tetrachlorobenzene 355.4 363.3 363.1 (-0.2)
1,2,4,5-tetrachlorobenzene 353.7 361.8 360.1 (-1.7)
pentachlorobenzene 3474 355.0 355.6 (+0.6)

[a] See text for details. [b] All numbers represent energies given in
kcalmol~'. [c] Reference compound for the increment-based estimations of
deprotonation enthalpies.

To probe the additivity of the contribution of individual sub-
stituents, we have attributed tentatively a carbanion stabiliz-
ing effect of 11.5, 7.5, and 4.5 kcalmol~, respectively, to any
chlorine atom occupying an ortho, meta, or para position
relative to the negatively charged center. The agreement
between the experimental deprotonation enthalpies (AHY)
and the enthalpies based on this single set of increments
(AH,,,) is quite satisfactory at first sight (average deviation
1.4, maximum deviation 3.6 kcalmol~!). Upon closer scrutiny
one recognizes unacceptable discrepancies. Almost all major
deviations (A= AH,,,,— AH) hit the early members of the
structural family: benzene, 1,2-dichlorobenzene, and 1,4-
dichlorobenzene (3.6, 2.0, and 2.1 kcalmol~!, respectively).
This suggests an attenuation mechanism which takes effect
when more than two chlorine substituents are present in the
same substrate. This issue will be examined more explicitly in
the following Section dealing with ab initio calculations.
Gas-phase deprotonation studies are only moderately
accurate. Standard error deviations generally fall in the range
of 3—4kcalmol~!. Major sources of uncertainty are the
precise assessment of the deprotonation energy of the
reference acid and the pressures of the equilibrating compo-
nents.”l Additional complications may be encountered with
haloarenes as they can lose hydrogen halide by $-elimination,
thus generating a 1,2-dehydroarene, even if this is an
endothermic process.[''3l In particular, we have doubts about
one value. According to all available evidence, 2,3,5-trichloro-
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benzenide should be less basic than 2,4,6-trichlorobenzenide.
In fact, we suspect that the true gas-phase acidity of 1,2,4-
trichlorobenzene exceeds the experimentally established
value by some 2.0 kcalmol™' (AG° ~360.6, AH® ~368.3).
We therefore sought support from theoretical calculations for
this assumption.

ab initio Calculations: There was a second reason for
involving quantum chemistry in our CH-acidity studies.
Whatever the details of an acid/base equilibration experiment
performed in the gas phase, it would only monitor the
thermodynamically most stable carbanion, that is, the one
generated by proton abstraction from the most acidic
haloarene position (say, from the 2- rather than the 5-position
of 1,3-dichlorobenzene). This restriction can be principally
overcome by resorting to the silane cleavage method,!'* as
demonstrated with fluoro-, chloro-, and bromobenzene.['- 16
However, this approach has its pitfalls and may especially fail
in the case of fairly acidic polyhalobenzenes. To bridge the
gap, we have computed the deprotonation enthalpies of
benzene, chlorobenzene, all di-, tri-, tetrachlorobenzenes,
and pentachlorobenzene at the MP2/6-3114+-G*//RHF/6-
311+G*+ZPE level (Table 2). Previously ab initio deproto-
nation enthalpies have already been reported for the ortho,
meta, and para positions of chlorobenzene.!'? % 18]

All calculated enthalpies (AHyp,) were augmented by
1.4 kcalmol~! (thus converting them into AH %) to make the
computed heat of deprotonation at the ortho position of
chlorobenzene coincide with the experimental gas-phase
acidity (AH{) and thus to facilitate the comparison. The ab
initio procedure passed two crucial tests. Chlorobenzene was
found to be less acidic than fluorobenzene, albeit only
marginally (by 0.2 kcalmol™), in perfect accordance with
the kinetic data."> 21 Smaller basis sets!'¥ tend to invert this
order. Moreover, 1,2 4-trichlorobenzene ranked lower than its
1,3,5-isomer in the acidity scale (i.e., 2,3,5-trichlorobenzenide
is perceived as less basic than the 2,4,6-isomer), again in line
with experimental evidence (see also the following Section).
Finally, the overall good agreement between gas-phase and
MP2 acidities (as shown in Table 2), lends confidence in the
mathematical approach employed. Nevertheless, some doubts
remain. The computationally assessed acidities of tri- and
tetrachlorobenzenes exceed the experimental values on an
average by 2.8 and 3.5 kcal mol~, respectively. This conspic-
uous discrepancy either points to a systematic error in the gas-
phase measurement or, more probable, reveals a weakness of
the theoretical model to account for the attenuation of
substituent effects upon chlorine accumulation. If such a
computational artifact exists, it should vanish at higher levels
of sophistication.

One fundamental conclusion appears to be already irrefut-
able. The acidity of polychlorobenzenes cannot be derived by
a mere addition of individual effects. Again using increments
as a probe, we notice a poor fit between the MP2 data
(AHE) and the parameter-based estimate as long as a single
(“linear™) set of increments is used. It does not really matter
what set of parameters is exactly chosen, for example the
same one which was already used to estimate gas-phase
basicities (ortho —11.5, meta — 7.5, and para — 4.5 kcalmol};
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Table 2. Acidity of zero-, mono-, di-, tri-, tetra- and pentachlorobenzenes as
evaluated by ab initio calculations in comparison with experimental and para-
metrized deprotonation enthalpies.*"!

Benzenide ion AHy AHyp, AHG (A°) AHL., (AY) AHY, (AY)
unsubstituted 4017 399.0 4004 (+1.3) 3981 (2.3) 4006 (+02)
2-Clid 386.6 3852 386.6 [0.0] [386.6] [0.0] [386.6]  [0.0]
3-Cl - 387.1  388.5 - 390.6 (2.1) 388.6 (+0.1)
4-Cl ~ 3897 3911 - 3936 (25) 3916 (+0.5)
2,3-Cl, 3771 3763 3777 (—06) 3791 (14) 3764 (~13)
2,4-Cl, - 377.0 3784 - 3821 (37) 3794 (+1.0)
2,5-Cl, 3770 3746 3760 (+1.0) 3791 (31) 3764 (+04)
2,6-Cl, 3740 3719 3733  (+0.7) 3751 (1.8) 3744 (+1.1)
3,4-Cl, - 380.9 3823 - 386.1 (3.8) 3814 (-0.9)
3,5-Cl, ~ 3761 3715 - 3831 (56) 3784 (+09)
2,3,4-Cl, 3749 3709 3723 (+26) 3746 (23) 3707 (—16)
2,3,5-Cl; - 366.3  367.7 - 3716 (39) 3677 (£0.0)
2,3,6-Cly 3703 3642 3656 (+4.7) 367.6 (2.0) 3657 (+0.1)
2,4,5-Cl; - 369.0 370.4 - 3746 (42) 3707 (+0.3)
2,4,6-Cl, 3692 3647 3661  (+3.1) 3706 (45) 3687 (+2.6)
3,4,5-Cly - 3724 3738 - 378.6 (4.8) 3727 (-1.1)
2345-Cl, 3683 3629 3643  (+4.0) 3671 (28) 3632 (1.1
2,3,4,6-Cl, 3633 3592 3606 (+27) 3631 (25) 3612 (+0.6)
2,3,5,6-Cl, 361.8 3565 3579 (+39) 360.1 (22) 3582 (+0.3)
Cl 3550 3534 3548 (+02) 3556 (0.8) 3547 (—0.1)

[a] All energies in kcalmol™'. [b] AHy=gas phase deprotonation enthalpies;
AH\pp, and AHfE = uncorrected and corrected ab initio deprotonation enthalpies;
0= AH — AH{i; A" — AHbo: A= AHg — AHlL: A, and AH{L, =

iner >
deprotonation enthalpies obtained using the linear and gradated set of increments
(see text). [c] Reference compound (see text).

now AH[!.: average deviation 3.0, maximum deviation
5.6 kcalmol~!) or a similar one. A satisfactory agreement
(AHL,: average deviation 0.7, maximum deviation
2.6 kcalmol~!) with the computational results (AH3%) was
only achieved with a gradative set of increments which allows
for an attenuation with an increasing degree of substitution.
Maximum values of increments of —14.0, —12.0, and
—9.0 kcalmol~' were attributed to an ortho-, meta-, and
para-positioned chloro substituent at the Cl, — Cl; (benze-
nide — chlorobenzenides) transition. These numbers were
progressively diminished by 1.8, 1.5, 1.2, and 1.0 kcalmol~!
upon each introduction of an additional chlorine atom. Thus,
increments of —12.2, —10.2, and — 7.2 were used at the Cl; —
Cl, transition, of —10.7, —8.7, and —5.7 at the Cl, — Cl;
transition, of —9.5, —7.5, and — 4.5 at the Cl; — Cl, transition
and finally of — 8.5, — 6.5, and — 3.5 at the Cl; — Cl; transition.

Hydrogen/metal interconversion rates: The ultimate and
decisive step was to correlate the acidity with reactivity. To
this end, the metalation of ten chloro-substituted benzenes
was studied in tetrahydrofuran at —100°C using sec-butyl-
lithium (“LIS”) as the reagent. Three of these substrates
(1,2,3-trichlorobenzene and 1,2,3,4- and 1,2,3,5-tetrachloro-
benzene) underwent concomitant hydrogen/metal and halo-
gen/metal exchange. This may or may not compromise the
accuracy of the numbers listed. Pentachlorobenzene had to be
withdrawn from the series since it reacted in an uncontrolled
way leading to an inseparable mixture of products. The
relative hydrogen/metal interconversion rates kS were
determined in competition experiments and are all projected
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on chlorobenzene as the reference compound (Table 3). The
experimental ratios were corrected statistically by dividing
them by the number of equivalent exchange sites (e.g., 6 for
benzene and 2 for chlorobenzene). The resulting “factorized”
rates (kfjs) were converted into differential free energies of
activation (AAG !, Table 3).

Table 3. Metalation of zero-, mono-, di-, tri-, tetra- and pentachloro
substituted benzenes with sec-butyllithium in tetrahydrofuran at —100°C:
relative rates® before (k{$§) and after (kfs) statistical correction® the
corresponding free energies!! of activation (AAG %), the differential free
energies') of deprotonation in the gas phasel!) (AAGY), the same after
statistical correction (ref. [21]) for equivalent sites (AAG)" and the
carbanion character (“c.c.*”) of the transition state.l°]

CH-acid kisk ki (AAG) AAGY AAGY! ce*
CH0 50%10™ 83x10° +323 +143 +148 022
CH,Cl 20x10° 1.0x10° 0.0 00 00 -

12-CHCL,  10x10*> 60x100 —135 —99 —99 014
13-CH,.CL  15x10° 14x10° —172 —123 7126 0.14
14-CH,.CL,  19x10> 48x10' —133 —99 -96 014
123-CH,CL [ - - -118 —118 -

124-CH,ClL, 14x10° 14x10° —251 —180 —183 0.4
135-CH,Cl, 95x10° 32x10° —198 -178 —176 011
1234-CH,Cl, 7.8x 10> 39x 10> —2.05 —185 —185 0.11
1235-CH,Cl, 42x10° 21x10° —2.63 —232 -232 011
1245-CH,Cl, 1.0x10° 50x10° —2.93 —249 -249 012
CHC, el - - 312 -315 -

[a] Best averages from Table 6; reference: chlorobenzene. [b] Substrate
concentrations divided by the number of equivalent acidic positions (e.g.,
benzene: 6, chlorobenzene: 2). [c] All energies are given in kcalmol~'.
[d] Relative to chlorobenzene; for absolute values, see Table 1. [e] c.c.t=
AAGHIANG ! [f] At —75°C; for details see ref. [22]. [g] Determination
not possible due to extensive side reactions.

A comparison between the substituent effects of the free
activation energies (AAG%;") and the gas-phase basicity of
chloro-substituted benzenide ions (AAGZ-") unveils an amaz-
ingly good linear correlation. The AAG{'/AAG' ratios
cluster around 0.13, with one exception (see below). These
ratios monitor the carbanion character (“c.c.*”) of the proton-
losing aromatic center at the transition state of the metalation
reaction. Since organolithium compounds are believed to
retain about 40% of the electron excess found in the
counterion free (“naked”) carbanions,?? this means that at
the transition state approximately one third of the fractional
charge has been transferred from the sec-butyllithium reagent
to the emerging di- or trichlorophenyllithium species.

As a closer look reveals (Table 3), the transition state
carbanion character is not constant within the entire series but
follows a distinct trend. It attains a maximum value of 0.22
with benzene to diminish through 0.14 (1,2- and 1,4-dichloro-
benzene) to less than 0.12 (1,3,5-tri- and 1,2,4,5-tetrachloro-
benzene). In part this is an illustration of the Polanyi—Bell —
Marcus treatment of reaction profiles?-?l according to which,
within the same family of reactions, the most exoenergetic
process should have the earliest transition state. However, this
does not explain the large difference between the pairs
benzene/chlorobenzene (c.c.* 0.22) and chlorobenzene/1,2-
dichlorobenzene (c.c.* 0.14). This discrepancy calls for
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another explanation. Obviously the presence of heterosub-
stituents, regardless of how many, in the vicinity of the
reaction site causes a profound alteration of the transition
state structure and energetics.

Experimental Section

For working routine and abbreviations, see recent publications from this
laboratory.?**l The '"H NMR spectra were recorded at 400 MHz; the
samples were dissolved in deuterochloroform. All chloro-substituted
benzenes studied have been purchased (from Fluka and Aldrich, both
CH-9741 Buchs) except for 1,2,3,5-tetrachlorobenzene which was prepared
according to a literature procedure.?!l

Gas-phase acidities: The acid/base equilibration experiments were per-
formed in a homemade Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer equipped with a 1.4 T electromagnet and a cubic

inch cell. The instrument and its operation have been described previous-
ly.%32 331

In general, it took 3—4 s to establish an equilibrium between the two CH
acids, the chlorinated aromatic substrate (HA(,), the reference acid
(HA,), and the corresponding carbanions by crossover proton transfer.
The relative peak intensities of the two anions in the equilibrium
composition provided the ion-abundance ratio A7 /Ag;. To calculate the
equilibrium constant K one needed also to know the relative gas-phase
concentrations of the neutral components, that is the chloro-substituted
substrate (H—-Ag,) and the reference acid (H—A,;). These ratios resulted
from the partial pressures as read by the ionization-gauge manometer after
the appropriate correction for relative manometer sensitivities R, (Table 4;
relative to nitrogen R,=1.00). As almost no experimental values R, are
available from the literature,* the required parameters were derived from
the relationship R,=0.36 a+0.3.3*l The polarizabilities @ were taken from
the literature®! whenever possible. As the polarizabilities a are unknown
for all tri-, tetra-, and pentachlorobenzenes, the R,[calcd] values were
estimated to equal those of the dichlorobenzenes (5.39). Similarly, the
unknown R,[calcd] values of 1,3-difluorobenzene, 1,2,3-, 1,2,4-trifluoro-
benzene, and 1,2,3,5-tetrafluorobenzene were assumed to coincide with
those of their isomers.

Table 4. Calculated and experimental polarizabilities ¢/*! and manometer
sensitivities R, (relative to N,).l8

Substrate a [caled] a [exptl] R, [calcd.] R, [exptl]
C¢H;Cl 12.25 12.25 4.71 4.88
1,2-C(H,Cl, 14.15 14.17 5.39 -
1,3-C¢H,Cl, 14.15 14.23 5.39 -
1,4-C(H,Cl, 14.15 14.20 5.39 -
1,2,3-C¢H;Cl, - - 5.391 -
1,2,4-C¢H;Cl3 - - 5.390] -
1,3,5-C¢H,Cl, - - 5.3900] -
1,2,3,4-CH,Cl, - - 5.391 -
1,2,3,5-CH,Cl, - - 5.391 -
1,2,4,5-C;H,Cl, - - 5.3900] -
CsH;Cl; - - 3.8901 -
CH,F 10.13 9.86 3.95 -
1,2-CH,F, 9.89 9.80 3.89 -
1,3-C¢H,F, - - 3.8901 -
1,4-CiH,F, 9.98 9.80 3.89 -
1,2,3-C¢HsF; - - 3.88MI -
1,2,4-CH;F;5 - - 3.880 -
1,3,5-C¢H;F; 9.94 9.74 3.88 -
1,2,3,4-CcH,F, 9.97 9.69 3.89 -
1,2,3,5-C¢H,F, - - 3.8901 -
1,2,4,5-CH,F, 9.97 9.69 3.89 -
C¢HF; 10.05 9.63 3.92 -

[a] See text. [b] Estimated.
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The temperature at the ion-trapping plate opposite to the filament was
estimated as 330 K (57°C). The free deprotonation energies (AGy) of the
chloro-substituted benzenes then followed from the relative concentrations
of ions and neutrals and the known gas-phase acidities of the reference
acids (Table 5). They were converted into deprotonation enthalpies (AHy,
Table 5) in the usual wayP! by taking into account the entropy change due
to proton detachment and small possible changes in the rotational
symmetry. Sources and probable magnitudes of errors have been previously
discussed.”)

Table 5. Acid/base equilibrations performed between benzene, chloro-
benzene or oligochlorobenzenes and reference compounds in the gas
phase: deprotonation free energies (AGy) and enthalpies (AH{)
[kcalmol~!].

Benzene derivative Reference acid (AGL)H AGg AH?

CHM - - 3929 4017
CH.Cl CHF (3788)F 3786  386.6
12-C.H,Cl, 12-C.H,F, (369.7) 3687  377.1
1,3-C.H,CL, 1,3-C,H,F, (366.4) 3663 374.0
1,4-C,H,CL, 1,4-C,H,F, (372.4) 3688  377.0
1,2,3-C.H,CL, 1,2,3-C;H,F, (367.6) 3668  374.9
1,2,4-CH,CL, 1,2,4-C,H,F, (362.8) 3626 3703
1,3,5-C H,CL 1,3,5-CH,F, (361.6) 360.8  369.2
12,34-CH,Cl, 1,2,34-CHLF, (361.9) 360.1 3683
12,3,5-CH,Cl, 1,2,3,5-CJH,F, (355.6) 3554 3633
12,4,5-CH,Cl, 1,2,4,5-CJHF, (353.5) 3537 3618
CHC, C HF, (349.2) 3474 3550

[a] All reference data are taken from ref. [6] unless stated otherwise.
[b] G. E. Davico, V.M. Bierbaum, C.H. DePuy, G.B. Ellison, R.R.
Squires, J. Am. Chem. Soc. 1995, 117,2590-2599. [c] Ref. [8]. [d] S. G. Lias,
J. E. Bartmess, J. F. Liebmann, J. L. Holmes, R. D. Levin, W. G. Mallard, J.
Phys. Chem. Ref. Data Suppl. 1988, 17, 1-861 [Chem. Abstr. 1989, 111,
13265a].

Computational work: The GAMESSP program was employed to perform
the calculations with the MP2/G-311+G*//RHF/6-311+G* basis set. As
indicated by this notation, the standard 6-311 set was supplemented with
polarization functions of d-type symmetry®’! at the carbanionic center as
well as at each of the two neighboring carbon centers and a diffuse sp
orbitalP® ) was included at the carbanionic center. The temperature was
corrected to 298 K and zero-point energies were multiplied by the known
empirical factor of 0.89.4 Two 266 MHz iMac computers with a 64 Mb
RAM and a 6 Gb hard-disk capacity served as the hardware equipment.

Rate measurement: The reactivities of the various chloro-substituted
benzenes towards sec-butyllithium were compared by competition experi-
ments among themselves and including fluorobenzene and 1-fluoronaph-
thalene (Table 6). Rate ratios ky/k, were evaluated using the standard
formula.*" 1 Whenever possible, redundant data were collected. For
example, the metalation rates of all three dichlorobenzenes relative to
chlorobenzene were determined (though indirectly, using 1-fluoronaph-
thalene as a “relay compound”). In addition, the three isomers were
compared with each other in direct competition. The k{$} ratios (as listed in
Table 3), are best approximation obtained by averaging all six experimental
rate ratios (k'2/k, k'3 kO, k'4k O, k123, k2R kY3 k).

General competition protocol: A commercial solution of sec-butyllithium
(0.10 mol) was transferred in a 0.25 L Schlenk vessel. The solvent was
removed and residual volatiles were completely evaporated under reduced
pressure (<107° Torr) for 45 min at 25°C (water bath). The reagent was
dissolved in precooled (— 100 °C) tetrahydrofuran (0.10 L) and the solution
was stored at —75°C. Stock solutions of substrates Ay and By (5.0 mL
each) and the internal standard (tridecane or tert-butylbenzene, 1.0 mL),
1.0 M each in tetrahydrofuran, were mixed. A few drops of this mixture were
saved for later gas chromatographic analysis before the rest was cooled to
—100°C and added in one portion to a —100°C cold 1.0M solution of sec-
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Table 6. Relative reactivities of substrates A and B towards sec-butyllithi-
um in tetrahydrofuran at —100°C as revealed by competition experi-
ments.[?!

A B [A°] [B] [A] [BY] ABkA
C.H.Cl CHF 498 499 378 124 49
CH.Cl 1-C, H,F 499 500 401 048 106
12-CH,Cl,  CHF 499 501 089 438 0077
12-CH,Cl,  1-C H,F 498 499 125 367 022
12-CHCL,  13-CH,Cl, 502 503 252 174 15
12-CHClL,  14-CH,CL 499 501 377 268 22
12-CH,Cl,  124-CH,Cl, 502 501 424 052 14
12-CH,ClL,  135-CH,Cl, 498 501 399 102 72
13-CH,ClL,  CHGF 504 501 048 424 0071
13-CH,Cl,  1-C H,F 498 498 097 375 018
13-CH,ClL,  14-CH,Cl, 502 501 266 247 11
13-CH,ClL,  124-CH,Cl, 502 506 413 070 10
13-CH,ClL,  135-CH,Cl, 500 501 425 141 78
14-CH,.Cl, CHF 501 501 056 445 0053
14-CH,Cl,  1-CyH,F 499 500 038 380 0.1
14-CH,ClL,  124-CH,Cl, 500 499 405 105 75
14-CH,CL,  135CH.ClL, 500 500 351 091 48
124-CH,Cl,  135-CH,Cl, 503 500 269 239 083

1,2,4-C¢H,Cl,
1,2,4-C¢H,Cl,
1,3,5-C¢H;Cl;

1235-CH,Cl, 200 200 327 161 3.0
1,245-CH,Cl, 499 496 4.03 1.01 7.4
1245-CH,Cl, 500 502 4.62 257 8.5

[a] [A°] or [B°] and [A!] or [B']=amount [mmol] of substrate before (°)
and after (') the reaction. [b] Fluorobenzene and 1-fluoronaphthalene serve
as “relay acids” (see text). [c] Corrected for a 1:1 competition between
hydrogen/metal exchange (at the 5-position) and chlorine/metal exchange
(at the 2-position. [d] Corrected for a 91:5.5:3.5 competition between
hydrogen/metal exchange (at the 4-position) and chlorine/metal exchange
(at the 2- and 1-positions).

butyllithium in tetrahydrofuran (5.0 mL) which had been transferred from
the storage vessel by means of a nitrogen-purged pipet. After 45 min at
—100°C, the reaction mixture was poured on an excess of freshly crushed
dry ice. After all carbon dioxide had evaporated, a given amount of a
second “internal standard” (benzoic acid) and pentanes (25 mL) were
added. The organic layer was extracted with a 1.0M aqueous solution (3 x
10 mL) of sodium hydroxide and washed with brine (2 x 10 mL) before
being examined by gas chromatography. The peak areas of substrates A
and B relative to that of the neutral standard, before and after the
treatment with sec-butyllithium, were listed and used to calculate rate
ratios (kB/k*). The combined aqueous layers were acidified (to pH ~2)
and extracted with diethyl ether (3 x25mL). The organic phase was
treated with diazomethane in diethyl ether until the yellow color persisted.
The concentrations of the Ay and By derived esters were determined by
comparison of the their peak areas in the gas chromatograms with that of
the methyl ester of the alkali-soluble “internal standard”. Unequal detector
sensitivities for the various esters were corrected by calibration factors. In
each case it was ascertained that the consumption of substrates Ay and By
was counterbalanced by the formation of esters in corresponding quanti-
ties.

Conditions of gas chromatographic analysis: As a rule, two columns of
different polarity were used to probe the concentrations of substrates and
products. Different conditions had to be employed for the oligochloro-
benzene substrates (2m, 5% C-20M, 65—200°C; 2m, 5% Ap-L, 75—
200°C; heating rate 10°C min~') and methyl ester products (2m, 5%
C-20M, 200°C; 20 m, DB-1701, 120 — 160°C).

Authentic materials for comparison: 2-Chloro-,¥¥! 2 3-dichloro,* 2,6-di-
chloro,* 2 5-dichloro-,*¥ 2,3 4-trichloro-,1*! 2.3,6-trichloro-,1*3! 2 4.6-tri-
chloro-,4! 234 5-tetrachloro-,"1 2.3 4 6-tetrachloro-,*! 235 6-tetra-
chloro-* and penta-chloro-*" benzoic acid have all been reported in the
literature. The corresponding methyl esters are also known.[*? 3-8 Thus all
products could be identified unambiguously by comparison of their gas
chromatographic retention time with those of authentic samples.
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Dedicated to Professor Jean Normant on the occasion of his 65th birthday

Abstract: [CpCo(CO),] catalyzes the cycloisomerization of 1,n-enynes to afford

selectively five- and six-membered ring systems in high yields. The factors governing
the cyclization have been explored and we have discovered that the reaction
associates two different, but complementary, reactivities of the cobalt(l) complexes.
By a judicious choice of the substitution of the enyne, it was also possible to isolate a

cyclobutene that arises from a cobaltcyclopentene

Introduction

Transition-metal-induced cycloisomerizations of 1,n-enynes
have emerged as extremely attractive and unique tools for the
synthesis of various type of cyclic compounds in a very easy
one-pot process. Indeed, the rate accelerations provided by
catalysis expand the scope of reactions such as the Alder ene
reactions that normally require harsh conditions.'! On the
other hand, these cyclizations which generate 1,3- or 1,4-
dienes provide clean chemical processes without any wasteful
by-products. Cyclization of 1,n-enynes has been achieved with
a wide range of transition metal complexes either in a catalytic
or stoichiometric manner®® and represent a versatile ap-
proach to a variety of products by a simple manipulation of
the catalyst. Excellent reviews which have compiled differents
aspects of the advances in these cyclization reactions have
been published.!”!

Considering the mechanistic rationales of the transition-
metal-catalyzed cycloisomerization of enynes, different path-
ways can be considered depending on the reaction conditions
and on the choice of the precatalyst. Generally, the complex-
ation of the metal to an alkene or alkyne allows the activation
either of one or both moities. Depending on which unsatu-
rated bond will react first, three main mechanisms can be
proposed (Scheme 1).

The simultaneous complexation of both unsaturation bonds
(path a) leads preferentially to the metallacycle Ia. Almost all
the transition metal complexes could react to generate such
intermediates; however, their reactivity can be quite different.
[a] Prof. Dr. M. Malacria, Dr. C. Aubert, Dr. O. Buisine
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Scheme 1. Possible pathways for the cycloisomerization of 1,n-enynes.

The presence of a functional group in the allylic position
allows the formation of a m-allyl complex Ib (path b), which
could further react with the triple bond. Finally, hydridome-
tallation of the alkyne leads to the corresponding vinylmetal
Ic (path c), which is reactive enough to allow the carbome-
tallation of the olefin.

Cobalt catalyst species are particularly useful mediators for
effecting [24+2+2] cycloadditions,”®! Pauson-Khand reac-
tions,”’ homo Diels — Alder, and [4+2+2] cyclizations.'") More
recently, it has been shown that the cobalt catalysts are also
efficient in ene type reactions of w-acetylenic-3-ketoesters(!!]
and reductive carbocyclization of enedienes.!?l To our knowl-
edge, few examples of the cobalt-mediated cycloisomeriza-
tions of 1,n-enynes have been reported. Indeed, monocyclic
1,3-dienes were obtained by thermolysis of the hexacarbo-
nyldicobalt complex of 1,6- and 1,7-enynes!® and it was also
found that dicobalt octacarbonyl could catalyze a new cyclo-
isomerization reaction of 3-sila-1,7-enynes to eight-membered
cyclic dienylsilanes.'¥! In connection with our studies on
cobalt-mediated [2+2+2] cycloaddition of allenediynes,'>! we
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have disclosed a new cobalt-mediated formal Alder ene
reaction of allenynes.'®l While we focused on this reaction, we
have found that (#’-cyclopentadienyl)cobalt dicarbonyl
[CpCo(CO),] is able to induce the cyclization of 1,n-enynes
as well.l”l A mechanism involving selective cobalt allylic C—H
activation was suggested.

Here, we present the full details of the scope and the
limitations of such a new cobalt(l)-mediated cycloisomeriza-
tion and particularly the investigations into the mechanism.

Results and Discussion

In order to gain a better understanding of the factors (steric,
electronic, etc.) that govern cyclization, we checked the
influence of several important features: the length of the
carbon chain between the two unsaturated bonds, the nature
of the substituent (SiMes;, Ph, /Bu) at the triple bond, the
degree of the substitution at the allylic position, and the
substitution of the double bond. Thus, series of 1,n-enynes
which fulfil these criteria were prepared as described in the
following section.

Preparation of the 1,n-enynes: Almost all 1,n-enynes were
obtained by malonic synthesis. Double alkylation of the
sodium derivative of the dimethylmalonate with silylproparg-
yl bromide to give compound 1 and then with allyl bromide,
4-bromobut-1-ene, 5-bromopent-1-ene, and trans-crotyl bro-
mide furnished the enynes 3—6in 86 %, 98 %, 90 %, and 93 %
yields, respectively. Enynes 7—-9 were obtained by the same
procedure of double alkylations: first, with the trans-crotyl
bromide (to give 2) or methallylchloride'! and then, with the
mesylates derived from 3-phenylprop-2-yn-1-ol and 4,4-di-
methylpent-2-yn-1-o0l, generated from the alkylation of the
lithium acetylide derived from the phenyl- and fert-butylace-
tylene with para-formaldehyde in 83% and 96% yields,
respectively (Scheme 2).

The preparation of the enynes 12, and 1820, which bear
one or two substituents at the allylic position, is outlined on
Scheme 3.

Condensation of the 3,3-dimethylpent-4-enal*®l with prop-
argylic Grignard led to the alcohol 10 in quantitative yield.
After protection?® of 10, the Pd—Cu coupling reaction?!
between 11 and iodobenzene led to the formation of the
enyne 12. Alkylation of the dimethylmalonate with 3-iodo-2-
methylpropanal ethylene acetal® provided compound 13 in
80% yield. A second alkylation with silylpropargyl or
propargyl bromide followed by a formic acid hydrolysis?
gave the aldehydes 16 and 17. Wittig olefination furnished the

Abstract in French: La cycloisomerisation d’enynes Ln
catalysée par CpCo(CO), est tres efficace pour la préparation
regioselective de systemes cycliques a cing et six chainons. Les
facteurs gouvernant la cyclisation ont ete apprehendes et nous
avons mis en evidence que cette reaction mettait en jeu des
réactivites differentes, mais complementaires des complexes du
cobalt(1). Par un choix judicieux de la substitution de I’enyne, il
a eté possible d’isoler un cyclobutene resultant d’un cobaltacy-
clopentene intermeédiaire.
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Scheme 2. Preparation of 1,n-enynes 3-9. a) NaH (0.6 equiv), BrCH,C=
CSiMe;, THF, RT, 70%. b) NaH (0.66 equiv), THF, 0 °C, BrCH,CH=
CHCHj;, 76%. c) NaH (1.1 equiv), THF, 0°C, BrCH,CH=CH,, 3: 86% or
Br(CH,),CH=CH,, 4: 98% or Br(CH,);CH=CH,, 5: 90% or BrCH,CH=
CHCH;, 6: 93%. d)NaH (1.1equiv), THF, MsOCH,C=CPh or
MsOCH,C=CtBu, 7: 66%; 8: 70%; 9: 81%.

BnO

E , E — R!
1:R! = SiMe;
) — £\
E 3:n=1
b d 4:n=2}R'=SiMe;, R?=H
— E \ 5:n=3
R? 6:n=1R!=SiMes, R2= Me
2:R? =Me 7:n=1,R'=Ph )
8:n:1,R1:tBu}R:Me
E —Ph
H =
9

%HQQ

R= SlMe3 R =SiMe3 18
= 17 ’7 R=H 19
— R=Ph 20

Scheme 3. Preparation of the enynes 12, 18, and 20. a) BrtMgCH,C=CH
(1 equiv), Et,0, 0°C, quant. b) NaH (1.2 equiv), THF, cat. nBu,NI, BnBr
(1.1 equiv), quant. c) 10% [Pd(PPh;),], 15% Cul, Phl, BuNH,, RT,
benzene, 50%. d) 1. Nal, TMSCI, CH;CN, RT, HO(CH,),0H, 81%; 2.
NaH, (MeO,C),CH,, THF, 51%. ¢) 1. NaH, BrCH,C=CSiMe;, THF, RT,
14:75% or BrCH,C=CH, 15: 80%; 2. HCO,H (15 equiv), petroleum ether,
overnight, 16: quant.; 17: 60%. f) Ph;P(CH;)Br, nBuLi, THF, —78°C to
RT, 18: 75%. g) 5% Pd(OAc),, 5% Cul, 10% NEt;, PhlI (1 equiv), DMF,
20: 37% from 17.

enynes 18 and 19. The coupling®! of the latter with
iodobenzene gave enyne of 20.

Cyclization of the enynes and discussion: When the enynes
3-6 were exposed to a stoichiometric amount of [CpCo-
(CO),] in boiling xylenes under irradiation, the starting
materials were consumed after 3—-5h. This led to the
formation of six compounds: the 1,2-dimethylenecyclopen-
tanes 21 and 24, their complexed forms 22 and 25, and the (7*-
cyclopentadiene) cobalt complexes 23 and 26.?4 In contrast to
our preliminary communication,['”) we were able to isolate the
cycloadducts 27 and 28 from 3 in 62 % yield, but only if the
crude product is directly submitted to an oxidative treat-
ment! with copper(i1) chloride (Scheme 4).

Control experiments showed that enynes 3—-6 were totally
recovered in the absence of [CpCo(CO),] in boiling xylenes
with or without irradiation, indicating the crucial role of the
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SiMesz SiMes SiMes

et 1
E ——=R! , E ~ E _ E
_— + — CoCp + I CoCp
E (9, E N OF A E
RZ
n—l( 2 rrl( > n1 R2
N R RY
R!=SiMes ; R?=H, Me inseparable n=1-3
3 0% 0%
4 20% (21+22) 16% (23)
5 44% (24+25) 40% (26)
6 26% (21+22) 40% (23)
SiMe3 SiMe3
E ———SiMe3 b E a E
- +
E \ E X E
3 21% (27) 52% (28)

Scheme 4. Cyclization of the enynes 3-6. a) [CpCo(CO),], xylenes, hv, A.
b) 1. [CpCo(CO),], xylenes, hv, A; 2. CuCl, -2 H,0, MeCN.

cobalt mediator. We noticed that decreasing the power and
time of the irradiation, and the use of lower boiling solvents
had negative effects. Thus, longer reaction times were
required and, therefore, some decomposition was observed.

In addition, when the triple bond is monosubstituted (R! =
H), the cyclization led to a complex mixture of cyclohexa-
dienes and their metallated forms arising from an intermo-
lecular [242+2] cyclization. Under the conditions of the
reaction, the intermolecular complexation of two terminal
alkynes occured in competition with the intramolecular
complexation of the enyne (Scheme 5). However, by increas-

CoCp P——
\/ R H

Scheme 5. Intra- versus intermolecular complexation of the enyne.

ing the steric hindrance of the alkyne this competitive process
can be completely suppressed. Thus, in harsh conditions
(boiling xylenes) the use of disubstituted triple bonds allows
this intramolecular complexation of the enyne and the unique
course towards the ene reaction.

The assigned structure of 26 has been unambiguously
confirmed by a single-crystal X-ray analysis.['”? Thus, whatever
the length of the tether between the two unsaturated bonds,
the cyclization leads only to five-membered ring compounds.
The formation of these rings involves the isomerization of the
terminal double bond of the
starting enyne; this probably
results from the oxidative for-
mation of a cobalt #3-allyl
hydride through a C—H acti-
vation process. As far as we
are aware, such intermediates
with cobalt(l) are quite rare;
however, they have been in-
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voked to rationalize the migration of a dienic system.?%! Thus,
we anticipated that the cyclization furnished first the exo-
dienic complex and that the formation of the (3*-cyclopenta-
diene) cobalt complexes 23 and 26 could be the result of an
assisted migration of the double bonds of 22 and 25. The
cyclization of the enynes 7 and 8 contributes to the under-
standing of this proposal (Scheme 6).

R R
o 1.[CpCo(CO);]
E ——R xylenes, hv, A E = N
+
E \ 2. CuCly « 2 HO E \T E =
MeCN
R
6 SiMeg 21 26% 29  40%
7 Ph 30 77% R
8 fBu - 31 66%

Scheme 6. Cyclization of the enynes 6-8.

Indeed, the cyclization of 7, which bears a phenyl group on
the triple bond, led exclusively to the corresponding 1,2-
dimethylenecyclopentane 30 in 77 % yield, whereas 8, which
has a fert-butyl substituent on the alkyne gave the endo-dienic
system in 66 % yield. These results showed that the migration
of the double bonds is under steric control. Indeed, in all cases,
the complexed cyclopentadiene exo is the compound resulting
from the cyclization. However, when the triple bond is
substituted by a bulky group such as tBu, a strong allylic 1,3-
strain is developed and, consequently, the formation of a
cobalt 7*-allyl hydride complex A partially releases this strain
(Scheme 7). The reductive elimination of the cobalt leads to
the isomer in which one of the double bonds is in the endo-
cyclic position. The resulting s-trans diene B was never
isolated and the migration of the second double bond via a -
allyl cobalt intermediate furnished the complexed endo-cyclic
diene CpCo-31. This isomerization is probably assisted by the
metal and is a very fast process. Thus, the driving force of the
reaction is the synergy of the release of the allylic strain and
the complexation of the endo-cyclic s-cis diene with the
cobalt.

In the case of the cyclization of 7, as we already observ-
ed,[**] the strong allylic strain of the styrene moiety evidently
forces an out-of-plane rotation of the phenyl group. In
addition, in the case of a metal-complexed dienic system,
the influence of the conjugation of an aryl substituent is
without efficiency. Therefore, the strain is minimized in the
resulting system and allows the unique formation of the
complexed exo-cyclic system, which after the oxidative treat-
ment leads to the exo-diene 30 in 77 % yield. Finally, the
cycloadduct with a SiMe; group has an intermediate behavior.

Cp

CpCo

CpCo-n*- 31

Scheme 7. Isomerization of exocyclic double bonds via a n-allyl hydride complex.
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As the carbon—silicon bond is longer than a carbon-carbon
bond,?”) the silylated substituent is less hindered than the rBu
group, the allylic strain is weaker, and the cyclization afforded
a mixture of both endo- and exo-cyclic isomers.

Having speculated the existence of a m-allyl cobalt complex
in the process of the cyclization, the question concerning the
cyclizing moiety—sm-allyl cobalt versus cobaltacyclopen-
tene—was still open. Both pathways can be involved and be
competitive. The cyclization of 3 is the only one which
implicates a cobaltacyclopentene; actually, if one considers
the initial formation of the m-allyl hydride intermediate with a
syn configuration, a 6-endo-trig cyclization process is forbid-
den because it would lead to a E-cyclohexene derivative. The
competitive 4-exo-trig process is totally disfavored in view of
the formation of a highly constrained exo-methylenecyclobu-
tane derivative.

To further probe the nature of the cobalt intermediates in
this reaction, we carried out the cyclization with enyne 12
which has a disubstituted allylic position; this means that the
formation of an #3-allyl hydride is impossible. The reaction
furnished, after oxidative decomplexation, two cyclohexa-
dienes 32 and 33 (Scheme 8). The presence of the phenyl
group avoids the migration of the double bond as in the case
of 30.

1.[CpCo(CO).]
=—Ph xylenes, hiv,A BnO
O
2.CuCly + 2 H0
_ MeCN
12 52 % 32 18 %T 33
BnO BnO
34 35
Ph

——Ph
<\
9 60 %, 36
Scheme 8. Cyclization of the enynes 12 and 9.

The cyclohexadienes 32 and 33 arose from the intermediate
cobaltacyclopentene 34. S-Elimination followed by a reduc-
tive elimination allowed the formation of 32. For geometrical
reasons, f-elimination slows down and, then, the reductive
elimination is competitive affording the cyclobutene 35, which
in turn leads to 33 through an electrocyclic ring-opening
reaction; nevertheless, this remains a minor process.

To probe the viability of such a pathway in presence of a
cobalt(1) complex, we tried to cyclize the enyne 9; this yielded
only the cyclobutene 36, as a very stable cycloadduct, in 60 %
yield. In this case, f-elimination is not possible and the
reductive elimination becomes exclusive. Attempts to execute
the reaction without cobalt mediator met with failure. No
consumption of the starting material was observed even after
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72 h in heating under reflux in xylenes. To our knowledge, the
formation of such a cyclobutene from metallacyclopentene
has never been reported with cobalt. They have been already
involved, but not isolated, as intermediates in palladium-
mediated cyclizations.?]

In order to more fully explore the competition of the
different pathways, we checked the behavior of the enynes 18
and 20. Similarly to 12, two cyclohexadienes 37/38 and 39/40
were isolated in 89% and 77% yields respectively
(Scheme 9). The proportion of the cyclohexadiene resulting
from the opening of the cyclobutene is still around 20% in
each case.

R R
E E E R
E/—R a = N
—E +E tE
E’C< N
7 -

18 R = SiMe3 3 67% 38 22%

20R=Ph 39 57% 40 20% traces

Scheme 9. Cyclization of the enynes 18 and 20. a) 1. [CpCo(CO),], xylenes,
hv, A; 2. CuCl,-2H,0, MeCN.

All these compounds are derived from the cobaltacyclo-
pentene 42 which is the reactive intermediate of the cycliza-
tion (Scheme 10). No trace of the diene 43 was observed
meaning that even the m-allyl hydride complex had been
formed, it did not cyclize. Indeed, the metallo-ene reaction of
an intermediate m-allyl cobalt complex would have led to a
1,4-diene bearing a tetrasubstituted diallylic position. There-
fore, the latter could not undergo a [-elimination as the
observation of 43 would have been a proof of a mechanism via
a m-allyl cobalt complex. This result is in contrast to that
obtained for the cyclization of 4. The 1,7-enyne 4 is a poor
ligand and its isomerization to the 1,6-enyne is faster than its
cyclization. Furthermore, when the allylic position is mono-
substituted, the behavior is inverted.

We anticipated that the formation of the m-allyl complex
was prevented for steric reasons. The enyne 18 or 20 adopts a
stable chairlike conformation, in which the methyl group is in
a pseudo-equatorial position. The formation of the m-allyl
complex would shift the methyl group to the axial position,
which would in turn lead to 1,3-diaxial interactions with one of
the ester groups. Therefore, the oxidative addition leads
preferentially to the cobaltacyclopentene 42, for which the

— - R

R E Q R E
H_o— = =

= — EWCoHCp >
E
18 or 20 43
E R
H =
E CoCp e
L 4 _

Scheme 10. Favored formation of a metallacycle versus a m-allyl complex
for 18 or 20.
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formation is more favored since the methyl stays in equatorial
position.

Thus, in all cases, the cyclization proceeds via a cobaltacy-
clopentene, and we were unable to determine if an #3-allyl
hydride cobalt complex can undergo a metallo-ene reaction.
However, for steric reasons its formation is not favored in
intramolecular cyclization reactions.

Conclusion

In summary, we have shown that cobalt(l)-mediated cyclo-
isomerization of 1,n-enynes is very efficient for the selective
preparation of five- and six-membered ring systems in high
yields. We have disclosed that this cyclization associates two
different, but complementary, reactivities of the cobalt(l)
complexes. One is the formation of the m-allyl cobalt hydrides
which allow the isomerization of one double bond or more.
Thus, several 1,n-enynes are in equilibrium with the 1,6-
isomer which appears as the best ligand for the cobalt and
which can react irreversively with the metal to give a
cobaltacyclopentene. All the compounds that arise from this
intermediate have been isolated. As the resulting dienes are
very good ligands for cobalt(l) complexes, the reaction is
stoichiometric with respect to the mediator.

Besides the reactivity of these two intermediate cobalt
species, this study showed the crucial role of the complexation
of the starting material. The course of the reaction is driven by
the substitution of the triple bond and the degree of
substitution at the allylic position. Finally, this new catalysis
of the ene reaction is a further addition to the arsenal of
transition metal cycloisomerization reactions.

Experimental Section

'H NMR and *C NMR spectra were taken on 200 MHz Bruker AC200,
400 MHz Bruker ARX400 spectrometers. Chemical shifts are reported in
ppm referenced to the residual proton resonances of the solvants. Infrared
(IR) spectra were recorded by using a Perkin—Elmer 1420 spectrometer.
Mass spectra (MS) were obtained on GC-MS Hewlett-Packard HP 5971
apparatus. Thin-layer chromatography (TLC) was performed on Merck
silica gel 60F 254. Silica gel Merck Geduran SI (40—63 um) was used for
flash column chromatography by using the Still method.?*"!

General procedure for the preparation of the enynes 1-8: a)A solution of
dimethylmalonate (15.6 g, 118 mmol) in THF (150 mL) was added to a
suspension of sodium hydride (60% in oil, 3.14 g, 78 mmol) in THF
(50mL) at 0°C. After being stirred at room temperature for 1h,
silylpropargyl bromide (15 g, 78 mmol) or trans-crotyl bromide (10.53 g,
78 mmol) was added. After the solution was stirred for 1 h or overnight, the
reaction mixture was quenched by a saturated solution of NH,Cl and
extracted with diethyl ether (300 mL). The organic layer was washed with
brine, dried over MgSO,, and concentrated. Purification by distillation or
by flash chromatography (petroleum ether/ditehyl ether 80:20) led to 1 or 2
respectively.

b) The second alkylation followed the procedure given above for 1 and 2
but with the following quantities NaH (1.1 equiv); 1 or 2 (1 equiv); bromide
or mesylate (1 equiv).

Methyl 2-(3-trimethylsilylprop-2-ynyl)propanedioate (1): Yield: 133 g,
70%; '"H NMR (400 MHz, CDCL,): 6 =3.72 (s, 6H; OCH;), 3.57 (t, J=
78 Hz, 1H; HC(CO,Me)), 2.77 (d, J =78 Hz, 2H; CH,C=CTMS), 0.09 (s,
9H; Si(CHs)3); B*C NMR (100 MHz, CDCl,): 6 =168.4 (2C; CO,Me), 102.0
(C=CTMS), 872 (C=CTMS), 52.7 (2C; OMe), 51.2 (CHCO,Me), 19.2

Chem. Eur. J. 2001, 7, No. 16

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

(CH,), —0.05 (3C; TMS); IR (neat): 7 = 2950, 2170, 1750, 1735, 1430, 1250,
840 cm .

Methyl 2-allyl-2-(3-trimethylsilylprop-2-ynyl)propanedioate (3): Yield:
86%; 'H NMR (400 MHz, CDCl;): 6=5.60 (tdd, J=18.7, 10.1, 9.1 Hz,
1H; HC=CH,), 5.15 (d, J=18.7 Hz, 1H; =CH, cis), 5.10 (d, J=10.1 Hz,
1H; =CH, trans), 3.71 (s, 6H; OCH5), 2.79 (s, 2H; CH,C=C), 2.77 (d, /=
9.1 Hz, 2H; CH,CH=CH,), 0.11 (s, 9H; TMS); *C NMR (100 MHz,
CDCL): 6=170.2 (2C; CO,Me), 131.9 (CH=CH,), 119.8 (=CH,), 101.3
(C=C), 883 (C=C), 572 (C(CO,Me),), 52.7 (2C; OMe), 36.6
(CH,CH=CH,), 24.1 (CH,C=C), 0.0 (3C; TMS); IR (neat): 7¥=2170,
1740, 1640, 1430, 840 cm™'; elemental analysis calcd (%) for C,H,,0,Si: C
59.54, H 7.85; found C 59.65, H 7.88.

Methyl 2-(but-3-enyl)-2-(3-trimethylsilylprop-2-ynyl)propanedioate
(4):1%] Yield: 98%; '"H NMR (200 MHz, CDCL;):  =5.83-5.73 (m, 1H;
HC=CH,), 5.12-4.96 (m, 2H; =CH,), 3.72 (s, 6H; CO,CH5), 2.85 (s, 2H;
CH,C=C),2.16-2.12 (m,2H; CH,CH=CH,), 1.97-1.95 (m,2H; CH,CH,),
0.12 (s, 9H; TMS); C NMR (50 MHz, CDCL): 6 =170.6 (2C; CO,Me),
1374 (HC=CH,), 115.3 (C=CH,), 110.2 (C=CSi), 88.3 (C=CSi), 56.9
(C(CO,Me),), 52.7 (2C; 2 OCH3;), 31.4 (CH,), 28.4 (CH,), 24.3 (CH,C=C),
0.01 (3C; TMS); IR (neat): 7=2180, 1760, 1640 cm.

Methyl 2-(Pent-4-enyl)-2-(3-trimethylsilylprop-2-ynyl)propanedioate (5):
Yield: 90%; 'H NMR (200 MHz, CDCL): 6=5.83-5.59 (m, 1H;
HC=CH,), 5.04-4.91 (m, 2H; HC=CH,), 3.70 (s, 6H; OMe), 2.80 (s, 2H;
CH,C=C),2.10-2.04 (m,4H; CH,CH,), 1.71-1.20 (m, 2H; CH,CH=CH,),
0.12 (s, 9H; TMS); BC NMR (50 MHz, CDCL,): 6 =170.8 (2C; CO,Me),
138.0 (HC=CH,), 115.1 (HC=CH,), 110.3 (C=CSi), 89.0 (C=CSi), 57.1
(C(CO,Me),), 527 (2C; OMe), 337 (CH,), 31.6 (CH,), 242
(CH,CH=CH,), 23.2 (CH,C=C), 0.02 (3C; TMS); IR (neat): 7=2180,
1760, 1640 cm™!; elemental analysis caled (%) for C,;H,,0,Si: C 61.90, H
8.44; found C 61.73, H 8.35; MS (70 eV, EI): m/z (%): 311 (55) [M+H]", 295
(60), 251 (97) [M — C,H;0,]*, 176 (80), 147 (80), 119 (100).

Methyl 2-[(E)-but-2-enyl]-2-(3-trimethylsilylprop-2-ynyl)-propanedioate
(6): Yield: 93%; 'H NMR (400 MHz, CDCl;): 6 =5.57-539 (m, 1H;
HC=CHMe), 5.19-5.03 (m, 1H; HC=CHMe), 3.61 (s, 6 H; OMe), 2.66 (s,
2H; CH,C=C), 2.61 (d, J=4.0Hz, 2H; CH,CH=CHMe), 1.54 (d, J=
6.5 Hz, 3H, =CHMe), 0.04 (s, 9H; TMS); *C NMR (100 MHz, CDCl,):
0=170.4 (2C; CO,Me), 130.5 (CH,CH=CHMe), 124.1 (CH,CH=CHMe),
101.5 (C=CSi), 88.1 (C=CSi), 573 (C(CO,Me),), 52.6 (2C; OMe), 35.4
(CH,CH=CH), 23.9 (CH,C=C), 18.1 (CHj;), 0.0 (3C; TMS); IR (CH,CL,):
7=3040, 2170, 1730, 1430, 1240, 960, 840 cm™!; elemental analysis calcd
(%) for C;sH,,0,Si: C 60.78, H 8.16; found: C 60.84, H 8.17; MS (70 eV, EI):
miz (%): 296 (5) [M]*, 237 (40) [M — C,H;0,]*, 161 (25), 133 (100), 105
(70), 89 (35), 73 (45), 50 (50).

Methyl 2-(3-phenylprop-2-ynyl)-2-[ (E)-but-2-enyl]propanedioate  (7):
Yield: 66%; 'H NMR (400 MHz, CDCL,): 6 =7.40-737 (m, 2H; Ph),
7.31-729 (m, 3H; Ph), 5.65 (dq, J=15.3, 6.4 Hz, 1 H; =CHMe), 5.31 (dtq,
J=15.3,76,1.5Hz, 1 H; CH,CH=CHMe), 3.77 (s, 6H; OMe), 3.02 (s, 2H;
CH,C=C), 2.81 (d, J=76Hz, 2H; CH,CH=CHMe), 1.69 (dd, J=6.4,
1.5 Hz, 3H; CH,); *C NMR (100 MHz, CDCl;): 6 =170.6 (2C; CO,Me),
131.7 (2C; Ph), 130.7 (Ph), 128.3 (2C; Ph), 128.0 (HC=CH), 124.1
(HC=CH), 123.3 (Ph), 84.5 (C=CPh), 83.6 (C=CPh), 57.6 (C(CO,Me),),
52.8 (2C; OMe), 35.6 (CH,CH=CH), 23.6 (CH,C=C), 18.2 (CH;); IR
(neat): 7 =2240, 1730, 1595, 1570, 1480, 755, 690 cm~'; elemental analysis
caled (%) for CigH,,O,4: C 71.98, H 6.71; found C 71.65, H 6.37; MS (70 eV,
EI): m/z (%): 301 (5) [M+H]*, 241 (35) [M — C,H;0,]*, 225 (20), 213 (25),
181 (100), 165 (25), 145 (35), 115 (50), 77 (10).

Methyl 2-(4,4-dimethylpent-2-ynyl)-2-[ (E)-but-2-enyl]propanedioate (8):
Yield: 70 %; '"H NMR (400 MHz, CDCl;):  =5.5-5.6 (m, 1H; =CHMe),
5.2-5.3 (m, 1H; CH,CH=CHMe), 3.70 (s, 6H; OMe), 2.70 (d, J =2.0 Hz,
2H; CH,C=C),2.69 (s,2H; CH,CH=CHMe), 1.65 (d,/=5.1 Hz, 3H; Me),
1.16 (s, 9H; rBu); BC NMR (100 MHz, CDCL): 6=170.7 (2C), 130.3
(CH,CH=CHMe), 124.4 (CH,CH=CHMe), 92.3 (C=CrBu), 73.1 (C=CrBu),
577 (C(COMe),), 52.6 (2C; OMe), 35.4 (CH,), 31.2 (3C; CMe;), 274
(CMe;), 22.7 (CH,), 18.4 (=CHMe); IR (neat): 7 =2220, 1730, 1430, 1350,
1200, 970, 910 cm™!; elemental analysis caled (%) for C,sH,,0,: C 68.54, H
8.63; found C 68.65, H 8.36; MS (70 eV, EI): m/z (% ): 281 (12) [M+H]", 220
(60), 205 (90), 161 (80), 145 (100), 133 (40), 119 (50), 105 (60), 91 (40).
Methyl 2-(2-methallyl)-2-(3-phenylprop-2-ynyl)propanedioate (9): Yield:
81%; 'H NMR (400 MHz, CDCl;): 6 =740-7.28 (m, 5H; Ph), 4.96 (d, J =
1.5 Hz, 1H;=CH,), 491 (d,J=1.5 Hz, 1H;=CH,), 3.78 (s, 6H; OMe), 3.08
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(s, 2H; CH,C=C), 2.93 (s, 2H; CH,CMe=), 1.71 (s, 3H; Me); *C NMR
(100 MHz, CDCL,): 6=170.8 (2C; CO,Me), 140.0 (Ph), 131.7 (2C; Ph),
128.3 (2C; Ph), 128.1 (Ph), 116.5 (=CH,), 110.7 (CMe=CH,), 84.7 (C=CPh),
83.9 (C=CPh), 56.9 (C(CO,Me),), 52.9 (2C; OMe), 39.9 (CH,), 23.7 (CH,),
23.3 (Me); IR (neat): 7=2230, 1730, 1640, 1570, 900, 750 cm~!; elemental
analysis caled (% ) for C;sH,,04: C71.98, H 6.71; found C 71.85, H 6.74; MS
(70 eV, EI): m/z (%): 300 (2) [M]*, 240 (17), 209 (15), 181 (100), 165 (25),
115 (35), 91 (17), 77 (5).

Preparation of the enyne 12:

6,6-Dimethyloct-1-yn-7-en-4-0ol (10): 3,3-Dimethylpent-4-enal (2.24 g,
20 mmol) was added dropwise to a cooled solution (0°C) of propargyl-
magnesium bromide (25 mmol) in diethyl ether (10 mL). After stirring for
45 min, the reaction mixture was hydrolyzed with a saturated solution of
NH,CI and extracted with diethyl ether (20 mL). The organic layer was
washed with brine, dried (MgSO,), and concentrated. The crude residue
was purified by flash chromatography (petroleum ether/AcOEt 8:2) to
afford the alcohol 10 (3.21 g, quantitaive). 'H NMR (400 MHz, CDCl;):
0=>5.85 (dd, /=174, 10.5 Hz, 1H; HC=CH,), 4.96 (d, J=175Hz, 1H;
HC=CH, trans), 4.93 (d, J=10.5 Hz, 1H; HC=CH, cis), 3.80 (quint, J =
5.6 Hz, 1H; CH(OH)), 2.28 (dd, /=5.6, 2.6 Hz, 2H; CH,C=), 2.00 (t, J=
2.6 Hz,1H;=CH), 1.53 (d,/=5.6 Hz,2H; CH(OH)CH,), 1.03 (s, 6H; Me);
3C NMR (100 MHz, CDCL): 6 =148.5 (CH=CH,), 111.2 (=CH,), 81.2
(C=CH), 70.6 (C=CH), 67.7 (CH(OH)), 48.7 (CH,C=C), 36.1 (CMe,), 28.5
(Me), 279 (Me), 26.6 (CH,CMe,); IR (neat): #=3400, 3300, 3070, 2110,
1630, 1610, 1190, 900 cm .

5-Benzyloxy-3,3-dimethyloct-7-yn-1-ene (11): A solution of 10 (1.46 g,
10 mmol) in THF (10 mL) followed by benzyl bromide (1.31 mL, 11 mmol)
was added dropwise at room temperature to a suspension of NaH (60 % in
oil, 0.48 g, 12 mmol) and ammonium tetrabutyl iodide (0.37 g, 1 mmol) in
THF (10 mL). After stirring for 10 h, the reaction mixture was hydrolyzed
with saturated solution of NH,Cl and extracted with diethyl ether (30 mL).
The organic layer was washed with brine until pH 7 was reached, dried
(MgSO,), and concentrated. Purification by flash chromatography (petro-
leum ether/diethyl ether 9:1) gave the ether 11 (2.46 g, quantitative).
'"H NMR (400 MHz, CDCl;): 6 =7.55-7.32 (m, 5H; Ph), 591 (dd, /=171,
10.7 Hz, 1H; HC=CH,), 5.05 (d, /=171 Hz, 1H; HC=CH, trans) 4.94 (d,
J=10.7 Hz, 1H; HC=CH, cis), 4.6—4.4 (AB, 2H; CH,Ph), 3.60 (quint, J =
3.3 Hz, 1H; CH(OBn)), 2.51-2.43 (m, 2H; CH,C=), 2.06 (t, J=2.5 Hz,
1H;=CH), 1.8-1.7 (m, 2H; CH(OBn)CH,), 1.12 (s, 3H; Me), 1.10 (s, 3H;
Me); C NMR (100 MHz, CDCl;): 6 =148.8 (CH=CH,), 129.2 (Ph), 128.8
(2C; Ph), 128.3 (2C; Ph), 128.0 (Ph), 110.7 (=CH,), 81.8 (C=CH), 75.8
(CH(OBn)), 71.5 (PhCH,0), 70.4 (C=CH), 47.5 (CH,C=C), 36.6 (CMe,),
28.3 (Me), 27.3 (Me), 25.1 (CH,CMe,); IR (neat): #=3300, 2100, 1940,
1730, 1630, 1200, 910, 730 cm .

5-Benzyloxy-3,3-dimethyl-7-phenyloct-7-yn-1-ene (12): At room temper-
ature, under argon, copper(l) iodide (0.016 g, 0.08 mmol) and tetrakis(tri-
phenylphosphine)palladium(o) (0.063 g, 0.05 mmol) were added in one go
to a solution of 11 (0.133 g, 0.55 mmol) in benzene (3 mL) in the presence
of n-butylamine (0.27 mL, 2.7 mmol) and iodobenzene (0.23 g, 1.1 mmol).
After stirring overnight, the reaction mixture was diluted with diethyl ether
(10 mL) and hydrolyzed with saturated solution of NH,Cl (8 mL). The
organic layer was washed with a saturated solution of CuSO, (10 mL) and
brine (2 x 10 mL), dried (MgSO,), and concentrated. Purification of the
residue by flash chromatography (petroleum ether/CH,Cl, 70:30) afforded
12 (0.87 g, 50 % ). '"H NMR (400 MHz, CDCl,): 6 =7.6—7.25 (m, 10H; Ph),
6.00 (dd, J=174, 10.7Hz, 1H; HC=CH,), 5.05 (d, /J=171Hz, 1H;
HC=CH, trans) 494 (d, J=10.7 Hz, 1H; HC=CH, cis), 4.86-4.51 (AB,
2H; CH,Ph), 3.75 (tdd, /=73, 5.1, 4.7 Hz, 1H; CH(OBn)), 2.84 (dd, J=
16.7,5.1 Hz, 1H; CH,C5), 2.66 (dd, J=16.7, 73 Hz, 1H; CH,(5), 1.88 (d,
J=5.1Hz, 2H; CH(OBn)CH,), 1.21 (s, 3H; Me), 1.99 (s, 3H; Me);
BCNMR (100 MHz, CDCl;): 6 = 148.6,138.6,131.7,128.5,128.4 (2C), 128.2
(2C), 128.1 (2C), 127.7 (2C), 124.0 (2C), 110.5, 87.4, 82.3, 76.2, 71.4, 36.5,
28.1, 271, 26.0; IR (neat): 7=2220, 1940, 1740, 1630, 1590, 1090, 900,
750 cm™!; elemental analysis caled (%) for C,sH,,O: C 86.75, H 8.23; found
C 85.40, H 8.06; MS (70 eV, EI): m/z (%): 318 (2) [M]*, 235 (5), 206 (10),
159 (25), 115 (30), 91 (100), 65 (10).

Preparation of the enynes 18 and 20:

Methyl 2-(2-[1,3]dioxolan-2-ylpropyl)propanedioate (13): The preparation
followed the procedure described above for 1 with dimethylmalonate (2 g,
15 mmol), sodium hydride (60% in oil, 0.4 g, 10 mmol), and freshly
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prepared 2-(2-iodo-1-methylethyl)[1,3]dioxolanel??! (1.94 g, 8 mmol), and
furnished 13 (1.27 g, 51%). '"H NMR (400 MHz, CDCL): 6=4.7 (d, /=
41Hz, 1H; OCHO), 40-3.9 (m, 2H; CH,0), 3.9-3.8 (m, 2H; CH,0),
3.74 (s, 6 H; OMe), 3.64 (q,J = 6.6 Hz, 1H; (MeO,C),CH),2.2-2.1 (m, 1 H;
CHMe), 1.86-1.7 (m, 2H;CH,), 0.97 (d, J=6.6 Hz, 3H, Me); *C NMR
(100 MHz, CDCLy): 6 = 170.0 (CO,Me), 169.8 (CO,Me), 107.0 (OCO), 65.0
(CH,0), 649 (CH,0), 52.4 (2C; OMe), 49.6 (CH(CO,Me),), 34.7 (CH.),
30.5, 14.3 (Me); IR (CDCl;): 7#=1730, 1430, 1160, 1110 cm~".

Preparation of aldehydes 16 and 17:

a) Alkylation of 13: Dialkylated compounds 14 and 15 were prepared by
using the procedure described above for compounds 3-6.

Methyl 2-(2-[1,3]dioxolan-2-ylpropyl)-2-(3-trimethylsilylprop-2-ynyl)pro-
panedioate (14): Yield: 1.32 g, 75%; 'H NMR (400 MHz, CDClLy): 6 =
4.55 (d, J=3.5Hz, 1H; OCHO), 3.90-3.75 (m, 2H; CH,0), 3.75-3.65
(m, 2H; CH,0), 3.59 (s, 6H; OMe), 2.82-2.68 (AB, 2H; CH,C=C), 2.25
(dd, /=147, 3.0Hz, 1H; CH,CHMe), 1.82 (dd, /=147, 71 Hz, 1H;
CH,CHMe), 1.65 (m, 1H; CHMe), 0.82 (d,J=7.1 Hz, 3H, Me), 0.0 (s, 9H;
TMS); 3C NMR (100 MHz, CDCL): 6 =171.1 (CO,Me), 170.8 (CO,Me),
107.3 (OCO), 101.5 (C=CSi), 88.3 (C=CSi), 65.2 (CH,0), 65.1 (CH,0), 56.7
(C(CO,Me),), 52.7 (2C; OMe), 33.2 (CH,), 32.5 (CHMe), 24.5 (CH,C=C),
15.5 (Me), 0.0 (3C; TMS); IR (CDCl,): 7 =2170, 1730, 1260, 840 cm~".
Methyl 2-(2-[1,3]dioxolan-2-ylpropyl)-2-(prop-2-ynyl)propanedioate (15):
Yield: 2.54 g, 80 % ; '"H NMR (400 MHz, CDCl;): 6 =4.63 (m, 1H; OCHO),
3.91-3.89 (m, 2H; CH,0), 3.88-3.79 (m, 2H; CH,0), 3.68 (s, 6H; OMe),
279 (d, J=2.6Hz, 2H; CH,C=C), 2.30 (dt, /=147, 32Hz, 1H;
CH,CHMe), 198 (t, J=2.6Hz, 1H; C=CH), 1.88 (ddd, J=14.7, 7.3,
3.2 Hz, 1H; CH,CHMe), 1.76-1.70 (m, 1H; CHMe), 0.89 (d, /=73 Hz,
3H; Me); BC NMR (100 MHz, CDCL): 6=171.0 (CO,Me), 170.7
(CO,Me), 1072 (OCO), 79.0 (C=CH), 71.6 (C=CH), 65.2 (CH,0), 65.1
(CH,0), 56.4 (C(CO,Me),), 52.7 (OMe), 52.5 (OMe), 33.2 (CH,), 32.5
(CHMe), 232 (CH,C=C), 154 (Me); IR (CDCl,): v =3280, 2120, 1730,
1200, 1110 cm™.

b) Hydrolysis of 14 and 15: A solution of 14 (0.85 g, 2.3 mmol) or 15 (3.44 g,
12 mmol) and formic acid (2.5 or 6 mL, 92 or 600 mmol, 40 equiv) in
petroleum ether (10 or 60 mL) was stirred at room temperature for 2 h or
overnight. The reaction mixture was diluted with diethyl ether and
neutralized by the addition of anhydrous K,COj;. The organic layer was
washed with brine, dried over MgSO,, and concentrated. Purification by
flash chromatography (petroleum ether/AcOEt 90:10) afforded 16
(0.765 g, quantitative) or 17 (1.7 g, 60 % ).

Methyl 2-(2-methyl-3-oxo-propanyl)-2-(3-trimethylsilylprop-2-ynyl)propa-
nedioate (16): 'H NMR (400 MHz, CDCl;): 6=9.46 (d, /=18 Hz, 1H;
CHO), 3.66 (s, 6H; OMe), 2.93 (s, 2H; CH,C=C), 2.80-2.40 (m, 2H;
CH,CHMe + CHMe), 1.95 (dd, J=14.0, 3.2 Hz, 1H; CH,CHMe), 1.06 (d,
J=175Hz, 3H; Me), 0.07 (s, 9H; TMS); C NMR (100 MHz, CDCL;): 6 =
203.2 (CHO), 170.2 (2C; CO,Me), 101.5 (C=CSi), 89.5 (C=CSi), 52.9 (2C;
OMe), 42.4 (C(CO,Me),), 42.1 (CHMe) 33.1 (CH,), 25.2 (CH,C=C), 15.5
(Me), 0.0 (3C; TMS); IR (CDCly): 7=2830, 2225, 1730, 1430, 1250,
840 cm".

Methyl 2-(2-methyl-3-oxopropanyl)-2-(prop-2-ynyl)propanedioate (17):
'"H NMR (400 MHz, CDCL): 6=9.49 (d, J=1.5 Hz, 1H; CHO), 3.70 (s,
3H; OMe), 3.69 (s, 3H; OMe), 2.79-2.85 (ABX, J=15Hz, 2H;
CH,C=C),2.55-2.65 (ABX, 2H; CH,CHMe), 2.45-2.55 (m, 1 H; CHMe),
1.95-2.05 (m, 1H; C=CH), 1.10 (d, J=712Hz, 3H; Me); C NMR
(100 MHz, CDCl;): 6 =202.8 (CHO), 170.1 (CO,Me), 170.0 (CO,Me), 78.1
(C=CH), 71.9 (C=CH), 55.6 (C(CO,Me),), 52.6 (2C, OMe), 42.1 (CHMe),
32.6 (CH,), 20.7 (CH,C=C), 15.1 (Me); IR (neat): #=3280, 2250, 1730,
1430, 1280, 1200, 910, 730 cm~".

Methyl  2-(2-methylbut-3-enyl)-2-(3-trimethylsilylprop-2-ynyl)propane-
dioate (18): A solution of n-BuLi (2.1m, 1.2 mL, 2.5 mmol) in hexanes
was added dropwise to a cooled (—78°C) solution of methylphosphonium
bromide (0.893 g, 2.5 mmol) in THF (10 mL) and the mixture was allowed
to warm to room temperature. After being cooled again to —78°C, a
solution of aldehyde 16 (0.72 g, 2.3 mmol) in THF (20 mL) was added. The
reaction mixture was stirred for 30 min at —78°C and at room temperature
overnight. The reaction mixture was partitioned between CH,Cl, and
saturated solution of NH,Cl. The organic layer was washed with brine,
dried over MgSO,, and concentrated. The crude residue was filtered on
Celite, washed with diethyl ether, and then purified by flash chromatog-
raphy (petroleum ether/diethyl ether 70:30) to afford 18 (0.534 g, 75%).
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'H NMR (200 MHz, CDCL,): 6 =4.84 (dd, J =16.5, 1.2 Hz, 1 H; =CH, cis),
4.76 (dd, /=9.9, 1.2 Hz, 1H; =CH, trans), 4.48 (ddd, J=16.5, 9.9, 1.9 Hz,
1H; HC=CH,), 3.62 (s, 3H; OMe), 3.56 (s, 3H; OMe), 3.00-2.62 (AB, 2 H;
CH,C=C), 2.11-1.90 (m, 3H; CH,CH), 0.92 (d, J = 6.2 Hz, 3H; Me), 0.04
(s, 9H; TMS); “C NMR (50 MHz, CDCL): 6 =170.8 (CO,Me), 170.5
(CO,Me), 143.4 (CH=CH,), 113.5 (=CH,), 101.6 (C=CSi), 88.3 (C=CSi),
56.4 (C(CO,Me),), 52.7 (OMe), 52.4 (OMe), 38.0 (CH,), 34.4 (CHMe), 24.2
(CH,C=C), 22.6 (Me), 0.0 (3C; TMS); IR (CDCL,): #=2230, 1730, 1640,
1235, 840 cm™!; elemental analysis caled (%) for C;sH,,0,Si: C 61.90, H
8.44; found C 62.15, H8.39; MS (70 eV, EI): m/z (%): 311 (2) [M+H]*, 251
(20)[M — G,H;0,]*, 227 (40), 147 (100), 119 (60), 89 (42), 73 (150), 60 (30).

Methyl 2-(2-methylbut-3-enyl)-2-(3-phenylprop-2-ynyl)propanedioate
(20): NEt; (5mL, 38 mmol), copper(l) iodide (38 mg, 0.2 mmol), and
iodobenzene were successively added to a solution of the alkyne 19
(0.915 g, 3.8 mmol) [prepared following the procedure described for 18 and
engaged directly in the next step] in DMF (15 mL). Then, Pd(OAc),
(42 mg, 0.2 mmol) and PPh; (0.105 g, 0.4 mmol) were simultenously added.
The resulting red solution was stirred for 5h at room temperature. The
mixture was diluted with diethyl ether, washed with saturated solution of
NH,CI and brine, dried, and concentrated. Purification by flash chroma-
tography (petroleum ether/diethyl ether 90:10) furnished 20 (0.445 g,
37%). 'H NMR (200 MHz, CDCl,): 6 =7.2-74 (m, 5H; Ph), 5.58 (m, 1 H;
HC=CH,), 4.94 (d, J=171 Hz, 1H; =CH, cis), 4.85 (dd, J=10.8, 2.8 Hz,
1H;=CH, trans), 3.72 (s, 3H; OMe), 3.67 (s, 3H; OMe), 2.9-3.2 (AB, 2H;
CH,C=C), 2.1-2.4 (m, 1H; CHMe), 2.20 (s, 2H; CH,CH), 1.02 (d, J=
6.2 Hz, 3H; Me); C NMR (50 MHz, CDCl,): 6 =170.9 (CO,Me), 170.7
(CO,Me), 143.4 (CH=CH,), 131.7 (Ph), 1282 (2C; Ph), 128.0 (2C; Ph),
123.3 (Ph), 113.6 (=CH,), 84.5 (C=CPh), 83.6 (C=CPh), 56.6 (C(CO,Me),),
52.8 (OMe), 52.2 (OMe), 38.2 (CH,), 34.5 (CHMe), 23.8 (CH,C=C), 22.7
(Me); IR (neat): 7=2220, 1740, 1640, 1690, 1480, 1430, 1280, 1200, 910,
740 cm™'; elemental analysis calcd (% ) for C;4H,,0,: C 72.59, H 7.05; found
C72.83, H 6.74.

General procedure for the cyclization of the enynes: [CpCo(CO),] (125 uL,
1 mmol) was added to a solution of the enyne (1 mmol) heated under reflux
in xylenes (20 mL), which were first degassed by three freeze-pump-thaw
cycles, and was irradiated (light from a projector lamp; ELW 300 W, 80 %
of its power). The reaction was monitored by TLC, and after completion
the solvent was removed by vacuum transfer. The residue was purified by
flash chromatography to afford the cycloadducts. In the majority cases, the
exocycloadducts were too unstable to run a *C NMR spectrum.

General procedure for the cyclization of the enynes followed by oxidative
treatment: The cyclization was carried out following the preceeding
description. The residue was diluted with acetonitrile (10 mL) and CuCl, -
2H,0 (1 equiv) was added. After being vigorously stirred for 30 min at
room temperature, the mixture was purified by flash chromatography
without concentration to afford the cycloadducts.

Methyl 3-ethylidene-4-trimethylsilylmethylenecyclopentan-1,1-dicarbox-
ylate (21): Yield: 51 mg, 17% from 6; 'H NMR (400 MHz, CiDy): 6 =
5.98 (s, 1H; =CHSi), 5.34 (q, J=6.9Hz, 1 H; =CHMe), 3.44 (s, 6H; OMe),
1.99 (s, 2H; CH,), 1.64 (s, 2H; CH,), 1.63 (d, /=6.9 Hz, 3H; Me), 0.12 (s,
9H; TMS).

n*(Methyl 3-ethylidene-4-trimethylsilylethylenecyclopentan-1,1-dicarbox-
ylate)-n3-cyclopentadienyl cobalt@ (22): Yield: 36 mg, 9% from 6;
'H NMR (400 MHz, C;D¢): 6 =4.63 (s, 5H; Cp), 3.64 (s, 3H; OMe), 3.32
(s, 3H; OMe), 2.93-2.30 (m, 4H; CH,+ HC=CC=CH ), 1.60 (AB, 2H;
CH,), 0.55 (s, 3H; Me), 0.29 (s, 9H; TMS).

n*-(Methyl 3-ethyl-4-trimethylsilylmethylcyclopenta-2,4-dien-1,1-dicarb-
oxylate)-n5-cyclopentadienyl cobalt(® (23): Yield: 168 mg, 40% from 6;
"H NMR (400 MHz, CsDy): 6 =4.52 (s, 5H; Cp), 3.56 (s, 3H; OMe), 3.10 (s,
3H; OMe),2.95(d,/=2Hz,1H;=CH),2.92 (d,/ =2 Hz, 1H;=CH), 2.44
(m, 2H; CH,Me), 2.14 (d, J=142 Hz, 1H; CH,Si), 1.22 (d, /=142 Hz,
1H; CH,Si), 0.93 (t, /=76 Hz, 3H; Me), 0.08 (s, 9H; TMS); *C NMR
(100 MHz, C4Dg): 6 =168.9 (CO,Me), 166.9 (CO,Me), 97.2 (HC=C), 94.2
(HC=C), 80.6 (5C; Cp), 67.7 (C(CO,Me),), 51.4 (OMe), 51.0 (OMe), 40.7
(HC=),37.3 (HC=), 21.3 (CH,), 19.5 (CH,), 13.3 (Me), — 1.6 (3C; TMS); IR
(neat): 7 =3040, 1725, 1430, 1240, 850 cm".

Compound 24: Yield: 22%; '"H NMR (400 MHz, C¢Dy): 6 =5.87 (s, 1H;
=CHSi),5.23 (m, 1H;=CH), 3.34 (s, 6H; OMe), 2.90-2.42 (m, 6 H; 3 CH,),
1.23 (t, /=72 Hz, 3H; Me), 0.00 (s, 9H; TMS).
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Compound 25: Yield: 22%; 'H NMR (400 MHz, C,D¢): 6 =4.55 (s, 5H;
Cp), 3.55 (s, 3H; OMe), 3.20 (s, 3H; OMe), 2.90-2.42 (m, 6 H; =CHSI,
=CH, CH,, CH,), 1.43 (AB, 2H; CH,), 0.98 (t, J = 7.2 Hz, 3H; Me), 0.19 (s,
9H; TMS).

Compound 26: Yield: 40%; 'H NMR (400 MHz, C(Dy): d =4.55 (s, 5H;
Cp), 3.57 (s, 3H; OMe), 3.13 (s, 3H; OMe), 3.01 (AB, 2H; HC=CC=CH),
2.64-2.28 (m, 2H; =CCH,CH,), 2.20 (d, /=14.1 Hz, 1H; CH,Si), 1.52—
1.35 (m, 2H; =CCH,CH,), 128 (d, J=14.1 Hz, 1H; CH,Si), 0.95 (t, J=
73 Hz, 3H; Me), 0.12 (s, 9H; TMS); C NMR (50 MHz, C,Dy): 6 =168.7
(CO,Me), 166.8 (CO,Me), 95.5 (HC=C), 94.3 (HC=C), 80.7 (5C; Cp), 67.7
(C(COMe),), 51.4 (OMe), 50.9 (OMe), 40.5 (HC=), 383 (HC=), 22.9
(CH,), 19.3 (CH,), 14.4 (Me), — 1.6 (3C; TMS).

Methyl 3-ethylidene-4-trimethylsilylmethylenecyclopentan-1,1-dicarbox-
ylate (27): The spectral data were in agreement with those described in
the literature.”!

Methyl 3-methyl-4-trimethylsilylmethylcyclopenta-2,4-dien-1,1-dicarbox-
ylate (28): Yield: 52%. 'H NMR (400 MHz, CDCL): 6 =6.07 (s, 1H;
=CH), 5.86 (s, 1H), 3.72 (s, 6H; OMe), 1.90 (s, 3H; Me), 1.76 (s, 2H;
CH,Si), 0.04 (s, 9H; TMS); C NMR (50 MHz, CDClL;): 6 =168.8 (2C;
CO,Me), 148.4 (HC=C), 146.9 (HC=C), 1274 (=CH), 124.0 (=CH), 52.7
(2C; OMe), 70.1 (C(CO,Me),), 17.7 (CH,Si), 14.1 (Me), —1.7 (3C; TMS);
IR (CDCl): 7=1720, 1620, 1560, 1430, 840 cm ™.

Methyl  3-ethyl-4-trimethylsilylmethylcyclopenta-2,4-dien-1,1-dicarbox-
ylate (29): Yield: 40%; 'H NMR (400 MHz, CDClL): 6=6.01 (d, /=
2.0 Hz, 1H; HC=CCH,Me), 5.85 (s, 1H; HC=), 3.69 (s, 6H; OMe), 2.17
(dq,J =76 Hz,2.0 Hz, 2H; CH,Me), 1.72 (s, 2H; CH,Si), 1.15 (t,/ =7.6 Hz,
3H; Me), 0.00 (s, 9H; TMS); C NMR (100 MHz, CDCl;): 6 =170.6 (2C;
CO,Me), 154.6 (HC=C), 149.8 (HC=C), 126.9 (=CH), 125.7 (=CH), 71.8
(C(CO,Me),), 54.3 (2C; OMe), 22.9 (CH,Me), 19.1 (CH,Si), 13.4 (Me), 0.0
(3C; TMS); IR (neat): #=1725, 1245, 1430, 850 cm!; elemental analysis
caled (%) for CsH,,0,Si: C 60.77, H 8.16; found C 60.71, H 7.95.

Methyl 4-ethylidene-3-phenylmethylidenecyclopentan-1,1-dicarboxylate
(30): Yield: 231 mg, 77%; 'H NMR (400 MHz, CDCL,): 6 =75-72 (m,
SH; Ph), 6.67 (d, J=2.0 Hz, 1H; =CHPh), 5.97 (dq, /=71, 2.0 Hz, 1H;
=CHMe), 3.26 (s, 2H; CH,), 3.63 (s, 6H; OMe), 2.95 (s,2H; CH,), 1.71 (d,
J=71Hz,3H;Me); C NMR (100 MHz, CDCL,): 6 =172.3 (2C; CO,Me),
139.2 (1C), 138.6 (1C), 138.0 (1C), 129.1 (2C; Ph), 128.9 (2C; Ph), 126.8
(Ph), 119.3 (=CH), 116.3 (=CH), 58.6 (C(CO,Me),), 53.3 (2C; OMe), 40.1
(CH,), 373 (CH,), 15.4 (Me); IR (neat): v=1740, 1590, 1490, 1060, 790,
730 cm™!; elemental analysis calcd (% ) for C,sH,,0,4: C 71.98, H 6.71; found
C71.74, H 6.45.

Methyl 4-ethyl-3-(2,2-dimethylpropanyl)cyclopenta-2,4-dien-1,1-dicarbox-
ylate (31): Yield: 194 mg, 66 %; 'H NMR (200 MHz, CDCl,): 0 =6.67 (s,
6H; OMe), 6.04 (d, /=22 Hz, 1H; =CH), 5.96 (dt, /=22, 2.0 Hz, 1H;
HC=CCH,Me), 2.18 (dq, /=73, 20Hz, 2H; CH,Me), 2.09 (s, 2H;
CH,/Bu), 1.08 (t, J=73Hz, 3H; Me), 0.86 (s, 9H; Bu); *C NMR
(50 MHz, CDCl;): 6 =168.7 (2C; CO,Me), 153.7 (HC=C), 148.2 (HC=C),
129.8 (=CH), 124.9 (=CH), 704 (C(CO,Me),), 52.9 (2C; OMe), 40.1
(CH,Bu), 29.6 (3C;CMe;), 31.9; (CMes), 21.5 (CH,Me), 12.0 (Me); IR
(CH,CL,): 7=3050, 1730, 1670, 1220, 830 cm™!; elemental analysis calcd
(%) for C;sH,,0,: C 68.54, H 8.63; found C 68.49, H 8.59; MS (70 eV, EI):
mlz (%): 280 (10) [M]*, 265 (20), 220 (40), 205 (100), 161 (55), 145 (75,119
(25), 105 (25).

Compounds 32 and 33: Obtained as a mixture 224 mg, (32/33 75:25); Data
for 32: Yield: 52 %; 'H NMR (400 MHz, CDCl;): 6 =73-7.1 (m, 10H; Ph),
6.21 (s, 1 H; =CHPh), 4.80 (d, J=1.0 Hz, 1H; =CH,), 4.73 (s, 1 H; =CH,),
4.5-4.4 (AB, 2H; OCH,Ph), 3.75-3.65 (m, 1H; HCOBn), 2.74 (ddd, J =
12.2, 4.1, 2.0 Hz, 1H; CH,C=CHPh eq), 2.18 (dd, J=12.2, 10.1 Hz, 1H;
CH,C=CHPh ax), 1.89 (ddd, /=127, 4.1, 2.0 Hz, 1H; CH,CMe, eq), 1.49
(dd,J=12.7,11.1 Hz, 1H; CH,CMe, ax), 1.17 (s, 3H; Me), 1.11 (s, 3H; Me);
3C NMR (100 MHz, CDCl;): 6 =151.5 (C=CH,), 138.5, 137.8, 136.3, 131.4
(2C; Ph), 127.5 (2C; Ph), 127.3 (2C; Ph), 126.8 (2C; Ph), 126.5, 125.4,125.2,
109.1 (=CH,), 73.7 (CHOBn), 69.3 (OCH,Ph), 46.2, 44.4,36.5 (CMe,), 27.4
(Me), 26.4 (Me); Data for 33: Yield: 18 %; 'H NMR (400 MHz, CDCl;):
0=71-173 (m, 10H; Ph), 6.49 (s, 1H; =CH), 4.95 (s, 1 H; =CH,), 4.73 (s,
1H;=CH,), 43-4.4 (AB, 2H; CH,Ph), 3.55-3.65 (m, 1 H; CHOBn), 3.27
(ddd,J=10.2,6.6,2.0 Hz, 1H; CH,C =eq.), 2.06 (dd,J=10.7,10.2 Hz, 1 H;
CH,C=ax), 1.86 (ddd, J=12.7,4.1, 2.0 Hz, 1H; CH,CMe,eq), 1.40 (dd, J =
12.7, 11.1 Hz, 1H; CH,CMe, ax), 1.18 (s, 3H; Me), 1.16 (s, 3H; Me); IR
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(32433, CDCl,): 7=1950, 1880, 1800, 1700, 1620, 1590, 1250, 1200, 860,
800 cm~L.

Methyl  5-methyl-7-phenylbicyclo[3.2.0]hept-1(7)-ene-3,3-dicarboxylate
(36): Yield: 181 mg, 60 %; 'H NMR (400 MHz, CDCl;): d =7.50-7.31 (m,
SH; Ph), 3.83-3.28 (AB, 2H; =CCH,C), 3.83 (s, 3H; OMe), 3.66 (s, 3H;
OMe), 2.65 (s, 2H; CH,), 2.66-2.28 (AB, 2H; CH,), 1.22 (s, 3H; Me);
3C NMR (100 MHz, CDCL): 6 =182.0 (C=CPh), 172.4 (CO,Me), 171.8
(CO,Me), 134.3 (C=CPh), 130.8 (Ph), 128.8 (2C; Ph), 128.5 (2C; Ph), 128.4
(Ph), 60.7 (CMe), 53.5 (OMe), 53.4 (OMe), 52.5 (=CCH,CMe), 48.0
(C(CO,Me),), 44.6 (CH,), 34.8 (CH,), 26.9 (Me); IR (CH,CL,): #=1730,
1650, 1480, 1430, 1240, 1020, 860 cm™!'; elemental analysis calced (%) for
CsH,0,: C 71.98, H 6.71; found C 72.14, H 6.92.

Compound 37: Yield: 67 %; 'H NMR (400 MHz, CDCL;): 6 =5.62 (d, J =
2.0Hz, 1H), 5.05 (s, 1H), 4.68 (s, 1H), 3.75 (s, 3H; OMe), 3.74 (s, 3H;
OMe), 3.22 (dd, J=14.0, 2.0 Hz, 1H), 2.60 (dd, /=14.0, 2.0 Hz, 1H), 2.5—
2.3 (m, 2H;), 1.59 (m, 1H;), 1.11 (d, J=6.0 Hz, 3H; Me), 0.15 (s, 9H;
TMS); *C NMR (100 MHz, CDCL;): 6 =172.0 (CO,Me), 171.1 (CO,Me),
155.1, 153.0, 126.1, 1074, 55.6, 52.8
(OMe), 52.5 (OMe), 39.4, 377, 33.0,
18.4,0.0 (3C; TMS); IR (CH,CL): 7=

C

Heg SiMes 1730, 1650, 1480, 1430, 1240, 1020,
E 860 cm™!; NOE experiments were
E Z""H ) used for the assignment of the 1,3-
. _H NOE diene moiety and the configuration of
! the double bond (Figure 1).

Compound 38: Yield: 'H NMR
(400 MHz, CDCL,): 6 =557 (s, 1H),
5.07 (s, 1H), 5.00 (s, 1H), 3.73 (s, 6H),
254-237 (m, 2H), 172 (t, J=
140Hz, 1H), 19-1.67 (AB, 2H),
1.16 (d, J=6.0 Hz, 3H), 0.00 (s, 9H); *C NMR (100 MHz, CDCL,): 6 =
172.3 (2C), 138.9, 135.2, 119.5, 109.8, 55.4, 52.8, 52.7, 37.7, 31.6, 23.8,18.9,
~1.0 (30).

Compounds 39 and 40: Obtained as an inseparable mixture (39/40 74:26);
Data for 39: 'H NMR (400 MHz, CDCL): 6 =6.27 (d, J=1.0Hz, 1H;
=CHPh), 4.83 (s, 1H; =CH,), 4.79 (d, J = 1.3 Hz, 1 H; =CH,), 3.76 (s, 3H;
OMe), 3.74 (s, 3H; OMe), 2.90 (ABX, J=13.1, 2.3 Hz, 2H), 2.20 (dd, J =
18.7, 2.2 Hz, 1H), 1.09 (d, J=6.5 Hz, 3H); *C NMR (100 MHz, CDCL):
0=1719 (CO,Me), 171.0 (CO,Me), 149.4 (C=), 139.0 (C=), 1375 (C=),
129.1 (2C; Ph), 128.9 (2C; Ph), 126.5 (=CH), 126.0 (=CH), 109.7 (=CH,),
57.0 (C(CO,Me),), 52.7 (OMe), 52.4 (OMe), 43.5 (CH,), 39.6 (CH,), 35.0
(CHMe), 18.1 (Me). Data for 40: '"H NMR (400 MHz, CDCl,): character-
istic chemical shifts 6 =6.64 (d, J=1.7 Hz, 1H), 5.12 (s, 1H), 4.79 (d, /=
1.3 Hz, 1H), 3.74 (s, 3H; OMe), 3.56 (s, 3H; OMe), 1.13 (d,/=6.3 Hz, 3H;
Me); IR (39 +40, CDCl;): #=1730, 1690, 1640, 1490, 1440, 1430, 1250,
1030 cm~.

Figure 1. NOE contacts ob-
served for 37.
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Polymer Solutions
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Abstract: BaSO, fibres with morpho-
logical complexity were formed in aque-
ous solution with polyacrylate and par-
tially monophosphonated poly(ethyle-
neoxide)-block-poly(methacrylic acid)
additives by a simple precipitation reac-
tion. For polyacrylate, formation of the
fibrous deposits was strongly dependent
on the level of supersaturation (S) and

low. The nanofilaments were also organ-
ized into cone-shaped aggregates at S =
80, and at lower R values these formed
higher-order structures that consisted of
multiple cone-on-cone assemblies with
remarkable self-similarity. Increasing
the supersaturation produced ovoid or
cross-shaped dendritic particles for the
range of molar ratios studied. In con-

trast, BaSO, crystallisation in the pres-
ence of a partially phosphonated block
copolymer gave a high yield of BaSO,
fibres up to 100 um in length, and
consisting of co-aligned bundles of
30 nm-diameter defect-free single-crys-
tal nanofilaments with a uniform growth
tip. A model for the defect-free growth
of BaSO, nanofilaments in aqueous

Ba?*:polymer molar ratio (R). At S =60
to 80, and R =3 to 14, highly anisotropic
crystalline fibres consisting of bundles of
BaSO, nanofilaments were formed after

. polymers
several weeks, although the yield was

Introduction

Recently, much effort has been devoted to the controlled
synthesis of one-dimensional nanostructured materials, such
as nanofibres (nanowires or nanorods) and nanotubes, due to
their fundamental and technological importance.'> Al-
though many effective methods have been developed to
prepare nanowires or nanorods of a variety of inorganic
materials including semiconductors,!'> %8 metals,*'!l metal
oxides!?l and hydroxides,'*! the facile synthesis of inorganic
nanofibres in aqueous solutions at room temperature remains
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polymer solutions based on amorphous
precursor particles, vectorially directing
forces and van der Waals attraction is
proposed.

barium -

synthetically challenging. Specifically, reverse micelles and
microemulsions have been successfully used as organised
reaction microenvironments for the controlled synthesis of
copper nanorods,' 14 or BaSO,,"”] BaCO,!!% and CaSO,'"]
nanowires at room temperature. However, there are few
reports on the preparation of inorganic nanofibres by using
organic templates or additives in aqueous solution at room
temperature; an example being the preparation of Au nano-
rods by using rodlike cationic surfactant micelles as tem-
plates.[!s 1]

Interestingly, BaSO, nanofibres were already observed in
aqueous polymer solutions by Brase in 1990,2% by using
copolymers containing polyacrylate and polyvinyl sulfonate
domains. Brase pointed out that for fibre formation, the
polymer must have a high percentage of carboxy groups, the
BaSO, concentration must be sufficiently high (> 0.4 mm)
and the concentration of Ba’** ions must be similar to the
concentration of polymer subunits. A similar study was
undertaken by Benton, Collins and co-workers in 1993,21
but using polymaleate-based macromolecules. They produced
BaSO, nanofibres by the rapid mixing of brine solutions
containing Ba?>* and SO,*~ ions at 95°C using a copolymer
with a high content of maleic acid as a crystal growth modifier,
and found that the size and arrangement of the fibres
depended on the solution pH. Specifically, fibres grown at
pH 6 were similar to the fibres observed by Brase and were
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found to be single crystals elongated along the [001] axis. In
contrast, fibres grown at pH 5 were smaller in length and were
arranged into hollow, cone-like structures (diameter 5-
20 pm); moreover, the basal edges of the cones were revealed
to be fractal, with smaller cones attached to the edges of the
larger cones.

Recently, it has been shown that so-called double-hydro-
philic block copolymersi?> 2! can act as effective crystal
growth modifiers and exert a strong influence on the external
morphology and/or crystalline structure of particles of a
variety of inorganic materials such as calcium carbonate,?*20
calcium phosphate,?”! and barium sulfate.l?$ 21 Specifically, we
have demonstrated that pure, well-defined bundles of BaSO,
nanofibres can be produced in the presence of the phospho-
nated copolymer PEG-b-PMAA-PO;H, by a double-jet
precipitation process at room temperature. However, the
growth mechanism of the bundles of nanofibres remains to be
elucidated.?” It is worth noting that BaSO, nanofibres have
also been synthesised in reverse microemulsions formulated
with the anionic surfactant sodium bis(2-ethyhexyl)sulfosuc-
cinate (Aerosol OT, AOT).['] A mechanism for the formation
of the BaSO, nanofibres in the microemulsion media was
proposed in which the primary surfactant—nanoparticle
aggregates were specifically formed by a self-terminating
process and evolved into the fibrous structures through
structural reconstruction.*"}

Herein, we describe the formation of a variety of complex
BaSO, morphologies, such as bundled fibres, brush-like and
cone-shaped structures, and unusual “cone-on-cone” assem-
blies, in aqueous polyacrylate solutions at room temperature.
In each case, the structures consist of co-aligned or divergent
arrays of BaSO, nanofilaments. We also describe a high-yield
preparation of BaSO, bundled fibres in the presence of a
phosphonated block copolymer PEG-b-PMAA-PO;H,. The
nanofilaments are produced by transformation of amorphous
nanoparticles that are present in colloidal aggregates, and
which deposit on foreign substrates or surfaces of the reaction
vessel. Heterogeneous nucleation and growth process into
solution then gives rise to the high anisotropy of the bundled
fibres or the divergent cone-shaped structures.

Results and Discussion

BaSO, crystallisation in the presence of sodium polyacrylate:
Precipitation experiments, performed at 0.11 and 0.53mm
sodium polyacrylate ([BaSO,] =1.0 or 1.5mwm, and 1.5, 2.0 or
2.5mmM, respectively) produced high aspect ratio fibres, 1-
30um and 10-100pm in width and length, respectively. In
contrast, cross-shaped dendritic crystals were observed in the
absence of the polymer. The fibres, which were shown by
elemental analysis (EDXA) and electron diffraction analysis
to be crystalline barium sulfate (barite) (data not shown),
were only identified in scanning electron micrographs in
significant numbers after one week so experiments were often
left unstirred for two to three weeks. Only non-fibrous crystals
(ovoids and cross-shaped dendrites) were observed up to 24 h
after mixing the reagents. Optical microscopy of samples
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examined after several weeks indicated that about 10 % of the
BaSO, particles were in the form of fibres.

A clear transition from fibrous to non-fibrous particles was
observed with increasing concentration (supersaturation) of
barium sulfate (Figure 1). The corresponding morphological

10T

Fibres
+
non fibres

[poly-ac]
mM

[BaSO4] mM

Figure 1. Precipitation diagram for fibrous and non-fibrous particles
according to reference [32].

characteristics of the fibrous and non-fibrous forms are
summarised in Table 1. The former was present in three
distinct morphological types. Firstly, at S=60 to 80, and a
Ba?*:polymer molar ratio between 3:1 to 14:1, closely packed,
brush-like aggregates of crystalline fibres were produced
(Figure 2a).

The strands, which were typically curved along their long
axes, were often attached at one end to irregularly shaped
particles and when agitated in solution displayed considerable
freedom of movement. In many cases, the brush-like struc-
tures appeared to have nucleated against a flat surface such as
the glass walls of the container (Figures 2a and b), indicating a
heterogeneous nucleation and growth process. Higher mag-
nification scanning electron miscroscopy (SEM) images
indicated that the individual fibres in the brush-like structures
were subdivided into densely packed BaSO, nanofilaments
(Figure 2¢). This was confirmed by transmission electron
microscopy (TEM) analysis, which showed that the nanofila-
ments were about 50 nm in width, attached parallel to one
another, and continuous along the entire length of the fibres.
Significantly, single-crystal electron diffraction patterns were
obtained from the nanofilament bundles (Figure 2d), indicat-
ing that the nanofilaments in each fibre were crystallograph-
ically coherent. Moreover, the electron diffraction patterns
showed that the fibres were predominantly aligned along their
[010] axis (Figure 2d, inset).

A second morphological type in the form of cone-shaped
aggregates (Figure 3) of BaSO, nanofilaments was also
observed along with the brush-like structures at S =80, but
not S=60. The cones consisted of a divergent array of
nanofilaments, arranged radially to form a coherent outer wall
and porous internal microstructure with concentric ring-like
patterns. Most of the cones were open-ended although a few
were sealed with a smooth flat end face.

Increasing the concentration of polymer to 0.53 mm at S=
80 produced higher order structures that consisted of multiple
cone-on-cone assemblies with remarkable self-similarity (Fig-
ure 4). The multiple cones were attached on average to one
cone above and one below. Each cone was hollow, and
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Table 1. Physical characteristics of particles formed in the presence of sodium polyacrylate (M, = 5100 gmol~'). The data is based on optical and scanning-
electron microscope observations. The exception being the fibres in sample 7, which were measured by TEM.

Sample [Acrylate], [BaSO,] S Particle shape Particle size Yield
mM mM
1 0 1.0 60 cross-shaped dendrites 20 um high
2 0 10.0 270 cross-shaped dendrites 16 pm high
3 0.11 1.0 60 fibrous; brush-like brushes: 10 um long, 1 um wide moderate
4 0.11 1.5 80 fibrous; brush-like brushes: 25 pm long, 5-10 um wide low
strands: 0.4—1.0 um wide
fibrous; cone-shaped cones: 20-50 pm wide low
strands: 0.2 um wide
ovoids 3 um high
5 0.11 2.0 90 irregular ovoid 1-3 pm high
6 0.11 5.0 170 cross-shaped dendrites 3—4 um high
7 0.53 1.5 60 fibrous; brush-like brushes: 20—50 pm long, 10—30 pm wide low
strands: 0.1-0.2 um wide
fibres: 0.03-0.1 um wide, up to 50 pum long
8 0.53 2.0 80 fibrous; multiple cones multiple cones: 100 um long, 15 um wide low
strands: 0.2 um wide
ovoids 4 pm low
9 0.53 2.5 100 fibrous; brush-like brushes: 50 pm long low
ovoids 3 um low
10 0.53 5.0 170 cross-shaped dendrites 1-2 um low
11 0.53 7.5 220 irregular ovoids 0.5-1 um moderate

Figure 2. Micrographs of brush-like BaSO, particles prepared in the
presence of poly(acrylate): a) SEM image of sample 4, b,c) SEM image of
sample 7, d) TEM image and associated electron diffraction pattern of
BaSO, fibres and strands.

composed of nanofilaments that diverged from the base to
produce a densely packed array on the outer surface (Fig-
ure 4, inset). For the range of molar ratios studied, increasing
the supersaturation above S=100 produced ovoid or cross-
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Figure 3. SEM image of cone-shaped BaSO, particles prepared in the
presence of polyacrylate (sample 4). Note the concentric pattern.

shaped dendritic BaSO, particles, similar to crystals produced
in the absence of the polyacrylate.

BaSO, crystallisation in the presence of PEG-b-PMAA-
PO;H,: High yields of bundles of BaSO, nanofibres were
synthesised by successively adding aqueous SO,2~ and Ba**
solutions to an aqueous solution of PEG-b-PMAA-PO;H, at
pH 5 and room temperature. Although the unstirred reaction
solution remained transparent for up to four days, a fine white
solid gradually appeared on the side and bottom of the glass
walls after about 3 h of mixing. Figure Sa shows that the
obtained product consisted of large amounts of bundles of
BaSO, fibres up to several hundred micrometers in length,
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Figure 4. SEM image of a multiple cone-shaped BaSO, particle prepared
in the presence of polyacrylate (sample 8). The inset shows a high
magnification image, reavealing the internal arrangement of the strands.

JRRE I
=

Figure 5. BaSO, fibres obtained in the presence of PEG-b-PMAA-PO;H,
in glass tubes after one day of mixing.

which appeared to grow from a single growth point. TEM
images (e.g. Figure 5b) clearly revealed that the bundles were
composed of nanofilaments with uniform diameters (20—
30 nm).

The bundles of BaSO, nanofibres were essentially the same
in morphology and structure as those obtained previously by
us in the presence of the same copolymer but using a double-
jet precipitation process.”’! These fibres consist of single-
crystal barite nanofilaments elongated along the crystallo-
graphic [120] axis,? in contrast to the above results for
polyacrylate in which the axis of elongation is [010].
However, the change from the very fast double-jet precip-
itation in reference [29] to the here applied crystallisation by
successive reactant addition in the presence of the same block
copolymer did not lead to any observable change. Both
procedures yield amorphous nanoparticles in the beginning
followed by a slow growth process so that the precipitation
speed of the initial particles becomes negligible.

Chem. Eur. J. 2001, 7, No. 16
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To study the early stages of growth of the fibres formed on
the glass walls, samples were collected after one hour of
mixing by sonication of the glass tube. The results were also
compared with immature crystals observed in situ during
heterogeneous nucleation on the carbon support film of TEM
copper grids. As shown in Figure 6a, the particles obtained

&) ‘ ‘ (513

s A
‘ F

=ra T

’

. e
Figure 6. BaSO, particles obtained in the presence of PEG-b-PMAA-
PO;H, with an ageing time of 1 h: a,b) in glass tubes, and ¢) on carbon films.
d) shows particles obtained after an ageing time of 3 h. Inset of d) shows the
corresponding electron diffraction pattern that exhibits sharp spots
corresponding to the barite structure.

were 200 to 500 nm in size and exhibited an anisotropic
structure that in projection was consistent with a small cone-
shaped structure.

The base of the cone was electron dense, whereas the
growth edges consisted of a loose aggregate of 25 nm-sized
electron dense particles (Figure 6b). Corresponding electron
diffraction analysis indicated that the BaSO, nanoparticles
were amorphous. Presumably, the larger anisotropic particles
represent the initial nuclei of the mature BaSO, fibres from
which the dense ends of the particles evolve into the starting
points of the bundles of BaSO, nanofilaments after recon-
struction and crystallisation under the influence of the
phosphonated double-hydrophilic block copolymer.

To directly monitor the heterogeneous nucleation and
growth process of the bundles of BaSO, nanofilaments,
samples were prepared on TEM grids coated with a carbon
film. Irregular aggregates of BaSO, nanoparticles with no
apparent shape anisotropy were observed on the support film
after one hour (Figure 6¢). Corresponding electron diffrac-
tion analysis indicated that the nanoparticles were amor-
phous. The results suggest that the aggregates formed on the
TEM support film were similar to the slightly anisotropic
particles shown in Figures 6a and b, except that they are
viewed in situ along their long axis due to heterogeneous
nucleation on the carbon support film. After an ageing time of
3 h, outgrowths of nanofilament-containing bundles were
observed on the TEM grids. Two large bundles, several
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micrometers in diameter, that comprise many smaller bundle-
like structures with various sizes can be clearly seen in
Figure 6d. The corresponding electron diffraction pattern
showed many sharp reflections corresponding to crystalline
barite (Figure 6d, inset).

SEM images indicated that the nanofilaments in each
bundle were splayed outwards from the centre. The length of
the nanofilaments increased significantly and after 24 h large
splayed fibres were observed across the TEM grid (Fig-
ure 7a). Each fibre exhibited a single starting point and

Figure 7. BaSO, crystallised in the presence of PEG-b-PMAA-PO;H, on
carbon films. a,b) Fibres with an ageing time of one and five days (c,d). e,f)
BaSO, hollow cones after an ageing time of five days. See text for details.

widened to a rather flat terminating tip, such that the bundled
structure had the shape of a highly elongated cone. Moreover,
the large fibres became curved and grew back towards the
substrate, presumably due to increasing weight (Figure 7b).
After five days, many bundles of nanofilaments with lengths
up to several hundred micrometers lay across the copper grid
(Figure 7¢). Evidently, some bundles were still in place but
most were disrupted during sample preparation. The ends of
the bundles were capped with a well-defined flat and uniform
growth edge (Figure 7d) and smaller sub-bundles emanated
from the sides of the pre-formed fibre leading to divergent
growth. This observation suggests that the widening of the
bundles towards the growth edge takes place through the
secondary nucleation, and growth of new sub-bundles on the
side surfaces of the existing structure near the growth tips,
which is consistent with the finding that the individual
nanofilaments constituting the bundles are essentially un-
changed in thickness while developing in length. TEM images
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confirmed that the thickness of the nanofilaments was
between 20 to 30 nm, which was very similar to those
observed in the BaSO, bundles produced in glass tubes
(Figure 5D).

Finally, after five days of ageing, micrometer-sized hollow
cones consisting of BaSO, nanofilaments were also observed
on the TEM grids. As shown in Figure 7 e f, the randomly
distributed cones nucleated on the carbon support film and
splayed outwards into the solution. Their hollow-cone mor-
phology clearly shows similarity to the results obtained with
polyacrylate. Considering that no such hollow fibrous cones
were observed at the earlier stages of growth, their formation
is presumably associated with reduced levels of the amor-
phous BaSO, precursor nanoparticles in the solution. Under
these conditions, the formation of empty fibrous cones rather
than bundles of densely co-aligned nanofilaments would be
favoured.

Conclusion

Herein we have shown that aqueous solutions of a relatively
low molecular mass polyacrylate or partially monophospho-
nated poly(ethyleneoxide)-block-polymethacrylate can be
used to produce bundles or cones of highly anisotropic BaSO,
nanofilaments by slow transformation of amorphous precur-
sor particles. Similar results were previously observed for the
formation of coiled and twisted bundles of BaSO," and
BaCrO,P! nanofilaments in AOT water-in-oil microemul-
sions, suggesting that a general mechanism is responsible for
these unusual morphological forms.

In each system studied, the nucleation and stabilisation of
amorphous nanoparticles seems to be essential for nanofila-
ment growth. Because both polymers bind Ba?* ions in
solution (data not shown), nucleation of the amorphous
BaSO, phase is associated with the extraction of Ba®* ions
bound to the polymer side chains. (A similar mechanism
occurs for the AOT system in which the Ba?* ions are strongly
associated with the sulfonate headgroups of the surfactant
prior to nucleation). Reaction with SO~ ions therefore
occurs in close proximity to the polymer molecules, which
adsorb onto the surface of the nuclei, thereby preventing
crystallisation and arresting growth. The block copolymer,
which is known to be a strong inhibitor of BaSO, nucleation
due to the phosphonate groups,*-334 has a higher binding
affinity than polyacrylate due to the increased acidity of the
phosphonate groups and is therefore active even at low
polymer concentrations. Polyacrylate, in contrast, is only
active within a relatively narrow range of supersaturation
values and Ba?*:polymer molar ratios with relatively high
polymer concentrations. Moreover, the block structure of
PEG-b-PMAA-PO;H, may increase the stabilisation of the
amorphous precursor particles due to the separation of the
binding polyelectrolyte moiety and stabilising PEG block!?]
compared with the homopolymer structure of polyacrylate.
Consequently, the higher concentration of amorphous par-
ticles gives rise to solid fibres and cones rather than the hollow
structures observed in the presence of polyacrylate.
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Figure 8 summarises a possible mechanism for the develop-
ment of the bundles of BaSO, nanofilaments from the
amorphous precursor particles. The mechanism is in part
similar to that suggested for the formation of BaSO, nano-

Figure 8. Proposed model for the heterogeneous nucleation and growth of fibre bundles.

filaments in AOT microemulsionsP” except that attractive
hydrophobic interactions between the AOT tails are replaced
by attractive van der Waals forces operating between the
colloids. Initially, the polymer-stabilised amorphous particles
(stage 1, Figure 8) aggregate into colloidal clusters (stage 2,
Figure 8) presumably due to van der Waals interactions
between the particles. As the polyacrylate homopolymer
chains are relatively small (M, =5100 gmol~') and the PEO
block is only 5000 gmol-!, these interactions are likely to be
sufficient to offset the accompanying steric repulsion. Crys-
tallisation of BaSO, nanoparticles then occurs in the aggre-
gates (stage 3, Figure 8) as the amorphous precursors are in
close proximity and the lattice energy is increased and surface
area reduced by particle fusion and structural rearrangement.
At the same time, the anionic polymer chains adsorb
selectively to positively charged crystal faces. We speculate
that the presence of different charges on various faces as well
as different shielding factors of the faces due to polymer
adsorption leads to the formation of an electrostatic multipole
field (stage 4, Figure 8), which directs the aggregation of the
crystalline BaSO, building blocks along one principal axis to
produce the nanofilament (stages 5 and 6, Figure 8). In
support of this electric dipole field-induced vectorial process,
we note that long fresnoite needles were deposited during the
electric field-induced crystallisation from a glass melt with
their polar c axis oriented parallel to the electric field lines.[
In principle, the multipole field should be tuneable by
selective polyelectrolyte adsorption onto specific crystal faces
and this might explain why different polymers give rise to
fibre growth along different crystallographic axes—for exam-
ple, nanofilaments are elongated along the [010] [120] or
[001] axis for polyacrylate, PEG-b-PMAA-PO;H, and poly-
maleate,?!! respectively.

Although the exact reason for uni-directional particle
fusion is not yet clear, the experimental results indicate that
it proceeds with high fidelity as the nanofilaments grow
defect-free up to several tens of micrometres in length. This is
in contrast to filament growth that is driven by selective
blocking of growth faces, which often results in defects being
expressed as branched outgrowth.?” The filaments have a
uniform width throughout their length which implies that the
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thickness is controlled at the initial stages of crystallisation
and the side faces are blocked from growth by polymer
adsorption. This was consistent with thermogravimetric
analysis (TGA) of the nanofilaments grown in solution in
the presence of the phospho-
nated block copolymer, which
assuming a filament diameter
of 25 nm, a length of 100 pm,
Prasos=4.5 gmL~" and Opoiymer
=12gmL"!, gave a polymer
content of 8.8 wt%, corre-
sponding to a 4 nm-thick poly-
mer layer around each fila-
ment.

In most structures, uni-di-
rectional crystallisation occurs
in primary aggregates deposit-
ed on the walls of the reaction
vessel so that the nanofilaments are asymmetric and grow
from one end only. With time, secondary nucleation on the
side surfaces produces bundles of co-aligned nanofilaments
that are probably held together by attractive van der Waals
forces and crystal multipole forces. However, although the
filaments are crystallographically coherent, the extent of
fusion is minimal and individual nanofilaments can be
observed when the bundles are sectioned perpendicular to
the growth axis.?l This suggests that a repulsive steric layer of
intercalated polymer molecules lies between the nanofila-
ments throughout the fibre in agreement with the above
calculation based on the TGA result.

Because secondary nucleation occurs near the single
growth edge, the bundles widen as they increase in length
(step 7, Figure 8). Moreover, the bundles twist and coil as they
increase in size, and become splayed into cone-shaped
structures, particularly when the amount of polymer present
becomes significantly reduced by intercalation into the
growing bundles. The remarkably flat growth edges of the
fibres displayed in Figure 7d suggests that residual amor-
phous precursor nanoparticles in solution are continually
attracted to the growth front so that propagation of the bundle
is by reaction-limited aggregation (stage 8, Figure 8), which
minimises the surface energy. This means that the tips grow
layer by layer preserving the flat surface by transport and
controlled attraction of amorphous BaSO, nanoparticles. In
contrast, when the level of nanoparticles is reduced, for
example in the presence of the less-active polyacrylate
molecules, hollow bundles and cones are produced.

In conclusion, the production of brush-like, cone-shaped,
and multiple-cone-shaped fibrous BaSO, particles and well-
defined bundles of BaSO, nanofilaments at room temperature
in aqueous solutions of anionic polymers represents a useful
route to the biomimetic synthesis of inorganic structures with
complex form. The defect-free growth of filaments over
several length scales in aqueous solution provides a good
example of using cooperative structure-directing forces in
materials synthesis. Although these forces have yet to be fully
elucidated, their potential is clear. It should be possible to
extend the experimental procedures to other inorganic
systems, and this will be the subject of further work.
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Experimental Section

Sodium polyacrylate (M, =5100 gmol~', M, /M, ~3) was purchased from
Fluka. Each molecule was of mixed configuration (syndiotactic, isotactic
and atactic). On average (based on M,), a single chain comprised 50 —60
acrylate subunits. The sodium content of the polymer was reported by the
manufacturer to be 19 % w/w, implying that only a minority of the carboxyl
groups were protonated. For the average pK, value the literature value of
5.8 to 6.4 was assumed .*%) The block copolymer poly(ethyleneglycol)-
block-poly(methacrylic acid) (PEG-b-PMAA, PEG =3000 gmol~!, 68
monomer units, PMAA =700 gmol~!, 6 monomer units) was obtained
from Th. Goldschmidt AG, Essen, Germany. The carboxylic acid groups of
this copolymer were partially monophosphonated (21%) to give a
copolymer with phosphonate groups, PEG-b-PMAA-PO;H,.*! The co-
polymer was purified by exhaustive dialysis before use as a crystal growth
additive.

Barium sulfate crystals were prepared in the presence of an aqueous
solution of polyacrylate as follows. Stock solutions of the polyacrylate were
made, and aliquots of these were added to barium chloride and sodium
sulfate solutions, prior to mixing, to give final polymer concentrations of
0.11 or 0.53 mm (with respect to acrylate subunits). The solutions were
mixed to give supersaturation ratios of 60:1 to 170:1 ([BaSO,]=1.0 to
5.0 mm) at [acrylate] =0.11 mm, and S = 60 to 220 ([BaSO,] = 1.0 to 7.5 mm)
at [acrylate] =0.53 mm. The corresponding BaSO,:acrylate molar ratios
were between 9 to 45:1, and 1.9 to 14:1, respectively. Each reaction was
performed using equal concentrations of barium and sulfate ions and was
maintained unstirred at a constant temperature of 25°C and a final pH of
5.8 for several weeks. The solution supersaturation (S={[IAP/K]}"?,
where IAP = the ionic activity product and K, = solubility product (1.09 x
101" mol? 1-2), was calculated using the computer program IONPROD-
UCT."l In the case of sodium polyacrylate, the input data was adapted to
take into account Ba>* —-polyacrylate complexation. Previous studies?®$-+]
as well as observations made in this work indicate that barium ions bind
very strongly to polyacrylate molecules. At equimolar concentrations, a 1:2
barium:carboxyl group complex is formed. Therefore, the concentration of
free barium ions was taken as the total concentration of barium ions minus
half the concentration of acrylate subunits. The reproducibility of the
obtained BaSO, morphologies is good.

High yields of fibre bundles of BaSO, nanofilaments were repeatedly
prepared in the presence of the phosphonated (21 %) copolymer PEG-b-
PMAA-PO;H, (M ~4000 gmol~!) at pH 5. A solution of 30 mg PEG-b-
PMAA-PO;H, in water (30 mL) was prepared (c=0.25 mMm) and adjusted
to pH 5 by using 0.1 M HCL Then, 0.05M Na,SO, (1.2 mL; Sigma, 99 %) and
0.05m BaCl, (1.2 mL; BDH Chemical Ltd., 99 %) were added successively
under vigorous stirring at room temperature, resulting in a final BaSO,
concentration of 2 mM. After 2 min of stirring, the resulting transparent
solution was poured into either plastic vessels or glass tubes and allowed to
stand under quiescent conditions. Portions of the solution were poured into
several 5 mL glass tubes and TEM and SEM samples were prepared by
placing a drop of the solution after sonication for 3 min onto copper TEM
grids and SEM stubs, respectively. Samples were taken after 24 h of mixing
unless otherwise specified. In some experiments, aliquots of the solution
were poured into a series of 1.5 mL polypropylene tubes (Plastibrand),
each containing a carbon-coated, Formvar-covered, copper TEM grid
(3 mm in diameter) at the bottom of the tube with the carbon film exposed
to the solution. The copper grids were removed from the solution after
various time intervals, allowed to dry in air, and then directly used for TEM
and SEM characterisation.
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First Highly Regio- and Diastereoselective [3+2] Cycloaddition of Chiral
Nonracemic Fischer Carbene Complexes with Azomethine Ylides:
An Enantioselective Synthesis of (4)-Rolipram

José Barluenga,*?! Manuel A. Fernandez-Rodriguez,*! Enrique Aguilar,!?!
Félix Fernandez-Mari,'* ! Alejandro Salinas,® ¢! and Bernardo Olano!?!

Abstract: A new procedure for the syn-
thesis of 1,3,4-trisubstituted and 1,4-di-
substituted pyrrolidin-2-one derivatives
in an enantioselective fashion is report-
ed. The 1,3-dipolar cycloaddition of (+)-
menthol and (—)-8-phenylmenthol de-
rived Fischer alkoxy alkenyl carbene
complexes with in situ generated func-

tetracarbonyl Fischer carbene com-
plexes. Only one regioisomer is detected
in all cases, and the diastereoselectivity
of the reaction is very high when (—)-8-
phenylmenthol derived carbenes are

Keywords: azomethine ylides -
carbenes . cycloaddition .

employed. Oxidation and further trans-
formation of the cycloadducts provide
an easy access to pyrrolidin-2-ones. The
anti-inflammatory and antidepressant
drug (+)-Rolipram is readily prepared
in four steps in a 20% overall yield by
taking advantage of this newly devel-
oped methodology.

tionalized azomethine ylides gives the
corresponding cycloadducts as chelated

Introduction

Five- and six-membered rings are ubiquitous in both naturally
occurring compounds and synthetic products. The most
powerful tool to access six-membered rings is widely recog-
nized to be the Diels—Alder reaction, while 1,3-dipolar
cycloadditions have proved to be extremely versatile for the
preparation of five-membered rings. We have been interested
in the role of Fischer carbene complexes!!l to create six- and
five-membered rings by means of [4+2] and [3+2] cyclo-
additions.”l While the former have been widely developed,P!
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pyrrolidinones - Rolipram

few examples of the latter can be found in the chemical
literature.l!! In these 1,3-dipolar cycloadditions, the presence
of the metal pentacarbonyl moiety results in an increase of the
reaction rate, as well as in an improvement in the regio- and
diastereoselectivity of the processes when carbenes are
employed instead of their ester analogues. This allows one
to prepare enantiopure cycloadducts when starting from (—)-
8-phenylmenthol derived carbenes.P!

Pyrrolidin-2-ones possess varied biological and pharma-
ceutical activity and are also valuable and effective inter-
mediates for the synthesis of pyrrolidine alkaloids, y-amino
acids, and other biologically interesting nitrogen-containing
products.! The preparation of pyrrolidin-2-ones is mainly
based on two approaches: i) transformation of pyroglutamic
acid derivatives!” and ii) Michael addition of glycine derived
enolates to activated olefins followed by cyclization,®
although other routes, including 1,3-dipolar cycloadditions,
have also been reported.l)

Among the drugs bearing a pyrrolidin-2-one ring, Roli-
pram 1 is a potent and selective inhibitor of cyclic-:AMP
specific phosphodiesterase (cCAMP PDE) designated PDE IV,
and it is known to bind stereoselectively and with very high
affinity to binding sites in brain tissue. PDE IV appears also to
be the predominant functional enzyme in a variety of human
inflammatory cells. As a consequence Rolipram, which was
initially developed as a therapeutically interesting reagent for
the treatment of central nervous system (CNS) disorders
(mainly as an antidepressant),l' has presented great potential
(as well as other selective PDE IV inhibitors) as an anti-
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inflammatory agent, of particular value in the treatment of
diseases such as asthma.['!l In fact, although both enantiomers
are active, the levorotatory isomer, for which several synthe-
ses have been recently reported,['” has proved to be the most
active one.

The recently described functionalized azomethine ylide
precursor 2all3l attracted our attention as it seemed to be a
suitable starting material to react with Fischer alkenyl carbene
complexes. In fact, treatment of iminium salt 2a with CsF
generates azomethine ylide 3a that behaves as a synthetic
equivalent of carbonyl-fused and thiocarbonyl-fused dipoles
4a and 5a (Scheme 1) and cycloadds in a 1,3-dipolar fashion
to alkenes, ketones, and thioketones; the addition allows the
preparation of interesting y-lactam alkaloids,!'Y 1,3-oxazol-
idine,™! and thiazolidine-2-thiones,'* respectively.['"!

TfOe
(R i © o
S \%ATMS <~ S*\(ﬁ/e - X%NK/
kR kR R
2a R=H 3 4 X=0
b R=Ph 5 X=S8

Scheme 1. Iminium salts (2) as precursors of azomethine ylides (3) that
behave as synthetic equivalents of carbonyl-fused and thiocarbonyl-fused
dipoles.

Abstract in Spanish: En este articulo se describe un nuevo
procedimiento para la preparacion de derivados 1,3,4-trisusti-
tuidos y 1,4-disustituidos de pirrolidin-2-ona de forma enan-
tioselectiva. La cicloadicion 1,3-dipolar de complejos alcoxial-
quenilcarbeno de Fischer derivados de (+)-mentol y (—)-§-
fenilmentol con iluros de azometino funcionalizados, genera-
dos in situ, origina los correspondientes cicloaductos como
tetracarbonil complejos carbeno de Fischer quelados. En todos
los casos se detecta solamente un regioisomero de los dos
posibles; ademds, la diastereoselectividad de la reaccion es muy
elevada cuando se utilizan complejos carbeno derivados de
(—)-8-fenilmentol. La oxidacion y posterior transformacion de
los cicloaductos supone una ruta muy sencilla para acceder a
pirrolidin-2-onas. Como una aplicacion de la nueva metodo-
logia desarrollada se llevo a cabo la sintesis del farmaco (+)-
Rolipram, que presenta actividad anti-inflamatoria y anti-
depresiva, en cuatro pasos y con un rendimiento global del
20 %.

3534

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

We disclose here a novel synthesis of pyrrolidin-2-ones with
2 as dipole precursors in [3+2] dipolar cycloadditions with
chiral nonracemic alkoxy alkenyl Fischer carbenes and the
application of the developed methodology to an enantiose-
lective synthesis of (+)-Rolipram.

Results and Discussion

The cycloaddition reactions were initially performed by using
(£)-menthol derived carbene 6a as a model system at differ-
ent temperatures. Treatment of (+)-menthol derived car-
bene 6a with 2a in the presence of CsF at room temperature
yielded cycloadduct 7a as a single regioisomer, although a
mixture of two diastereomers with moderate diastereoselec-
tivity could be detected (Scheme 2). The reaction was
immediate when carried out at room temperature (see
Table 1, entry 1) and it only took 30 minutes to be completed
at —30°C with a slight improvement in the diastereoselectiv-
ity (Table 1, entry 2), but it did not proceed at temperatures
lower than —50°C. The reaction was extended to other
menthol derived Fischer alkenyl carbene complexes 6b—d
and iminium salts 2a and 2b; in all these cases, 1:1 mixtures of
diastereomers were obtained at —50°C (Table 1, entries 3 -
5). However, when the reaction was performed using (—)-8-
phenylmenthol derived carbenes 6e—h a great improvement
in the diastereoselectivity was achieved, and only one
diastereomer was detected by 'H NMR spectroscopy
(300 MHz) (Table 1, entries 6-12).

Carbenes 7 bear only four carbonyl ligands as supported by
the observation in the *C NMR and FT-IR spectra of a
tetracarbonyl ligand pattern. This fact indicates that they are
chelated tetracarbonyl alkoxy Fischer carbenes stabilized by
coordination of S to the metal center.['’] This is one of the few
cases reported so far of this situation, although several
examples in which other heteroatoms (N, O),> 1718l ole-
fins, < 191 or alkynesP”! stabilize the metal have been de-
scribed. This result is particularly interesting as it allows us to
assign the proposed regiochemistry to carbenes 7; the other

OR*
(CO)Cr R!
OR* ’«(S

(CO) Cr:<_\ 3, CsF, THF
5 _—

N
R? s kR

6 7

—

OR*

OR* OR*
O R! (0] R’ (e} R?
hv or
“PNO | S * *
<~S N S N (¢] l\t
kF% kR R

8 9 10

Scheme 2. Reaction of in situ generated azomethine ylides (3) with
carbene complexes (6).
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Table 1. Carbene cycloadducts 7 obtained by cycloaddition of alkenyl carbenes 6  Table 2. Esters 8 resulting from oxidation of carbene adducts7 or by
with azomethine ylides 3 derived from iminium salts 2a and 2b.

sequential cycloaddition —oxidation from carbenes 6.

6 R*OH R! R 7 drt?l Yield
[% ][b]
1 a (&)-menthol Ph H a 3:10 28
2 a (%)-menthol Ph H a 4:1d 54
3 b (£)-menthol o] Ph b 1:1 67
MeO @—F
4 ¢ (x)-menthol Ph Ph ¢ 1:1 45
5 d (£)-menthol 2-furyl Ph d 1:1 69
6 e (—)-8-phenylmenthol Ph H e >955 29
7 f (—)-8-phenylmenthol 2-furyl H f >0955 57
8 g (—)-8-phenylmenthol o] H g >955 60
MeO @—F
9 h (—)-8-phenylmenthol Fe H h >955 66
SN
10 e (—)-8-phenylmenthol Ph Ph i >95:5 60
11 f (—)-8-phenylmenthol 2-furyl Ph j >095:5 68
12 g (—)-8-phenylmenthol Ph k >95:5 58

o}
Meo@+

sm.tl R*OH R! R 8 Yield [%]® (8/9/10)

1 7a (+)-menthol  Ph H a 280 (28/-/-)

2 7a (+)-menthol  Ph H a 26/ (26/-/-)

3 7c¢  (£)-menthol Ph Ph b 781 (45/33/-)

4 6c  (£)-menthol Ph Ph b 380l (38/-/-)

5 7d (+)-menthol  2-furyl Ph ¢ 520 (20/32/-)

6 6d (+)-menthol  2-furyl Ph ¢ 320l (32/-/-)

7 Te (—)-8-phenyl- Ph H d quantitative
menthol (>99/-1-)

8 7t (—)-8-phenyl- 2-furyl H e 25¢(25//-)
menthol

9 7g  (~)-8-phenyl- Zo H f 93(55723/15)
menthol

MeO

10 7h  (-)-8-phenyl- _@ H g 77 (38/19120)
menthol @

11 6e  (~)8-phenyl- Ph Ph h 316l (31/-/)
menthol

12 6f  (—)-8-phenyl- 2-furyl Ph i 271 (27/--)
menthol

13 7k (-)-8-phenyl- Zo Ph j 61 (37/8/16)
menthol

Meo@—%

[a] Diastereomeric ratio (dr) determined by 'H NMR spectroscopy (300 MHz).
[b] Isolated yields based on alkenyl carbenes 6; all reactions were carried out at
—350°C unless otherwise stated. [c] Reaction performed at room temperature.

[d] Reaction performed at —30°C.

regioisomer must be a pentacarbonyl derivative, as S coordi-
nation to chromium would not be feasible in this case.

Carbenes 7 could be readily oxidized to the corresponding
esters 8 by treatment with pyridine N-oxide (PNO) or, better,
just by sunlight exposure. However, the isolated yield of
esters 8 was low to moderate in most cases, as variable
amounts of thiopyrrolidinones 9 and pyrrolidinones 10 were
obtained (Table 2); the combined yield was quite high
(entries 3, 7, 9, and 10, Table 2). Other oxidants commonly
employed in carbene chemistry (such as cerium ammonium
nitrate, DMSO) gave less satisfactory results.

The relative stereochemistry of the cycloadducts was
proposed to be frans as a result of the observation of
crosspeaks between H-3 and the hydrogen in position 3 in
the furyl group in NOESY experiments performed on
thiolactam 9e (Scheme 3). This was as expected if the facts
that 1,3-dipolar cycloadditions are suprafacial, and the stereo-
chemistry of the alkene is maintained are taken into account.
The absolute configuration of carbene complexes7 was
assigned to be R for C-9 on the basis of the X-ray structure
of dithiolane derivative 8gP?"! (Scheme 3). This should be the
result of a dipole approach to the olefin from the bottom face
because of an effective blocking of the upper face by the
phenyl group of the (—)-8-phenylmenthol chiral auxiliary due

Chem. Eur. J. 2001, 7, No. 16
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[a] Starting material. [b] Isolated and combined yields for the sunlight
promoted oxidation step, based on carbene adducts 7 unless otherwise
stated; in brackets, isolated yields of each compound. [c] Variable amounts
of 9 and/or 10 were also detected, although not isolated. [d] Oxidation
performed with PNO. [e] Isolated yields for a sequential cycloaddition—
oxidation procedure based on alkenyl carbenes 6.

to a m-stacking interaction between that phenyl group and the
alkene double bond, as depicted in Scheme 4.

We then checked the [3+42] cycloaddition reactions of
dipole 2 with the analogue esters, such as (1R,2S,3R)-8-
phenylmenthyl cinnamate and (4)-menthyl cinnamate, in
order to confirm the advantages of our carbene chemistry.
Those reactions did not proceed either at low or at room
temperature; in fact the mixture had to be refluxed in THF for
several days and was worked up before the starting esters
were totally consumed. The 'H NMR spectrum of the crude
residue showed the presence of compounds 8, 9, and 10 as a
complex mixture of regio- and diastereomers, the ratio of
which could not be determined (Scheme 5). This result was

OR* O

9e 8g (X-ray)

Scheme 3. Structural assignments: NOESY crosspeaks for compound 9e
and absolute configuration for compound 8 g determined by X-ray analysis.
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(6]
(COCr=<2__n (CO)4Cr_/ ‘w

/Rt
;o N
s
Lr
E>: CHZR/

Scheme 4. Mechanistic hypothesis: Postulated reactive conformation of 6,
in which the chiral auxiliary phenyl group shields the (Re,Re)-face of the
double bond, inducing selective attack from the (Si,Si)-face.

OR*

o CsF, THF
o + 2b —— > | Complex mixtures

Ph
R*OH = (-)-8-Phenylmenthol, (+)-menthol

Scheme 5. Reaction of in situ generated azomethine ylides (3) with
cinnamates.

not surprising as we had previously observed that thiirane
extrusion and dithiolane hydrolysis could be achieved when
heating 8e in refluxing toluene to afford pyrrolidinone
derivatives 9e and 10 e as a mixture in 63 % and 14 % isolated
yield, respectively (Scheme 6).

OR* OR* OR*
o=/ 2-Funyl 0=/ 2-Furyl O=, 2-Funyl
Toluene
S a ’ [&
i N SN 07 "N
S | \ |
8e 9e 10e
R*OH = (-)-8-Phenylmenthol 63 % 14 %

Scheme 6. Thermal decomposition of 8e in refluxing toluene.

As an application of the methodology described above for
the synthesis of pharmaceutically interesting compounds, (+)-
Rolipram 1 was chosen as a target. The retrosynthetic route to
1 is depicted in Scheme 7. As proposed therein, (+)-Roli-
pram 1 should be easily prepared by a decarboxylation—hy-
drogenolysis sequence from N-benzyl pyrrolidinone carbox-
ylic acid 11b, which, in turn, should be accessed by hydrolysis
of 10j. Pyrrolidin-2-one 10j can be obtained by transforma-
tion of the cycloadduct 7k that results from the reaction
between Fischer carbene 6g and azomethine ylide 3b, as
described earlier (Table 1, entry 12 and Table 2, entry 13).

As the oxidation of cycloadducts 7 led to a mixture of
products, several attempts to deprotect the carbonyl group
were unsuccessfully carried out on cycloadducts 7 and on
esters 8. We then decided to perform the hydrolysis of the
ester functionality prior to the carbonyl group deprotection.
To our surprise, when the crude residue from sunlight
oxidation of cycloadducts 7 was submitted to basic hydrolysis
(LiOH in 14-dioxane/H,0) N-benzylpyrrolidin-2-ones 12,
which resulted from an ester hydrolysis —decarboxylation—
carbonyl deprotection sequence, were obtained together with

3536 ——
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variable amounts of N-benzylpyrrolidin-2-one carboxylic
acids 11 (Scheme 8). These compounds could be easily
separated by acid —base extraction, and it is noteworthy that
(—)-8-phenylmenthol, employed as a chiral auxiliary during
the cycloaddition process, was recovered in high yield and
purity after chromatographic purification. On the other hand,
treatment of 11 with copper() oxide in refluxing pyridine
allowed decarboxylation, which led to 12 in good yields.

The synthetic sequence from carbenes 6 to N-benzylpyrrol-
idin-2-ones 12 that involves five steps (cycloaddition - car-
bene oxidation—ester hydrolysis—carbonyl deprotection—
decarboxylation) resulted in an expedient and easy-to-work
transformation; it can be performed avoiding the isolation of
intermediates 7—10 and with no more than two rapid filtra-
tions through Celite to remove cesium and chromium salts.
The reaction allows rapid access to N-benzylpyrrolidin-2-
ones 12. N-Benzyl pyrrolidin-2-ones 12 were analyzed by
HPLC using a chiral column in order to determine the
enantiomeric ratio, which was found to be 92:8 for 12a
(Table 3, entry 1), but this procedure was unsuccessful for
12b.

The final debenzylation step was accomplished by treat-
ment with lithium in liquid ammonia to give Rolipram 1 in
95 % yield, while other classical hydrogenolysis methods (for
example, H,, Pd/C; H,, Pd(OH),/C; cyclohexene, PA(OH),/
C; formic acid) failed. At this point, the sign of the specific
rotation {[a]¥ = +24.7 (¢ =0.23 in MeOH)} indicated that we
had prepared the dextrorotatory enantiomer, and this con-
firmed our model for the cycloaddition step. However, the
value of the specific rotation was smaller than the one
reported in the literature for the (—)-isomer {[a]p=—31 (c=
0.5 in MeOH)};™4 a similar result had been previously
observed for the synthesis of Meyers and Snyder who

HOZC Ar
|
P “ph
1 11b 10j
OR*

Cojcr=,  Ar

©
TO
- Sl
(CO)sCr

:<:\ + kPh <: QS T

Ar “Ph
69 2b 7k

o

o

Ar= MeO

R*OH = (-)-8-Phenylmenthol
Scheme 7. Retrosynthetic analysis of (+)-Rolipram (1).
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CuyO/ Py / reflux
OR* ’ 70-75 % L
Coucr=, R’ HO,C ' R' R'
—,S 1) hv . b
i N 2) LIOH 07N 07N
S ) 1.4-dioxane / H,0 (3:1) L
Ph reflux Ph Ph
11a R'=2-Furyl, 15-20 % 12a R'=2-Furyl, 25-30 %
7 11b R'=Ar, 20-25% 12b R'=Ar,30-35%
R*OH = (-)-8-Phenylmenthol, {z)-menthol for12b
Li / NHg{l)
Q 95 %
9 OMe OMe
C NEts, DMAP C
———————————————————
1) N Boc,0, CH,Cly O0“ N
Boc 73-76 % H
13 1
(]88 = +24.7 (c=0.23, MeOH)
Scheme 8. Synthesis of (+)-Rolipram (1).
Table 3. Determination of the enantiomeric ratio by chiral HPLC analysis.
Column Eluent Flow Rate Retention Time [min] Retention Time [min] er
[mL min—!] R isomer S isomer
12a Chiralcel-OJ HexH/IPAR! 50:1 1.0 64.3 80.6 92:8 (R/S)
13 Chiralcel-OD-H HexH/IPA 9:1 0.8 19.3 239 91:9 (S/R)
[a] HexH = Hexane; IPA = Isopropyl alcohol.
reported a specific rotation of [a]D =—-19.5 (C =1.15 in evacuated, and purged with nitrogen. All common reagents and solvents

MeOH)"2d for a sample which proved to have ee > 99 %. To
determine exactly the enantiomeric purity of our compound,
(+)-Rolipram 1 was transformed into its Boc-protected
derivative 13 (Scheme 8). Chiral HPLC analysis of 13 indi-
cated an enantiomeric ratio of 91:9 (Table 3, entry 2). This
unexpected result is probably the consequence of the
undetected presence of the other diastereomer after the
cycloaddition reaction.?

Conclusion

In summary, we have established a new protocol to access 3,4-
disubstituted pyrrolidinone derivatives by a [3+2] cycloaddi-
tion reaction; the employment of (—)-8-phenylmenthol derived
alkenyl Fischer carbenes allows us to obtain the cycloadducts
as a single regioisomer in a highly diastereoselective fashion.
The usefulness of this methodology for the synthesis of
pharmaceutically interesting compounds that contain a pyr-
rolidinone ring was proved by accomplishing the synthesis of
(+)-Rolipram in 20 % overall yield.

Experimental Section

General: All reactions involving air-sensitive compounds were carried out
under a N, atmosphere (99.99 %). All glassware was oven-dried (120°C),
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were obtained from commercial suppliers and used without any further
purification unless otherwise indicated. CsF was dried by heating at 120°C
under vacuum (0.01 mmHg) for several hours (3-10 h) immediately prior
to use. Fischer carbene complexes 6 were prepared following described
procedures,’! except for 6h, which was obtained following a slightly
modified method; 6b and 6g have been synthesized for the first time, and
their spectroscopic data are reported below. The compound 3-cyclopentyl-
oxy-4-methoxybenzaldehyde, required for the synthesis of carbenes 6b and
6g, was prepared following literature procedures.'”! Iminium salt 2a was
prepared as reported.I! Solvents were dried by standard methods. Hexane,
ethyl acetate, and triethylamine were distilled before use. TLC was
performed on aluminum-backed plates coated with silica gel 60 with Fs,
indicator; the chromatograms were visualized under ultraviolet light and/or
by staining with a Ce/Mo reagent, or anisaldehyde or phosphomolibdic acid
solutions and subsequent heating. R; values are reported on silica gel. Flash
column chromatography was carried out on silica gel60 (230240 mesh).
For the determination of the enantiomeric ratio by HPLC, a Shimadzu LC-
10 and a Waters LC Module I Plus chromatograph were used, both of them
equipped with V-UV Diode-Array detectors; Chiralcel OJ and OD-H were
employed as chiral columns. Routine NMR measurements were recorded
on Bruker AC-200, AC-300, or DPX-300 spectrometers. 'H NMR: splitting
pattern abbreviations are: s, singlet; brs, broad singlet; d, doublet; t, triplet;
q, quartet; m, multiplet, ABq (AB quartet). ®*C NMR: multiplicities were
determined by DEPT 90 and DEPT 135 experiments, abbreviations are: q,
CH;; t, CH,; d, CH; s, quaternary carbons. In the cases where a mixture of
diastereomers was observed, the abbreviation “min” refers to the signals
assigned to the minor diastereomer, and the abbreviation “maj” to the
signals belonging to the major one; in the cases where nothing is specified,
either it hasn’t been possible to assign the signal to any of the
diastereomers, or it belongs to both of them. NOESY experiments were
carried out on a Bruker AMX-400 spectrometer. Standard pulse sequences
were employed for the DEPT experiments. FT-IR measurements were
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performed with a Mattson 3000 FT-IR spectrometer. High-resolution mass
spectra (HRMS) were obtained with a Finnigan Mat95 Mass Spectrometer;
low-resolution mass spectra were obtained with a Hewlett-Packard 5880 A
Spectrometer. In both cases, electron impact techniques (70 V) were
employed. Melting points were determined on a Biichi-Tottoli apparatus
and are uncorrected. For optical rotations, a Perkin-Elmer 241 polarimeter
was employed; values were determined using a sodium lamp, and the
concentration was reported in g/100 mL. Elemental analyses were carried
out with a Perkin-Elmer 240 B microanalyzer.

Synthesis of N-benzyl,1,3-dithiolanilidene,trimethylsilyl ammonium tri-
fluoromethanesulfonate 2b: It was prepared following a two-step proce-
dure similar to the one employed for the synthesis of 2al"®l (Scheme 9). In
the first step the yield was low (31 % ), but cheap reagents were employed;
in the second step, which required the more expensive trimethylsilylmethyl
trifluoromethanesulfonate the yield was quantitative.

1109
1) CSz / EtOH s TMs” oTf s
P N CicH,CHyCi sJ%N CH,Cl, SJ*%?/\TMS
NaOH L
31 % Ph  quant. Ph
2b

Scheme 9. Preparation of iminium salt (2b).

N-Benzyl-1,3-dithiolane-2-imine: Thus, in this first step the compound was
prepared as follows. Benzylamine (200 mmol, 21.84 mL) was added
dropwise to a solution of CS, (200 mmol, 12.03 mL) in EtOH (200 mL)
at 0°C. A white suspension was formed and, once the addition of
benzylamine was completed, the reaction mixture was stirred for 30 min.
A solution of NaOH (400 mmol, 2 equiv, 16.0 g) in H,O (10 mL) was added
at 0°C followed by the dropwise addition of 1,2-dichloroethane (500 mmol,
39.4 mL) at the same temperature. The white solid disappeared, and the
reaction mixture was heated at 60°C for 3 h. The solution turned yellow,
and the reaction mixture was allowed to cool down to room temperature.
Solvents were evaporated under vacuum to give a yellow solid residue, that
was partitioned between AcOEt (50 mL) and HCI (2N, 50 mL). The layers
were separated, and the aqueous acidic layer was extracted twice more with
AcOEt (2 x 30 mL). The organic layers were discarded. The aqueous layer
was neutralized with NaOH (3N) till pH > 10 and extracted with AcOEt
(3 x40 mL). The combined organic layer was dried over Na,SO, and
filtered, and the solvents were removed at low pressure. The oily residue
was purified by column chromatography on silica gel using hexane/AcOEt
(3:1) as eluent, to give the desired compound, which presented the
following properties. Brown oil; yield: 31 % (12.98 g).

R;=0.46 (hexane/AcOEt, 3:1); FT-IR (neat): 7=1593 cm~!; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =7.42-7.28 (m, 5H), 4.57 (s, 2H), 3.63
(m, 2H), 3.45 (m, 2H); ¥C NMR (50 MHz, CDCl;, 25°C): 6 =168.9 (s),
138.7 (s), 128.2 (d), 127.6 (d), 126.7 (d), 62.7 (t), 37.7 (t), 34.5 (t); MS (70 eV,
El): m/z (%): 209 (42) [M]*, 181 (18), 91 (100), 83 (18); HRMS for
C,oH{;NS,: caled 209.0333; found 209.0337; elemental analysis calcd (%)
for C;(H;;NS, (209.32): C 5738, H 5.30, N 6.69; found C 57.22, H 5.18, N
6.59.

In the second step, trimethylsilylmethyl trifluoromethanesulfonate
(33.8 mmol, 6.76 mL) was added by syringe to a solution of N-benzyl-1,3-
dithiolane-2-imine (33.8 mmol, 7.08 g) in dry CH,Cl, at 0°C and stirred for
24 h at room temperature. Solvents were evaporated under vacuum to give
a quantitative yield of a brownish oil, which solidified on standing and was
used without further purification. A small amount was recrystallized in
hexane/CHCl; (95:5) to be fully characterized. White solid; yield:
quantitative (15.06 g); m.p. 103-105°C.

FT-IR (neat): 7=1562, 1261 cm~'; '"H NMR (200 MHz, CDCl;, 25°C,
TMS): 6 =7.48-7.36 (m, 5H), 5.09 (s, 2H), 4.05 (s,4H), 3.70 (s,2H), 0.17 (s,
9H); BC NMR (50 MHz, CDCl;, 25°C): 6 =192.9 (s), 132.0 (s), 129.2 (d),
129.0 (d), 128.0 (d), 64.3 (t), 54.0 (t), 41.7 (1), 41.3 (t), — 1.3 (q); elemental
analysis calcd (%) for C;sH,FsNO;S;Si (445.61): C 40.43, H 4.98, N 3.14;
found C 40.27, H 4.85, N 3.11.
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Pentacarbonyl[1-((1R*,3R*,45*)-menthyloxy)-frans-3-(3-cyclopentyloxy-
4-methoxyphenyl)-2-propenylidene]chromium(o) (6b): Red oil; yield:
94% (2.71 g); R;=0.18 (hexane/CH,Cl,: 3:1); FI-IR (neat): 7=2052,
1977, 1928 (broad band), 1586 cm~!; 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =7.92-7.70 (brs, 1 H), 7.32-6.85 (m, 4H), 5.19-4.75 (m, 2H), 3.91
(s,3H), 2.10-0.70 (m, 26 H); 3C NMR (75 MHz, CDCl;, 25°C): 6 =224.2
(s),217.0 (s), 152.9 (s), 147.9 (s), 127.1 (s), 124.1 (d), 114.0 (d), 111.6 (d), 80.5
(d), 67.8 (t), 55.9 (q), 48.1 (d), 33.9 (t), 32.7 (t), 31.0 (d), 26.4 (d), 25.4 (t),
24.0 (), 21.8 (q), 21.4 (q), 16.9 (q); -the signals for the carbene carbon
(around 0 =323) and the menthyl CH—O carbon (around 0 =91) were not
observed-; elemental analysis calcd (%) for C3H;,CrOg (576.61): C 62.49,
H 6.29; found C 62.25, H 6.20.

Pentacarbonyl[1-((1R,3R,4S)-8-phenylmenthyloxy)-trans-3-(3-cyclopent-
yloxy-4-methoxyphenyl)-2-propenylidene]chromium(o) (6g): Red oil;
yield: 80% (2.61 g); R;=0.57 (hexane/AcOEt, 5:1); FI-IR (neat): 7=
2051, 1975, 1932 (broad band), 1587 cm~!; 'H NMR (200 MHz, CDCl,,
25°C, TMS): 6=7.66 (brs, 1H), 7.42-6.83 (m, 8H), 6.10 (brs, 1H), 5.26
(brs, 1H), 4.87 (brs, 1H), 3.92 (s, 3H), 2.60 (brs, 1 H), 2.40-0.70 (m, 24 H);
BC NMR (75 MHz, CDCl;, 25°C): 6 =324.4 (s), 223.9 (s), 217.1 (s), 152.6
(s), 151.0 (s), 1477 (s), 139.4 (d), 128.9 (d), 127.9 (d), 127.0 (s), 125.3 (d),
124.9 (d), 124.4 (d), 114.5 (d), 111.4 (d), 91.3 (d), 80.5 (d), 55.9 (q), 52.5 (d),
43.5 (), 39.5 (s), 34.5 (1), 32.7 (), 31.1 (d), 28.0 (q), 26.5 (), 25.1 (q), 24.1 (1),
21.6 (q); elemental analysis caled (%) for C;H,CrOg (652.70): C 66.25, H
6.18; found C 66.03, H 6.15.

Pentacarbonyl[1-((1R,3R,4S)-8-phenylmenthyloxy)-trans-3-ferrocenyl-2-
propenylidene]chromium(o) (6h): BuLi (4.37 mmol, 2.73mL, 1.6M in
hexanes) was added dropwise to a solution of pentacarbonyl[l-
((1R,3R.4S)-8-phenylmenthyloxy)ethenylidene]chromium(o)!

(3.64 mmol, 1.64 g) in dry Et,O (40 mL) at —80°C. After 1 h, a solution of
ferrocenecarbaldehyde (728 mmol, 1.56 g) and BF;-OEt, (7.28 mmol,
0.92mL) in dry Et,0 (40 mL) was added dropwise at —80°C, and the
reaction mixture was stirred and allowed to reach room temperature
overnight. Silica gel (5 g) was added, and solvents were evaporated under
vacuum. The residue was purified by column chromatography on silica gel
under nitrogen using hexane/CH,Cl, (95:5) as eluent. Purple foam; yield:
65% (1.53 g).

R;=0.39 (hexane/CH,Cl,, 95:5); FT-IR (neat): 7 =2050, 1974, 1728 (broad
band), 1573 cm~!; 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.58-7.10
(m, 6H), 6.51 (brs, 1H), 5.20 (brs, 1H), 4.58 (m, 4H), 4.15 (m, 5H), 2.65-
0.72 (m, 17H); ¥C NMR (75 MHz, CDCl;, 25°C): 6 =320.2 (s), 223.9 (s),
217.2 (s), 150.9 (s), 139.6 (d), 133.9 (d), 128.0 (d), 125.4 (d), 125.2 (d), 91.1
(d), 78.1 (s), 72.2 (d), 70.5 (d), 70.3 (d), 70.1 (d), 69.1 (d), 52.5 (d), 43.5 (1),
39.9 (s), 34.5 (1), 31.1 (d), 27.5 (q), 26.8 (1), 26.0 (q), 21.7 (q); elemental
analysis calcd (%) for C;H;,CrFeOy (646.48): C 63.17, H 5.30; found C
62.98, H 5.29.

Cycloaddition of dithiolane stabilized azomethine ylides 2 with Fischer
alkoxy alkenyl carbenes 6: A solution of the corresponding Fischer alkoxy
alkenyl carbene 6 (1 mmol) and the corresponding iminium salt 2
(1.5 equiv, 1.5 mmol) in dry THF (10 mL) was added dropwise to a white
suspension of anhydrous CsF (5 equiv, 5 mmol, 760 mg) in dry THF (5 mL)
under an inert atmosphere at — 50 °C. The resulting suspension was stirred
at —50°C till TLC analysis showed complete consumption of the starting
material (7-10 h). Silica gel (0.5 g) was then added to the reaction mixture,
and solvents were evaporated under vacuum. The residue was purified by
column chromatography on silica gel under a nitrogen atmosphere using
hexane/AcOEt (100:1 to 9:1) mixtures as eluents. Cycloadducts 7 were
isolated as orange oils and as a mixture of diastereomers for (+)-menthol
derived carbenes or as only one diastereomer for (—)-8-phenylmenthol
derived carbenes.

Tetracarbonyl{[ 6-methyl-8-phenyl-1,4-dithia-6. piro[4,4] 9-yl]-

[(1R*,3R*,45*)-menthyloxy ]methyliden}chromium(o) (7a): Orange oil;
mixture (4:1) of diastereomers; yield: 54 % (314 mg); R;=0.79 (hexane/
AcOEt, 9:1); FT-IR (neat): #=2059, 2010, 1909 (broad band), 1864 cm;
'"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =741 -6.77 (m, 10H), 5.39 (m,
1H, min), 5.08 (m, 1 H, maj), 4.16-2.70 (m, 16 H), 2.59 (s, 3H, maj), 2.52 (s,
3H, min), 2.39-0.66 (m, 36 H); *C NMR (75 MHz, CDCl;, 25°C): 6 =
353.2(s), 230.7 (s), 228.9 (s), 218.3 (s), 217.2 (s), 142.8 (s, min), 141.9 (s, maj),
128.4 (d, min), 128.3 (d, maj), 127.8 (d, maj), 127.2 (d, min), 126.7 (d), 105.5
(s, min), 104.4 (s, maj), 92.7 (d, min), 91.4 (d, maj), 88.4 (d, maj), 87.3 (d,
min), 63.3 (t, min), 62.8 (t, maj), 48.3 (t, maj), 48.1 (t, min), 47.4 (d, maj), 47.1
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(d, min), 46.7 (d, maj), 45.9 (d, min), 41.5 (t, maj), 40.9 (t, min), 37.5 (t, maj),
374 (t, min), 34.1 (q), 33.9 (t, maj), 33.6 (t, min), 31.0 (d, min), 30.7 (d, maj),
26.3 (d, maj), 25.2 (d, min), 23.5 (t, maj), 22.3 (t, min), 22.0 (q, maj), 21.9 (q,
min), 21.0 (q, min), 20.5 (q, maj), 16.5 (q, maj), 15.4 (q, min); elemental
analysis caled (%) for CxH3sCrNOsS, (581.70): C 57.81, H 6.06, N 2.41;
found C 57.60, H 6.00, N 2.42.

Tetracarbonyl{[6-benzyl-8-(3-cyclopentyloxy-4-methoxyphenyl)-1,4-di-
thia-6-azaspiro[4,4]nonan-9-yl][ (1R *,3R*,45*)-menthyloxy Imethyliden}-
chromium(e) (7b): Orange oil; mixture (1:1) of diastereomers; yield: 67 %
(517 mg); R;=0.39 (hexane/AcOEt, 9:1); FT-IR (neat): 7=2059, 2011,
1909 (broad band), 1514 cm~'; '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0="745-710 (m, 10H), 6.88-6.60 (m, 6H), 5.62 (m, 1H), 5.18 (m, 1H),
4.82 (m, 2H), 429-3.60 (m, 12H), 3.58-2.87 (m, 8H), 2.73-0.70 (m,
58H); *C NMR (75 MHz, CDCl;, 25°C): 0 =354.7 (s), 353.2 (s), 230.4 (s),
228.8 (s),228.5 (s),219.8 (s), 218.2 (s), 217.1 (s), 216.8 (s), 148.6 (s), 147.5 (s),
1473 (s), 137.5 (s), 1374 (s), 135.1 (s), 134.1 (s), 128.7 (d), 128.3 (d), 128.1
(d), 127.0 (d), 126.6 (d), 119.6 (d), 114.1 (d), 113.9 (d), 111.5 (d), 111.0 (d),
105.1 (s), 103.9 (s), 92.7 (d), 91.2 (d), 88.7 (d), 87.6 (d), 80.0 (d), 60.1 (t), 59.7
(t),55.7(q), 55.5(q), 52.1 (1), 47.6 (1), 47.3 (1), 47.0 (d), 46.7 (d), 46.5 (d), 45.7
(d), 41.4 (1), 40.8 (), 37.2 (1), 37.0 (1), 33.5 (1), 32.5 (), 31.0 (d), 30.5 (d), 26.4
(d), 25.1 (d), 23.8 (1), 21.8 (q), 21.6 (q), 21.4 (1), 21.3 (t), 20.8 (q), 20.4 (q),
16.6 (q), 15.2 (q); elemental analysis calcd (% ) for C,yH,CrNO,S, (771.95):
C 62.24, H 6.40, N 1.81; found C 62.36, H 6.29, N 1.77.

Tetracarbonyl{[6-benzyl-8-phenyl-1,4-dithia-6-azaspiro[4,4]nonan-9-yl]-
[(1R*,3R*,4S*)menthyloxy Jmethyliden}chromium(o) (7¢): Orange oil;
mixture (1:1) of diastereomers; yield: 45% (296 mg); R;=0.45 (hexane);
FT-IR (neat): 7 =2011, 1909 (broad band), 1863 cm~!; '"H NMR (200 MHz,
CDCl;, 25°C, TMS): 6 =7.40-6.95 (m, 20H), 5.46 (m, 1H), 5.15 (m, 1H),
4.42-3.62 (m, 6H), 3.58-3.37 (m, 4H), 3.32-2.80 (m, 6 H), 2.69-2.20 (m,
4H),2.00-0.59 (m, 36 H); 3C NMR (50 MHz, CDCl;, 25°C): 6 =355.0 (s),
353.4 (s),230.7 (s),229.1 (s), 228.8 (5), 219.8 (5), 218.3 (5), 217.1 (s), 216.8 (s),
142.5 (s), 141.6 (s), 137.7 (s), 137.6 (s), 128.45 (d), 128.37 (d), 128.30 (d),
127.8 (d), 127.3 (d), 127.2 (d), 126.7 (d), 105.0 (s), 103.8 (s), 92.9 (d), 91.4 (d),
88.8 (d), 87.6 (d), 60.4 (t), 59.8 (t), 52.2 (t), 48.2 (1), 47.9 (1), 47.5 (d), 47.2 (d),
46.9 (d), 46.1 (d), 41.6 (t), 41.0 (t), 37.6 (t), 374 (1), 33.9 (1), 33.7 (t), 31.2 (d),
30.7 (d), 26.5 (d), 25.3 (d), 23.6 (t), 22.3 (t), 22.0 (q), 21.0 (q), 20.6 (q), 16.6
(q), 15.4 (q); elemental analysis caled (%) for C3,H3yCrNOsS, (657.80): C
62.08, H 5.98, N 2.13; found C 61.99, H 5.95, N 2.08.

Tetracarbonyl{[6-benzyl-8-(2-furyl)-1,4-dithia-6-azaspiro[4,4]nonan-9-yl]-

[(1R*,3R*,4S*)menthyloxy ]methyliden}chromium(o) (7d): Orange oil;
mixture (1:1) of diastereomers; yield: 69 % (447 mg); R;=0.45 (hexane);
FT-IR (neat): #=2060, 2011, 1906 (broad band), 1454 cm~'; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =7.75-6.95 (m, 12H), 6.40 (m, 2H), 6.06
(m, 2H), 5.47 (m, 1H), 520 (m, 1H), 4.28 (d, *J(H,H)=13.4 Hz, 1H),
4.15-3.61 (m, 6H), 3.57-2.98 (m, 9H), 2.71 (m, 2H), 2.37 (m, 2H), 2.00 -
0.68 (m, 36 H); *C NMR (50 MHz, CDCl;, 25°C): 6 =353.6 (s), 352.6 (s),
230.7 (s), 229.0 (s), 228.7 (s), 219.3 (s), 217.9 (s), 217.0 (5), 216.6 (s), 154.6 (5),
153.5(s), 141.45 (d), 141.40 (d), 137.6 (d), 137.5 (d), 128.3 (d), 128.2 (d), 1272
(d), 110.1 (d), 106.4 (d), 105.6 (d), 103.8 (d), 102.8 (d), 92.9 (d), 91.5 (d), 85.5
(d), 84.9 (d), 56.9 (1), 56.3 (t), 52.0 (t), 48.5 (t), 48.2 (t), 47.6 (d), 47.3 (d), 41.4
(t),41.0 (t), 39.8 (d), 38.9 (d), 37.8 (), 37.6 (t), 33.9 (1), 33.7 (t), 31.2 (d), 30.7
(d), 26.4 (d), 25.3 (d), 23.6 (t), 22.5 (1), 22.0 (q), 21.0 (q), 20.8 (q), 16.6 (q),
15.4 (q); elemental analysis calcd (% ) for C;,H3;,CrNO,S, (647.76): C 59.34,
H 5.76, N 2.16; found C 59.15, H 5.69, N 2.14.

Tetracarbonyl{[ (8S,9R)-6-methyl-8-phenyl-1,4-dithia-6-azaspiro[4,4]non-
an-9-yll[ (1R,3R,4S)-8-phenylmenthyloxy Jmethyliden}chromium(o) (7e):
Orange oil; yield: 29% (191 mg); R;=0.56 (hexane/AcOEt, 9:1); FT-IR
(neat): 7=2005, 1943, 1886 (broad band), 1842 cm™'; [a]¥ = +409.0 (c=
0.35 in CH,Cl,); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.42-6.90
(m, 10H), 5.32 (m, 1 H), 3.64 (m, 1H), 3.44 (t,*J(H,H) = 5.8 Hz, 2H), 3.14 -
2.98 (m,2H),2.78 (ABq, */(H,H) = 6.1 Hz, 2H), 2.54 (s, 3H), 2.33 (m, 1 H),
2.00-0.72 (m, 17H); BC NMR (75 MHz, CDCl;, 25°C): 6 =353.9 (s), 230.7
(s), 228.9 (s), 219.2 (s), 217.3 (s), 151.0 (s), 142.1 (s), 128.3 (d), 128.2 (d),
128.1 (d), 126.7 (d), 125.1 (d), 124.8 (d), 104.9 (s), 91.4 (d), 86.4 (d), 62.6 (t),
50.9 (d), 47.5 (t), 46.8 (d), 42.7 (t), 39.4 (s), 37.4 (1), 34.34 (q), 34.28 (1), 30.8
(d), 27.1 (q), 26.3 (t), 25.1 (q), 21.9 (q); elemental analysis calcd (%) for
C3H;,CrNO:sS, (657.80): C 62.08, H 5.98, N 2.13; found C 61.89, H 5.99, N
2.12.

Tetracarbonyl{[ (8R,9R)-8-(2-furyl)-6-methyl-1,4-dithia-6-azaspiro[4,4]-
nonan-9-yl][ (1R,3R,4S5)-8-phenylmenthyloxy Imethyliden}chromium(o)
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(71): Orange oil; yield: 57% (369 mg); R;=0.37 (hexane/AcOEt, 9:1);
'H NMR (200 MHz, CDCl,, 25°C, TMS): 8 =7.45-7.12 (m, 6H), 6.41 (dd,
3J(H,H)=3.0 and 1.8 Hz, 1H), 6.00 (d, */(H,H)=3.0 Hz, 1H), 538 (m,
1H), 3.58 (m, 1H), 3.40 (t, *J(H,H) = 5.4 Hz, 2H), 3.11-2.84 (m, 4H), 2.51
(s, 3H), 2.35 (m, 1H), 2.22-0.75 (m, 17H); “C NMR (50 MHz, CDCl,,
25°C): 6=353.0 (s), 230.5 (s), 228.8 (s), 218.9 (s), 2171 (s), 153.8 (s), 150.9
(s), 141.4 (d), 128.3 (d), 125.6 (d), 125.0 (d), 110.1 (d), 106.6 (d), 103.8 (s),
91.4 (d), 83.5 (d), 59.2 (1), 54.0 (d), 51.0 (d), 47.7 (1), 42.5 (1), 376 (t), 34.7 (),
34.2 (q), 30.7 (d), 27.0 (q), 26.3 (t), 25.3 (q), 21.9 (q); elemental analysis
caled (%) for C;,H3,CrNOgS, (647.76): C 59.34, H 5.76, N 2.16; found C
59.30, H 5.70, N 2.15.

Tetracarbonyl{[ (85,9R)-8-(3-cyclopentyloxy-4-methoxyphenyl)-6-methyl-
1,4-dithia-6-azaspiro[4,4]nonan-9-yl][ (1R,3R,4S)-8-phenylmenthyloxy]-
methyliden}chromium(o) (7g): Orange oil; yield: 60 % (463 mg); R;=0.28
(hexane/AcOEt, 100:1); FT-IR (neat): #=2010, 1905 (broad band),
1860 cm™Y; [a]¥ =+3514 (¢=0.25 in CH,CL); 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 0 =729-6.95 (m, 5H), 6.85 (m, 1H), 6.66 (m, 2H),
5.34 (m, 1H), 4.80 (m, 1H), 3.93 (s, 3H), 3.65 (m, 1H), 3.43 (t, */(H,H) =
5.6 Hz, 2H), 3.07 (m, 2H), 2.72 (m, 2H), 2.53 (s, 3H), 2.34 (m, 3H), 2.08 -
0.80 (m, 23H); *C NMR (50 MHz, CDCl;, 25°C): 6 =354.1 (s), 230.6 (s),
228.9 (s),219.2 (s), 2173 (s), 150.9 (s), 148.8 (s), 147.5 (s), 135.0 (s), 128.0 (d),
125.1 (d), 124.9 (d), 120.1 (d), 114.8 (d), 111.8 (d), 104.8 (s), 91.3 (d), 87.3 (d),
80.4 (d), 63.0 (1), 56.2 (q), 51.1 (d), 47.6 (t), 46.7 (d), 42.7 (1), 39.7 (s), 37.4 (1),
34.4(q),34.3 (1),33.0(t),32.9 (1), 30.8 (d), 29.6 (q), 26.3 (1), 26.0 (q), 24.1 (1),
21.9 (q); elemental analysis caled (% ) for C,H,CrNO;S, (771.95): C 62.24,
H 6.40, N 1.81; found C 62.01, H 6.31, N 1.77.

Tetracarbonyl{[ (85,9R)-8-ferrocenyl-6-methyl-1,4-dithia-6-azaspiro[4,4]-
nonan-9-yl][ (1R,3R,4S)-8-phenylmenthyloxy Jmethyliden}chromium(o)
(7h): Orange oil; yield: 66 % (505 mg); R;=0.49 (hexane/AcOEt, 9:1); FT-
IR (neat): 7=2009, 1908 (broad band), 1858 cm™!; [a]} = +471.1 (¢ =0.45
in CH,Cl,); 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.40-6.98 (m,
SH), 535 (m, 1H), 428-3.92 (m, 8H), 3.56 (m, 1H), 3.38 (t, J(H,H) =
5.5Hz, 2H), 3.18-2.95 (m, 2H), 2.61-2.18 (m, 3H), 2.56 (s, 3H), 1.95—
0.72 (m, 17H); ®C NMR (75 MHz, CDCl,, 25°C): 6 =354.5 (s), 230.6 (s),
228.7 (s), 219.3 (s), 2172 (s), 150.9 (s), 128.1 (d), 125.2 (d), 124.8 (d), 105.1
(s), 91.5 (d), 90.3 (s), 87.1 (d), 69.5 (d), 68.3 (d), 68.1 (d), 66.8 (d), 65.7 (d),
61.2 (1), S1.1 (d), 47.0 (1), 42.7 (t), 40.7 (d), 39.7 (s), 373 (1), 34.5 (q), 34.3 (1),
30.8 (d),26.8 (q),26.4 (t),25.8 (q), 21.9 (q); elemental analysis calcd (% ) for
C3H;3CrFeNO:sS, (765.72): C 59.61, H 5.66, N 1.83; found C 59.52, H 5.60,
N 1.83.

Tetracarbonyl{[ (85,9R)-6-benzyl-8-phenyl-1,4-dithia-6-azaspiro[4,4]non-
an-9-yl][ (1R,3R,4S)-8-phenylmenthyloxymethyliden}chromium(o)  (7i):
Orange oil; yield: 60 % (440 mg); R;=0.62 (hexane/AcOEt, 20:1); FT-IR
(neat): 7=2010, 1909 (broad band), 1859 cm™; [a] = +432.2 (¢=0.32 in
CH,Cl,); 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6=757-6.92 (m,
15H), 5.43 (m, 1H), 4.06 (m, 2H), 3.75 (m, 1H), 3.53 (m, 2H), 3.28-3.03
(m, 3H), 2.83 (m, 1H), 2.62 (t, */(H,H) =75 Hz, 1H), 2.44 (m, 1H), 2.05-
0.72 (m, 16 H); 3C NMR (75 MHz, CDCl;, 25°C): 6 =354.0 (s), 230.6 (s),
228.8 (s), 219.0 (s), 217.2 (s), 150.9 (s), 141.7 (s), 137.7 (s), 128.5 (d), 128.3
(d), 128.0 (d), 127.2 (d), 126.7 (d), 125.2 (d), 124.9 (d), 104.0 (s), 91.4 (d), 87.4
(d), 59.7 (), 52.5 (), 51.0 (d), 47.6 (), 47.1 (d), 42.8 (1), 39.6 (s), 37.5 (t), 34.3
(t), 30.7 (d), 26.4 (q), 26.3 (t), 25.9 (q), 21.9 (q); elemental analysis calcd
(%) for C,yH,;3CrNOsS, (733.90): C 65.46, H 5.91, N 1.91; found C 65.22, H
5.86, N 1.90.

Tetracarbonyl{[ (85,9R)-6-benzyl-8-(2-furyl)-1,4-dithia-6-azaspiro[4,4Inon-
an-9-yl][ (1R,3R,4S)-8-phenylmenthyloxy]methyliden}chromium(o) (7j):
Orange oil; yield: 68% (492 mg); R;=0.61 (hexane/AcOEt, 9:1); FT-IR
(neat): 7=2011, 1908 (broad band), 1861 cm™!; [a]¥ = +469.3 (¢ =0.51 in
CH,Cl,); '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.49-6.94 (m,
11H), 6.38 (m, 1H), 5.98 (m, 1H), 5.38 (m, 1H), 4.14 (m, 1H), 3.83-3.52
(m,2H), 3.43 (m, 2H), 3.20 (m, 1 H), 3.09-2.75 (m, 3H), 2.61 (m, 1H), 2.35
(m, 1H),2.11-0.68 (m, 16 H); ®*C NMR (75 MHz, CDCl;, 25°C): 6 =353.3
(s),230.5 (s),228.8 (s),218.7 (5), 217.0 (5), 153.6 (5), 150.9 (s), 141.4 (d), 137.7
(s), 128.4 (d), 128.3 (d), 1279 (d), 127.2 (d), 125.6 (d), 125.3 (d), 110.2 (d),
106.7 (d), 102.9 (s), 91.5 (d), 84.7 (d), 56.3 (t), 52.3 (t), 51.1 (d), 47.9 (t), 42.7
(t),40.0 (d), 39.8 (s), 37.8 (1), 34.3 (1), 30.7 (d), 26.5 (), 26.4 (q), 26.0 (q), 21.9
(q); elemental analysis calcd (%) for CiH, CrNOS, (723.86): C 63.05, H
5.71, N 1.94; found C 62.89, H 5.71, N 1.93.

Tetracarbonyl{[ (85,9R)-6-benzyl-8-(3-cyclopentyloxy-4-methoxyphenyl)-
1,4-dithia-6-azaspiro[4,4]nonan-9-yl][ (1R,3R,4S)-8-phenylmenthyloxy]-
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methyliden}chromium(o) (7k): Orange oil; yield: 58 % (492 mg); R;=0.50
(hexane/AcOEt, 9:1); FT-IR (neat): #=2058, 2010, 1980 cm~' (broad
band); [a]¥ = +398.3 (c=0.35 in CH,CL); 'H NMR (300 MHz, CDCl,,
25°C, TMS): 6=750-6.99 (m, 10H), 6.93 (d, *J(H,H)=6.8 Hz, 1H),
6.74-6.67 (s+d, 3J(H,H) =8.3 Hz, 2H), 5.46 (m, 1H), 4.82 (m, 1H), 4.06
(m, 2H), 3.98 (s, 3H), 3.73 (m, 1H), 3.53 (m, 2H), 3.25-3.00 (m, 3H),
2.76-2.62 (m, 2H), 2.50 (m, 1 H), 2.01-0.70 (m, 24 H); *C NMR (75 MHz,
CDCl,, 25°C): 6 =354.1 (s), 230.5 (s), 228.7 (s), 218.9 (s), 217.1 (s), 150.7 (s),
148.7 (s), 147.6 (s), 137.7 (s), 134.8 (s), 128.5 (d), 128.2 (d), 127.9 (d), 127.2
(d), 125.0 (d), 124.9 (d), 120.0 (d), 114.5 (d), 111.6 (d), 104.1 (s), 91.2 (d),
88.1 (d), 80.2 (d), 59.8 (t), 56.1 (q), 52.6 (1), SL.0 (d), 47.5 (1), 46.7 (d), 42.7
(t),39.6 (s), 37.1 (1), 34.2 (1), 32.9 (t), 32.8 (1), 30.6 (d), 26.3 (), 26.2 (q), 25.9
(q), 24.0 (t), 239 (t), 21.8 (q); elemental analysis caled (%) for
C,Hy;CINO,S, (848.04): C 65.15, H 6.30, N 1.65; found C 65.01, H 6.25,
N 1.66.

Oxidation of the cycloadducts 7: A solution of chromium carbene cyclo-
adducts 7 (1 mmol) in hexane/AcOEt (3:1, 100 mL) was exposed to
sunlight till the solution turned almost colorless (two to five hours on a
sunny day). The reaction mixture was filtered through Celite, and solvents
were evaporated under vacuum. The residue was purified by column
chromatography onsilica gel using hexane/ AcOEt mixtures (50:1 to 1:1) as
sequential eluents to isolate compounds 8, 9, and 10 in the yields reported
in Table 2.

(1R*,3R*,45°*)-Menthyl (85*,9R*)-6-methyl-8-phenyl-1,4-dithia-6-azaspiro-
[4,4]nonan-9-carboxylate (8a): Yellow oil; mixture (4:1) of diastereomers;
yield: 28% (121 mg); R;=0.37 (hexane/AcOEt, 9:1); FT-IR (neat): 7=
1727 em™'; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.38-716 (m,
10H), 4.75 (m, 2H), 3.76 (m, 4H), 3.40-3.10 (m, 10H), 3.00-2.85 (m, 2H),
2.51 (s, 6H), 2.03 (m, 2H), 1.79-0.62 (m, 34 H) ; *C NMR (50 MHz, CDCl;,
25°C): d=170.1 (s, min), 170.0 (s, maj), 141.9 (s, maj), 141.8 (s, min), 128.4
(d), 1274 (d), 127.3 (d), 126.6 (d), 99.5 (s, maj), 99.3 (s, min), 74.9 (d, maj),
74.8 (d, min), 68.3 (d, min), 67.8 (d, maj), 60.6 (t, maj), 59.9 (t, min), 46.9 (d),
43.7 (d, maj), 43.5 (d, min), 40.71 (t, maj), 40.66 (t, min), 40.0 (t), 39.4 (t,
min), 39.3 (t, maj), 34.2 (t, min), 34.1 (t, maj), 33.8 (q), 31.3 (d), 26.0 (q,
min), 25.2 (q, maj), 23.3 (t, min), 22.7 (t, maj), 22.0 (d), 20.9 (q, maj), 20.6 (q,
min), 16.0 (g, min), 15.6 (q, maj); MS (70 eV, EI): m/z (%): 433 (<5) [M]*,
373 (9), 236 (100), 218 (51), 190 (63); HRMS for C,,H;NO,S,: caled
433.2109; found 433.2130; elemental analysis calced (%) for C,,H3sNO,S,
(433.67): C 66.47, H 8.13, N 3.23; found C 66.52, H 8.01, N 3.20.

(1R*,3R*,45*)-Menthyl (85*,9R*)-6-benzyl-8-phenyl-1,4-dithia-6-azaspiro-
[4,4]nonan-9-carboxylate (8b): Yellow oil; mixture (1:1) of diastereomers;
yield: 45% (229 mg); R;=0.60 (hexane/AcOEt, 5:1); FT-IR (neat): 7=
1726 cm~'; 'TH NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.45-7.05 (m,
20H), 4.79 (m, 2H), 4.26-3.55 (m, 8 H), 3.41-3.12 (m, 8 H), 3.03 (m, 2H),
2.73 (m, 2H), 2.16-0.51 (m, 36 H); *C NMR (50 MHz, CDCl;, 25°C): 6 =
169.7 (s), 141.8 (s), 141.7 (s), 138.8 (s), 128.4 (d), 128.3 (d), 128.1 (d), 127.3
(d), 1272 (d), 126.8 (d), 126.5 (d), 99.2 (s), 99.0 (s), 74.8 (d), 68.3 (d), 67.6
(d), 57.5 (1), 56.9 (t), 51.7 (t), 46.9 (d), 46.7 (d), 43.5 (d), 43.3 (d), 40.7 (1),
40.6 (t),39.9 (t),39.3 (t),39.2 (t),34.2 (1), 34.1 (1), 31.3 (d), 25.9 (d), 25.1 (d),
23.2 (1), 22.6 (1), 22.0 (q), 20.9 (q), 20.6 (q), 16.0 (q), 15.5 (q): MS (70 eV,
EI): m/z (%): 509 (<5) [M]*, 449 (10), 311 (100), 266 (49), 91 (83); HRMS
for C3,H3NO,S,: caled 509.2422; found 509.2453; elemental analysis calcd
(%) for C;,H3yNO,S, (509.76): C 70.69, H 7.71, N 2.75; found C 70.55, H
767, N 2.77.

(1R*,3R*,45*)-Menthyl  (85*,9R*)-6-benzyl-8-(2-furyl)-1,4-dithia-6-aza-
spiro[4,4]nonan-9-carboxylate (8c): Yellow oil; mixture (1:1) of diaste-
reomers; yield: 20% (100 mg); R;=0.40 (hexane/AcOEt, 9:1); FT-IR
(neat): ¥=1729 cm~'; 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =749 -
715 (m, 12H), 6.23 (m, 2H), 6.02 (m, 2H), 4.81 (m, 2H), 4.09-3.73 (m,
8H), 3.41-3.11 (m, 8H), 3.04 (m, 2H), 2.74 (m, 2H), 2.19-0.61 (m, 36 H);
BC NMR (75 MHz, CDCl;, 25°C): 6 =169.7 (s), 169.5 (s), 154.2 (s), 154.1
(s), 141.4 (d), 141.3 (d), 138.6 (s), 128.4 (d), 128.2 (d), 126.8 (d), 109.9 (d),
105.1 (d), 98.6 (s), 98.4 (s), 75.1 (d), 75.0 (d), 65.1 (d), 64.8 (d), 54.3 (t), 53.9
(1), 51.5 (t), 51.4 (t), 46.95 (d), 46.89 (d), 40.6 (1), 39.9 (1), 39.8 (t), 39.5 (t),
39.3 (t), 37.35 (d), 37.26 (d), 34.2 (t), 34.1 (1), 31.3 (d), 26.0 (d), 25.2 (d), 23.3
(t),22.7 (t), 22.0 (q), 20.9 (q), 20.6 (q), 16.2 (q), 15.6 (q); elemental analysis
caled (%) for C,3H3,NO;S, (499.73): C 67.30, H 7.46, N 2.80; found C 67.18,
H 745, N 2.77.

(1R,3R,4S)-8-Phenylmenthyl (8S,9R)-6-methyl-8-phenyl-1,4-dithia-6-aza-
spiro[4,4Inonan-9-carboxylate (8d): Yellow oil; yield: quantitative
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(509 mg); R;=0.54 (hexane/AcOEt, 5:1); FT-IR (neat): #=1728 cm™;
[a]s =-25.6 (¢=1.08 in CH,ClL,); '"H NMR (200 MHz, CDCl;, 25°C,
TMS): 6 =7.45-7.09 (m, 10H), 4.93 (m, 1H), 3.60 (m, 2H), 3.38-3.17 (m,
5H), 2.83 (m, 1H), 2.50 (s, 3H), 2.07-0.82 (m, 17H); *C NMR (75 MHz,
CDCl;, 25°C): 0 =171.2 (s), 150.7 (s), 141.8 (s), 128.5 (d), 127.8 (d), 127.6
(d), 126.7 (d), 125.6 (d), 125.1 (d), 99.3 (s), 75.7 (d), 66.9 (d), 60.9 (t), 50.2
(d), 44.7 (d), 41.6 (t),40.3 (s), 40.0 (1), 39.3 (1), 34.3 (1), 33.8 (q), 31.2 (d), 29.7
(q), 27.1 (t), 23.0 (q), 21.7 (q); MS (70 eV, EI): m/z (%): 449 (<5) [M —
C,H,S]*, 236 (85), 191 (67), 119 (100), 91 (78); HRMS for C,xH;sNO,S
[M — CH,S]": caled 449.2389; found 449.2378; elemental analysis calcd
(%) for C5,H3NO,S, (509.76): C 70.69, H 7.71, N 2.75; found C 70.50, H
7.64, N 2.74.

(1R,3R,4S)-8-Phenylmenthyl  (8R,9R)-8-(2-furyl)-6-methyl-1,4-dithia-6-
azaspiro[4,4]nonan-9-carboxylate (8e): Yellow oil; yield: 25% (125 mg);
R;=0.29 (hexane/AcOEt, 9:1); FT-IR (neat): 7=1722 cm™!; [a]} = —31.2
(¢=0.86 in CH,Cl,); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.39-
712 (m, 6H), 6.30 (dd, 3/(H,H) =2.2 and 3.1 Hz, 1H), 6.09 (d, 3/(H,H) =
3.1 Hz, 1H), 4.95 (m, 1H), 3.70 (m, 2H), 3.39-3.18 (m, 5H), 2.86 (m, 1 H),
2.48 (s,3H), 2.18-0.84 (m, 17H); *C NMR (75 MHz, CDCl;, 25°C): d =
170.6 (s), 154.5 (s), 150.6 (s), 141.5 (d), 127.8 (d), 125.6 (d), 125.1 (d), 110.1
(d), 105.4 (d), 98.8 (s), 76.2 (d), 64.2 (d), 57.9 (t), 50.3 (d), 41.5 (t), 40.3 (s),
39.9(t),39.3 (t),37.7 (d), 34.3 (1), 33.7 (q), 31.2 (d), 30.0 (q), 27.2 (t), 23.0 (q),
21.7 (q); elemental analysis calcd (%) for C;xH3,NO;S, (499.73): C 67.30, H
7.46, N 2.80; found C 67.12, H 7.40, N 2.79.

(1R,3R 4S)-8-Phenylmenthyl (85,9R)-8-(3-cyclopentyloxy-4-methoxy-
phenyl)-6-methyl-1,4-dithia-6-azaspiro[4,4]nonan-9-carboxylate (8 f): Yel-
low oil; yield: 55 % (343 mg); R;=0.59 (hexane/AcOEt, 5:1); FT-IR (neat):
7=1726 cm™'; [a]} =+22.4 (c=0.84 in CH,CL,); 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6 =7.38-7.10 (m, 6H), 6.82 (m, 2H), 4.93 (m, 1H),
4.80 (m, 1H), 3.85 (s,3H), 3.54 (m, 1H), 3.39-3.14 (m, 5H), 2.79 (m, 1 H),
2.51 (s,3H),2.29 (m, 1 H), 2.02-0.61 (m, 25H); *C NMR (75 MHz, CDCl;,
25°C): 0 =171.5 (s), 150.6 (s), 148.7 (s), 147.6 (s), 134.1 (s), 127.7 (d), 125.5
(d), 125.0 (d), 119.6 (d), 114.2 (d), 111.8 (d), 99.2 (s), 80.2 (d), 75.6 (d), 67.4
(d), 61.0 (), 56.0 (q), 50.2 (d), 44.6 (d), 41.6 (t), 40.3 (s), 39.8 (), 39.2 (1), 34.3
(t),33.8(q),32.7 (t), 31.1 (d), 29.7 (q), 27.1 (), 24.0 (1), 22.9 (q), 21.7 (q); MS
(70 eV, EX): m/z (%): 563 (<5) [M — C,H,S]*, 349 (92), 236 (100), 119 (80),
91 (21); HRMS for C3H,;NO,S [M — CH,S]*: caled 563.3069; found
563.3090; elemental analysis caled (%) for C3HyNO,S, (623.91): C 69.31,
H 7.92, N 2.25; found C 69.26, H 7.83, N 2.21.

(1R,3R4S5)-8-Phenylmenthyl (8S,9R)-8-ferrocenyl-6-methyl-1,4-dithia-6-
azaspiro[4,4]nonan-9-carboxylate (8g): Yellow solid; yield: 38%
(235 mg); m.p. 120-122°C; R;=0.27 (hexane/AcOEt, 9:1); FT-IR (neat):
7=1724cm™; [a] =-62.9 (¢=1.09 in CH,ClL,); 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6 =7.40-7.12 (m, SH), 4.90 (m, 1H), 4.18-4.03 (m,
9H), 3.43-3.16 (m, 7H), 2.74 (m, 1H), 2.50 (s, 3H), 2.20-0.86 (m, 17H);
BC NMR (75 MHz, CDCl;, 25°C): 6 =150.9 (s), 127.9 (d), 125.7 (d), 125.1
(d), 99.1 (s), 89.3 (s), 76.4 (d), 68.4 (d), 67.6 (d), 67.5 (d), 66.1 (d), 59.8 (t),
50.5 (d), 41.4 (t), 40.4 (t), 39.7 (), 39.3 (d), 34.4 (t), 33.9 (q), 31.3 (d), 30.0
(q), 27.3 (t), 23.2 (q), 21.8 (q), the quaternary carbon from the chiral
auxiliary (around 6 =40) and the ester carbonyl carbon (around 6 =170)
were not observed; MS (70 eV, EI): m/z (%): 557 (16) [M — C,H,S]*, 299
(24), 143 (30), 119 (100), 91 (62); HRMS for C;,H3FeNO,S [M — C,H,S]*:
caled 557.2052; found 557.2054; elemental analysis caled (% ) for C;HysFe-
NO,S, (617.69): C 66.11, H 7.02, N 2.27; found C 65.99, H 6.99, N 2.29.

(1R,3R4S)-8-Phenylmenthyl (8S,9R)-6-benzyl-8-phenyl-1,4-dithia-6-aza-
spiro[4,4]nonan-9-carboxylate (8h): Yellow oil; yield: 31% (182 mg);
R;=0.37 (hexane/AcOEt, 9:1); FT-IR (neat): 7=1730 cm™}; [a]# = —19.7
(¢=0.35 in CH,CL); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =742 -
7.07 (m, 15H), 4.97 (m, 1 H), 4.07-3.90 (ABq, 2J(H,H) = 13.3 Hz, 2H), 3.73
(d, 3/ (H,H)=8.7Hz, 1H), 3.56 (m, 1H), 3.44-3.32 (m, 4H), 3.08 (dd,
3J(H,H)=8.7 and 9.5 Hz, 1 H), 2.70 (dd, *J(H,H) = 7.9 and 9.2 Hz, 1 H), 2.07-
0.68 (m, 17H); 3C NMR (75 MHz, CDCl;, 25°C): 6 =170.9 (s), 150.6 (s),
142.0 (s), 138.8 (s), 128.5 (d), 128.4 (d), 128.2 (d), 127.8 (d), 127.6 (d), 126.8
(d), 126.7 (d), 125.6 (d), 125.1 (d), 99.3 (s), 75.7 (d), 67.0 (d), 58.0 (t), 51.6 (t),
50.2 (d),44.5 (d), 41.8 (t), 40.3 (s),40.0 (t),39.2 (1), 34.3 (1), 31.3 (d), 29.9 (q),
272 (1),22.8 (q), 21.7 (q); MS (70 eV, EI): m/z (%): 525 (11) [M — C,H,S]",
311 (100), 266 (57), 119 (38), 91 (83); HRMS for C;,H3NO,S [M — C,H,S]":
caled 525.2702; found 525.2699; elemental analysis caled (%) for CysHys-
NO,S, (585.86): C 73.81, H 740, N 2.39; found C 72.98, H 7.30, N 2.42.
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(1R,3R,4S)-8-Phenylmenthyl (8S,9R)-6-benzyl-8-(2-furyl)-1,4-dithia-6-
azaspiro[4,4]nonan-9-carboxylate (8i): Yellow oil; yield: 27% (155 mg);
R;=0.38 (hexane/AcOEt, 9:1); FT-IR (neat): #=1726 cm™'; [a]¥ = —49.1
(¢=0.81 in CH,Cl,); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =741 -
712 (m, 11H), 6.27 (dd, *J(H,H) = 1.8 and 3.2 Hz, 1H), 6.06 (d, *J(H,H) =
3.2 Hz, 1H), 4.96 (m, 1H), 4.12 (d, 2J(H,H) =13.3 Hz, 1H), 3.79 (d +m,
2J(H,H)=13.3 Hz, 2H), 3.64 (m, 1H), 3.43-3.22 (m, 4H), 3.05 (dd,
3J(HH)=8.5 and 9.1 Hz, 1H), 2.69 (dd, *J(H,H)=8.0 and 9.1 Hz, 1H),
2.46-0.73 (m, 17H); “C NMR (75 MHz, CDCl;, 25°C): § =170.4 (s), 154.5
(s), 150.7 (s), 141.5 (d), 138.8 (s), 128.5 (d), 128.2 (d), 127.9 (d), 126.9 (d),
125.7 (d), 125.2 (d), 110.1 (d), 105.5 (d), 98.9 (s), 76.3 (d), 64.6 (d), 54.9 (t),
51.5 (t),50.3 (d), 41.6 (t), 40.4 (s), 39.9 (), 39.3 (), 37.6 (d), 34.4 (t), 31.4 (d),
29.9 (q), 273 (1), 23.1 (q), 21.8 (q); MS (70 eV, EI): m/z (%): 515 (13) [M —
C,H,S]*, 301 (100), 256 (70), 91 (73); HRMS for C;,H;NO,;S [M—
C,H,S]*: caled 515.2494; found 515.2504; elemental analysis caled (%)
for C3,H,NO;S, (575.82): C 70.92, H 7.18, N 2.43; found C 70.90, H 7.28, N
2.45.

(1R,3R,4S)-8-Phenylmenthyl (85,9R)-6-benzyl-8-(3-cyclopentyloxy-4-
methoxyphenyl)-1,4-dithia-6-azaspiro[4,4]nonan-9-carboxylate (8j): Yel-
low oil; yield: 37 % (259 mg); R;=0.31 (hexane/AcOEt, 9:1); FT-IR (neat):
#=1727em™"; [a]§=—18.7 (c=1.82 in CH,Cl); 'H NMR (300 MHz,
CDCl;, 25°C, TMS): 6 =742-714 (m, 11H), 6.82-6.78 (d +s, *’J(H,H) =
8.3 Hz, 2H), 4.98 (m, 1H), 4.75 (m, 1H), 4.07 (d, 2/(H,H) =13.1 Hz, 1H),
3.90 (d, 2/(H,H)=13.1 Hz, 1H), 3.82 (s, 3H), 3.67 (d, *J(H,H) =83 Hz,
1H), 3.50-3.32 (m, 5H), 3.08 (t, */(H,H)=9.1Hz, 1H), 2.69 (dd,
3J(H,H)=8.1 and 9.0 Hz, 1H), 2.06-0.85 (m, 25H); *C NMR (75 MHz,
CDCl;,25°C): 0 =171.2 (s), 150.5 (s), 148.6 (s), 147.6 (s), 138.8 (s), 134.6 (s),
128.4 (d), 128.1 (d), 127.7 (d), 126.8 (d), 125.5 (d), 125.0 (d), 119.6 (d), 114.1
(d), 111.7 (d), 99.2 (s), 80.1 (d), 75.6 (d), 67.6 (d), 58.2 (t), 55.9 (q), 51.5 (1),
50.2 (d),44.2 (d), 41.7 (t), 40.3 (s), 39.8 (1), 39.1 (t), 34.2 (), 32.7 (t), 31.2 (d),
30.0 (q), 27.1 (t), 24.0 (t), 22.7 (q), 21.7 (q); MS (70 eV, EI): m/z (%): 639
(<5) [M — GH,S]*, 194 (20), 119 (100), 91 (56); HRMS for C,H,,NO,S
[M — C,H,S]*: caled 639.3382; found 639.3376; elemental analysis calcd
(%) for C,,H5;NO,S, (700.01): C 72.07, H 7.63, N 2.00; found C 71.90, H
771, N 1.97.

(1R*,3R*,48*)-Menthyl (3R*,45%)-1-benzyl-4-phenylpyrrolidin-2-thione-
3-carboxylate (9b): Mixture (1:1) of diastereomers; yellow oil; yield:
33% (148 mg); R;=0.43 (hexane/AcOEt, 5:1); FT-IR (neat): 7#=1728,
1261 cm~'; 'TH NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.40-711 (m,
20H), 5.23-4.89 (m, 4H), 4.78 (m, 2H), 4.10-3.99 (m, 4H), 3.95-3.80 (m,
2H), 3.68-3.59 (m, 2H), 2.17-0.63 (m, 36 H); *C NMR (50 MHz, CDCl,,
25°C): 0=196.3 (s), 169.4 (s), 169.1 (s), 139.8 (s), 139.1 (s), 134.7 (s), 134.5
(s), 128.95 (d), 128.90 (d), 128.8 (d), 128.7 (d), 128.2 (d), 128.1 (d), 127.6 (d),
126.7 (d), 126.6 (d), 75.8 (d), 75.7 (d), 68.1 (d), 67.8 (d), 59.6 (t), 59.0 (t), 51.6
(1), 51.5 (), 46.83 (d), 46.77 (d), 43.6 (d), 43.2 (d), 40.6 (t), 40.3 (t), 34.1 (1),
31.4 (d), 31.3 (d), 25.9 (d), 25.7 (d), 23.2 (t), 22.9 (), 21.9 (q), 20.8 (q), 20.5
(q), 16.0 (q), 15.8 (q); MS (70 eV, EI): m/z (%): 449 (<5) [M]*, 311 (28),
149 (43), 119 (68), 91 (70), 84 (100); HRMS for C,H3sNO,S: caled
449.2389; found 449.2378; elemental analysis calcd (%) for C,xH3sNO,S
(449.65): C 74.79, H 7.85, N 3.12; found C 75.02, H 7.75, N 3.11.

(1R*,3R*,48*)-Menthyl (3R*,45%)-1-benzyl-4-(2-furyl)pyrrolidin-2-thi-
one-3-carboxylate (9¢): Mixture (1:1) of diastereomers; yellow oil; yield:
32% (141 mg); R;=0.41 (hexane/AcOEt, 3:1); FT-IR (neat): 7=1725,
1262 cm~'; 'TH NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.51-720 (m,
12H), 6.27 (m, 2H), 6.06 (m, 2H), 5.15-4.72 (m, 6 H), 4.29-3.85 (m, 6 H),
3.80-3.52 (m, 2H), 2.19-0.70 (m, 36H); *C NMR (50 MHz, CDCl;,
25°C): 6 =195.8 (s), 168.9 (s), 168.6 (s), 151.9 (s), 151.5 (s), 142.2 (d), 134.3
(s), 128.7 (d), 128.0 (d), 125.6 (d), 110.2 (d), 106.3 (d), 106.1 (d), 75.8 (d),
65.5(d), 65.1 (d), 56.7 (t), 56.2 (t), 51.4 (t), 51.3 (t), 46.7 (d), 40.4 (), 40.2 (1),
372 (d), 37.0 (d), 34.0 (t), 31.2 (d), 25.9 (d), 25.6 (d), 23.2 (t), 22.8 (t), 21.9
(@), 20.7 (q), 20.5 (q), 16.1 (q), 15.8 (q); MS (70 eV, EI): m/z (% ): 439 (10)
[M]*, 302 (68), 256 (100), 91 (92); HRMS for C,sH;;NO,S: caled 439.2181;
found 439.2187; elemental analysis calcd (%) for C,sH3;3NO;S (439.61): C
71.04, H 7.57, N 3.19; found C 71.25, H 7.62, N 3.16.

(1R,3R,4S)-8-Phenylmenthyl (3R,45)-4-(3-cyclopentyloxy-4-methoxy-
phenyl)-1-methylpyrrolidin-2-thione-3-carboxylate (9 f): Yellow oil; yield:
23% (130 mg); R;=0.30 (hexane/AcOEt, 3:1); FT-IR (neat): #=1727,
1262 ecm™; [a]f = +69.2 (¢ =0.52 in CH,CL,); '"H NMR (200 MHz, CDCl;,
25°C, TMS): 6 =740-7.11 (m, 5H), 6.81 (d, 3J(H,H) =8.2 Hz, 1 H), 6.66 -
6.61 (d+s, *J(H,H) =8.2 Hz, 2H), 4.90-4.76 (m, 2H), 3.97-3.37 (m, 4H),
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3.85 (s,3H), 3.30 (s, 3H), 1.96-0.83 (m, 25H); *C NMR (75 MHz, CDCl,,
25°C): 6 =196.0 (s), 169.4 (s), 151.2 (s), 149.3 (s), 147.8 (s), 132.0 (s), 127.8
(d), 125.7 (d), 124.9 (d), 118.7 (d), 113.4 (d), 112.0 (d), 80.4 (d), 76.8 (d), 67.4
(d), 62.6 (t), 56.0 (q), 50.1 (d), 43.0 (d), 40.9 (t), 40.0 (s), 35.3 (q), 34.4 (1),
32.8(t),31.2 (d), 275 (q),26.9 (1), 25.9 (q), 24.0 (1), 21.6 (q); MS (70 eV, EI):
miz (%): 563 (18) [M]*, 350 (45), 236 (90), 119 (100); HRMS for
C3HysNO,S: caled 536.3069; found 536.3071; elemental analysis caled (%)
for C3,H,;sNO,S (563.79): C 72.43, H 8.05, N 2.48; found C 72.25, H 7.97, N
2.47.

(1R,3R 4S)-8-Phenylmenthyl (3R,4S)-4-ferrocenyl-1-methylpyrrolidin-2-
thione-3-carboxylate (9g): Yellow oil; yield: 19% (106 mg); R;=0.16
(hexane/AcOEt, 5:1); FT-IR (neat): 7=1727, 1261 cm™!; [a]¥ =+3.17
(¢=0.31 in CH,ClL); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =741 -
716 (m, 5H), 4.87 (m, 1H), 4.17 (m, 7H), 4.02-3.95 (m, 2H), 3.82 (d,
3J(H,H) =4.8 Hz, 1H), 3.54 (m, 1H), 3.28 (s, 3H), 3.11 (m, 2H), 2.34 (m,
1H),2.06 (m,3H), 1.75-0.80 (m, 14 H); *C NMR (75 MHz, CDCl;, 25°C):
0=195.8(s), 169.7 (s), 151.2 (s), 128.0 (d), 125.8 (d), 125.0 (d), 89.2 (s), 76.8
(d), 68.6 (d), 68.1 (d), 67.9 (d), 66.5 (d), 62.9 (t), 50.3 (d), 41.1 (t), 40.0 (s),
374 (d), 35.4 (q), 34.5 (t), 31.3 (d), 274 (q), 27.0 (1), 26.3 (q), 21.7 (q); MS
(70 eV, EI): m/z (%): 557 (66) [M]*, 299 (100), 119 (42); HRMS for
C;,H3FeNO,S: caled 557.2052; found 557.2072; elemental analysis calcd
(%) for Cy,H5,FeNO,S (557.57): C 68.93, H 7.05, N 2.51; found C 68.70, H
7.00, N 2.54.

(1R,3R,4S)-8-Phenylmenthyl (3R,45)-1-benzyl-4(3-cyclopentyloxy-4-
methoxyphenyl)pyrrolidin-2-thione-3-carboxylate (9j): Yellow oil; yield:
8% (51 mg); R;=0.45 (hexane/AcOEt, 3:1); FT-IR (neat): 7=1726,
1263 ecm™; [a] = +30.9 (¢=0.79 in CH,Cl,); "H NMR (200 MHz, CDCl;,
25°C, TMS): 6 =740-7.09 (m, 10H), 6.76 (m, 1H), 6.56 (m, 2H), 5.17 (d,
2J(HH) =14.3 Hz, 1H), 4.88-4.42 (d + m, 2J(H,H) =14.3 Hz, 3H), 3.84-
3.73 (m, 2H), 3.81 (s, 3H), 3.54 (m, 2H), 2.29-0.74 (m, 25H); *C NMR
(75 MHz, CDCl;, 25°C): 6 =196.4 (s), 169.3 (s), 151.3 (s), 149.2 (s), 147.8
(s), 134.6 (s), 132.5 (s), 128.8 (d), 128.3 (d), 127.9 (d), 125.7 (d), 125.0 (d),
118.6 (d), 113.2 (d), 111.9 (d), 80.4 (d), 76.8 (d), 67.9 (d), 60.0 (t), 56.0 (q),
51.5(t), 50.1 (d), 42.5 (d), 41.0 (t), 40.0 (s), 34.5 (), 32.8 (1), 31.2 (d), 27.2 (q),
26.9 (1),26.3 (q), 24.0 (t), 21.7 (q); MS (70 eV, EI): m/z (%): 639 (10) [M]*,
214 (30), 119 (100), 91 (78); HRMS for C,,H,NO,S: calcd 639.3382; found
639.3384; elemental analysis calcd (% ) for C, Hy,NO,S (639.89): C75.08, H
7.72, N 2.19; found C 74.82, H 7.68, N 2.22.

(1R,3R,4S)-8-Phenylmenthyl (3R,45)-4-(3-cyclopentyloxy-4-methoxy-
phenyl)-1-methylpyrrolidin-2-one-3-carboxylate (10f): Yellow oil; yield:
15% (82 mg); R;=0.10 (hexane/AcOEt, 3:1); FT-IR (neat): 7=1737,
1698 cm~'; [a]$ = +33.3 (¢=0.42 in CH,Cl,); '"H NMR (200 MHz, CDCl;,
25°C, TMS): 0 =739-7.10 (m, 5H), 6.82 (d, *J(H,H) = 8.0 Hz, 1 H), 6.69—
6.64 (d+s, *J(H,H) =8.0 Hz, 2H), 4.87-4.76 (m, 2H), 3.85 (s, 3H), 3.71 -
3.53 (m, 2H), 3.39-3.12 (m, 2H), 2.94 (s, 3H), 2.40-2.15 (m, 1H), 2.09-
0.70 (m, 24H); ¥C NMR (75 MHz, CDCl;, 25°C): 6 =169.7 (s), 169.3 (s),
151.1 (s), 149.2 (s), 147.7 (s), 132.3 (s), 127.8 (d), 125.7 (d), 124.9 (d), 118.7
(d), 113.7 (d), 112.0 (d), 80.4 (d), 76.6 (d), 56.1 (d), 56.0 (q), 54.8 (), 50.3 (d),
41.7 (d), 41.2 (t), 40.0 (s), 34.4 (t), 32.8 (t), 31.2 (q), 29.8 (d), 27.7 (q), 26.9 (t),
25.3 (q), 24.0 (1), 21.6 (q); MS (70 eV, EI): m/z (%): 547 (<5) [M]*, 546
(20), 289 (21), 265 (48), 220 (69), 119 (100); HRMS for C;,H,;sNOs: caled
547.3298; found 547.3305; elemental analysis caled (%) for C;H,sNOs
(547.73): C 74.56, H 8.28, N 2.56; found C 74.30, H 8.15, N 2.60.

(1R,3R4S)-8-Phenylmenthyl (3R,4S)-4-ferrocenyl-1-methylpyrrolidin-2-
one-3-carboxylate (10g): Yellow oil; yield: 20% (108 mg); R;=0.11
(hexane/AcOEt, 5:1); FT-IR (neat): 7=1728, 1698 cm™!; [a]¥ =+25.6
(¢=0.39 in CH,Cl,); '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =746 -
717 (m, 5H), 491 (m, 1H), 4.18 (brs, 9H), 4.03-3.98 (m, 2H), 3.35-3.23
(m, 2H), 2.96 (s, 3H), 2.06 (m, 2H), 1.65-0.80 (m, 15H); *C NMR
(75 MHz, CDCl;, 25°C): 6 =170.1 (s), 169.5 (s), 151.3 (s), 127.9 (d), 125.7
(d), 125.0 (d), 89.3 (s), 76.7 (d), 68.4 (d), 68.1 (d), 67.9 (d), 66.5 (d), 66.3 (d),
56.4 (d), 54.6 (t), 50.4 (d), 41.3 (t), 39.9 (s), 35.9 (q), 34.4 (t), 31.2 (d), 29.8
(d), 27.2 (9), 26.9 (1), 25.8 (q), 21.7 (q); MS (70 €V, EI): m/z (%): 541 (59)
[M]*, 283 (100), 119 (52), 91 (20); HRMS for C3,H;FeNO;: caled 541.2279;
found 541.2290; elemental analysis calcd (% ) for C3,H3FeNOj; (541.51): C
70.98, H 7.26, N 2.59; found C 70.79, H 7.27, N 2.57.

(1R,3R,4S)-8-Phenylmenthyl (3R ,4S5)-1-benzyl-4-(3-cyclopentyloxy-4-
methoxyphenyl)pyrrolidin-2-one-3-carboxylate (10j): Yellow oil; yield:
16% (100 mg); R;=0.32 (hexane/AcOEt, 3:1); FT-IR (neat): 7=1730,
1697 cm™; [a]E = +35.4 (¢=0.92 in CH,Cl,); '"H NMR (200 MHz, CDCl;,
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25°C, TMS): 6 =7.40-7.10 (m, 10H), 6.78 (d, 3J(H,H) =79 Hz, 1H), 6.62 -
6.58 (d +s, *J(H,H) =79 Hz, 2H), 4.86 (m, 1H), 4.70 (m, 1H), 4.54 (ABq,
2J(H,H) =14.8 Hz, 2H), 3.83 (s, 3H), 3.57-3.41 (m, 2H), 3.24-3.18 (m,
2H), 1.97-0.82 (m, 25H); C NMR (75 MHz, CDCl;, 25°C): 6 =169.6 (s),
169.3 (s), 151.2 (s), 149.1 (s), 147.6 (s), 135.8 (s), 132.5 (s), 128.7 (d), 128.1
(d), 127.8 (d), 127.7 (d), 125.6 (d), 124.9 (d), 118.6 (d), 113.6 (d), 111.9 (d),
80.4 (d), 76.6 (d), 56.2 (d), 56.0 (q), 52.1 (t), 50.2 (d), 46.7 (t), 41.4 (d), 41.2
(1),39.9 (s), 34.4 (1), 32.7 (t), 31.2 (d), 27.2 (q), 26.8 (1), 25.8 (q), 24.0 (1), 21.6
(q); MS (70 eV, EX): m/z (%): 623 (7) [M]*, 297 (58), 119 (82), 91 (100);
HRMS for C,yHyNOs: caled 623.3611; found 623.3608; elemental analysis
caled (%) for C,HyNOs (623.83): C 77.01, H 7.92, N 2.25; found C 76.78, H
795, N 2.21.

Preparation of 9e and 10 e by thiirane extrusion and dithiolane hydrolysis:
A solution of 8e (1 mmol, 500 mg) was heated to reflux in toluene (10 mL)
for 48 hours. Solvents were evaporated under vacuum, and the residue was
purified by chromatography on silica gel with hexane/AcOEt (100:1 to 5:1)
as sequential eluents to give compounds 9e and 10e in 63 % and 14 % yield,
respectively.

(1R,3R,4S)-8-Phenylmenthyl  (3R,4R)-4-(2-furyl)-1-methylpyrrolidin-2-
thione-3-carboxylate (9e): Yellow oil; yield: 63% (277 mg); R;=0.14
(hexane/AcOEt, 5:1); FT-IR (neat): 7=1728, 1261 cm™!; [a]F =+16.1
(¢=1.15 in CH,ClL,); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =7.37—
712 (m, 6H), 6.30 (d, */(H,H)=2.1 Hz, 1H), 6.06 (d, */(H,H) =3.0 Hz,
1H), 4.86 (m, 1H), 3.92 (dd, */(H,H) =8.6 and 10.7 Hz, 1H), 3.78 - 3.68 (m,
2H), 3.45 (m, 1H), 3.28 (s, 3H), 2.06-0.78 (m, 17H); *C NMR (50 MHz,
CDCl;, 25°C): 6=195.3 (s), 168.6 (s), 152.1 (s), 151.3 (s), 142.2 (d), 127.9
(d), 125.6 (d), 125.0 (d), 110.2 (d), 106.2 (d), 76.9 (d), 64.9 (d), 59.6 (t), 50.0
(d), 40.9 (t), 39.9 (s), 36.6 (d), 35.3 (q), 34.5 (1), 31.2 (d), 27.0 (q), 26.9 (t),
26.5 (q), 21.7 (q); MS (70 eV, EI): m/z (%): 439 (5) [M]*, 226 (100), 180
(41), 119 (40), 91 (20); HRMS for C,H33NO;S: caled 439.2181; found
439.2160; elemental analysis calcd (% ) for C,sH;;NO;S (439.61): C71.04, H
7.57, N 3.19; found C 71.08, H 7.51, N 3.22.

(1R,3R,4S)-8-Phenylmenthyl  (3R,4R)-4-(2-furyl)-1-methylpyrrolidin-2-
one-3-carboxylate (10e): Yellow oil; yield: 14% (59 mg); R;=0.10
(hexane/AcOEt, 5:1); FT-IR (neat): 7=1731, 1698 cm™!; [a]} =+174
(¢=1.05 in CH,Cl,); 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.40—
7.05 (m, 6H), 6.32 (dd, 3J(H,H) =2.0 and 3.3 Hz, 1H), 6.06 (d, 3/(H,H) =
3.3 Hz, 1H), 4.86 (m, 1H), 3.71-3.53 (m, 2H), 3.48-3.25 (m, 2H), 2.91 (s,
3H),2.36-2.24 (m, 1H), 2.06-0.71 (m, 16 H); C NMR (75 MHz, CDCl;,
25°C): 6 =168.9 (s), 168.7 (s), 152.7 (s), 151.1 (s), 142.1 (d), 1279 (d), 125.6
(d), 125.0 (d), 110.2 (d), 105.9 (d), 76.8 (d), 53.7 (d), 51.9 (t), 50.2 (d), 41.1
(t), 40.0 (s), 35.4 (q), 34.4 (1), 31.2 (d), 29.8 (d), 27.5 (q), 26.9 (t), 25.6 (q),
21.7 (q); MS (70 eV, EI): m/z (%): 423 (<5) [M]*, 210 (75), 119 (100), 91
(41); HRMS for C,sH;;NO,: caled 423.2410; found 423.2427; elemental
analysis caled (%) for C,sH;3,NO, (423.55): C 73.73, H 7.85, N 3.31; found C
73.80, H 7.79, N 3.28.

Synthesis of N-benzylpyrrolidin-2-ones (12): A solution of the correspond-
ing cycloadduct 7 (1 mmol) in hexane/AcOEt (3:1, 100 mL) was exposed to
sunlight till it turned almost colorless. The reaction mixture was then
filtered through Celite, and solvents were evaporated under vacuum. The
crude residue was dissolved in a 1,4-dioxane/water (3:1, 32 mL) mixture;
LiOH-H,0 (10 equiv, 0.42 g, 10 mmol) was added, and the reaction
mixture was heated to reflux for 48 h. After cooling down to room
temperature, solvents were evaporated, and the residue was partitioned
between water (20mL) and AcOEt (20mL); the organic layer was
separated, and the aqueous layer was extracted twice more with AcOEt
(2x15mL). The combined organic layer was dried over Na,SO, and
filtered, and the solvents were evaporated under vacuum. The residue was
purified by column chromatography using hexane/AcOEt (20:1 to 1:2) as
sequential eluents to give N-benzylpyrrolidin-2-ones 12 in the yields
described in the text; the chiral auxiliary was recovered almost quantita-
tively after the chromatographic separation. The aqueous layer was
acidified with HCl (2N), and AcOEt (20 mL) was added. The organic
layer was separated, and the aqueous layer was extracted again with
AcOEt (2 x 15 mL) and discarded. The combined organic layer was treated
with Na,SO, and filtered, and solvents were removed under vacuum. The
residue was purified by column chromatography using sequential elution
with hexane/AcOEt (9:1 to 2:1) and hexane/AcOEt/HCOOH (20:12:1) to
give compounds 11.
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(3R,4R)-1-Benzyl-4-(2-furyl)-pyrrolidin-2-one-3-carboxylic acid (11a):
Yield 15-20% (43-57 mg) from 7j; R;=0.30 (hexane/ AcOEt/HCOOH,
20:12:1); FT-IR (neat): 7 = 3429 (broad band), 1728, 1678 cm~'; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =8.32 (brs, 1 H), 7.39-7.11 (m, 6 H), 6.25
(m, 1H), 6.11 (m, 1H), 4.52 (s, 2H), 4.07 (m, 1H), 3.79 (d, J =8.2 Hz, 1 H),
3.62 (m, 1H), 3.43 (m, 1H); ®C NMR (75 MHz, CDCl;, 25°C): 6 =170.8
(s), 169.7 (s), 151.8 (s), 142.1 (d), 134.7 (s), 128.8 (d), 128.0 (d), 127.9 (d),
110.3 (d), 106.6 (d), 52.6 (d), 49.4 (t), 47.0 (t), 34.5 (d); MS (70 eV, EI): m/z
(%): 285 (17) [M]*, 241 (54), 91 (100); HRMS for C;;H;sNO,: calcd
285.1001; found 285.1005; elemental analysis calcd (%) for C;sH;sNO,
(285.30): C 67.36, H 5.30, N 4.91; found C 6749, H 5.35, N 4.88.

(3R 4S5)-1-Benzyl-4-(3-cyclopentyloxy-4-methoxyphenyl)-pyrrolidin-2-

one-3-carboxylic acid (11b): Yield 20-25% (82-102 mg) from 7k; R;=
0.42 (hexane/ AcOEt/HCOOH, 20:12:1); FT-IR (neat): #=3503 (broad
band), 1732, 1689 cm~!; 'TH NMR (200 MHz, CDCl;, 25°C, TMS): 6 =8.22
(brs, 1H), 739-6.92 (m, 5H), 6.84—6.46 (m, 3H), 4.82-4.25 (m, 3H),
4.09-3.12 (m, 4H), 3.83 (s, 3H), 1.95-1.40 (m, 8H); *C NMR (75 MHz,
CDCl;,25°C): 6 =171.1(s), 170.2 (s), 149.0 (s), 147.6 (s), 135.0 (s), 132.4 (s),
128.6 (d), 127.7 (d), 118.6 (d), 113.6 (d), 111.9 (d), 80.2 (d), 55.8 (q), 55.5 (d),
52.1(t),46.9 (1),40.2 (d), 34.5 (1), 23.8 (t); MS (70 eV, EI): m/z (%): 365 (46)
[M — CO,]*, 297 (100), 150 (88), 91 (40); HRMS for C;H,,NO; [M —
CO,]*: caled 365.1991; found 365.1992; elemental analysis caled (%) for
C,,H,;NOs (409.48): C 70.40, H 6.65, N 3.42; found C 70.48, H 6.59, N 3.38.

(R)-1-Benzyl-4-(2-furyl)-pyrrolidin-2-one (12a): Colorless oil; yield: 30 %
(72 mg) from 7j [(£)-12a was obtained in 25% yield (60 mg) from 7d];
R;=0.10 (hexane/AcOEt, 3:1); FT-IR (neat): 7=1671 cm™}; [a]¥ = — 18.5
(¢=0.88 in CH,ClL,); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =749 -
7.08 (m, 6H), 6.28 (m, 1H), 6.05 (m, 1 H), 4.49 (s, 2H), 3.67-3.50 (m, 2H),
3.44-3.21 (m, 1H), 2.94-2.56 (m,2H); BC NMR (75 MHz, CDCl;, 25°C):
0=173.1 (s), 154.5 (s), 141.7 (d), 135.9 (s), 128.5 (d), 1279 (d), 127.5 (d),
110.0 (d), 105.1 (d), 50.9 (t), 46.3 (t), 36.2 (t), 30.8 (d); MS (70 eV, EI): m/z
(%): 241 (19) [M]*, 149 (38), 91 (42), 85 (62), 83 (100); HRMS for
CsHsNO,: caled 241.1103; found 241.1096; elemental analysis calcd (%)
for C;sH;sNO, (241.29): C 74.67, H 6.27, N 5.81; found C 74.81, H 6.22, N
5.79.

(S)-1-Benzyl-4-(3-cyclopentyloxy-4-methoxyphenyl)-pyrrolidin-2-one
(12b): Yellow oil; yield: 30-35% (110-128 mg) from 7k [(£)-12b was
obtained in 28 % yield (102 mg) from 7b]; R;=0.26 (hexane/AcOEt, 1:1);
FT-IR (neat): 7=1687 cm™; [a]¥ = —26.14 (¢ =1.32 in CH,Cl,); 'H NMR
(300 MHz, CDCl;, 25°C, TMS): 6 =7.27-7.20 (m, 5H), 6.72 (d, *J(H,H) =
8.0 Hz, 1H), 6.64-6.62 (d +s, */(H,H) =8.0 Hz, 1H), 4.64 (m, 1H), 4.51 -
4.38 (ABq, 2J(H,H) =14.5 Hz, 2H), 3.74 (s, 3H), 3.56 (m, 1H), 3.41 (m,
1H),3.20 (m, 1H), 2.81 (dd, */(H,H) =9.0 and 2/(H,H) = 17.0 Hz, 1H), 2.53
(dd, *J(H,H) =8.0 and J(H,H) = 17.0 Hz, 1 H), 1.80 (m, 6 H), 1.55 (m, 2H);
BC NMR (75 MHz, CDCl;, 25°C): 6 =173.5 (s), 148.7 (s), 1474 (s), 135.9
(s), 134.5 (s), 128.3 (d), 127.8 (d), 127.3 (d), 118.3 (d), 113.3 (d), 111.8 (d),
80.1 (d), 55.7 (q), 53.7 (t), 46.2 (1), 38.8 (1), 36.2 (d), 32.4 (), 23.7 (t); MS
(70 eV, EI): m/z (%): 365 (20) [M]*, 297 (80), 150 (63), 91 (52), 85 (60), 83
(100); HRMS for C,3H,;NO;: caled 365.1991; found 365.1993; elemental
analysis caled (% ) for C;3H,,NO; (365.47): C 75.59, H 745, N 3.83; found C
75.43, H 7.44, N 3.80.

Decarboxylation of compounds 11: Copper(1) oxide (0.1 equiv, 0.05 mmol,
7 mg) was added to a solution of the corresponding carboxylic acid 11
(0.5 mmol) in pyridine (10 mL), and the mixture was refluxed under a
continuous flow of nitrogen till TLC monitoring showed complete
disappearance of the starting material. The reaction mixture was filtered
through Celite and extracted with water and diethyl ether (3 x 15 mL). The
combined organic layer was dried over Na,SO, and filtered, and solvents
were evaporated. Finally the crude residue was purified by column
chromatography on silica gel using hexane/AcOEt (20:1 to 4:1) as eluents
to give N-benzylpyrrolidin-2-ones 12 in 70—75% yield.

Synthesis of (+)-Rolipram 1: N-benzylpyrrolidin-2-one 12b (0.5 mmol)
was dissolved in the minimum amount of dry THF under an inert
atmosphere and cooled to —78 °C; NH; was then bubbled through the flask
till approximately 25 mL were collected, and the reaction flask was allowed
to warm to —40°C. Excess lithium (bars) was added, and the resulting deep
blue solution was stirred for 10 min. Solid NH,CI was added to quench the
reaction; NH; was evaporated by allowing the reaction mixture to warm till
room temperature, and the residue was extracted with water and CH,Cl,
(3x15mL). The organic layer was dried with Na,SO,, filtered, and
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evaporated, and the residue was purified by flash chromatography using
hexane/AcOEt (1:5) and AcOEt as sequential eluents to give (+)-
Rolipram 1. White solid; yield: 95% (131 mg).

R;=0.16 (hexane/AcOEt, 1:5); FT-IR (neat): 7=1686 cm™'; [a]¥ = +24.7
(c=0.23 in MeOH) {ref. [12d] [a]p=—31 (c=0.5 in MeOH) for the
levorotatory isomer}; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =6.90 -
6.70 (m, 3H), 6.60 (brs, 1 H), 4.77 (m, 1H), 3.84 (s,3H), 3.83-3.59 (m, 2H),
3.39 (m, 1H), 2.72 (dd, 3/(H,H) = 8.4 and 2J(H,H) = 16.9 Hz, 1 H), 2.48 (dd,
3J(HH)=8.7 and %/(H,H)=16.9 Hz, 1H), 1.90-1.85 (m, 6H), 1.62 (m,
2H); "C NMR (50 MHz, CDCl;, 25°C): 6 =177.8 (s), 149.1 (s), 147.8 (s),
134.4 (s), 118.7 (d), 113.7 (d), 112.1 (d), 80.5 (d), 56.0 (q), 49.7 (t), 39.9 (d),
38.1 (1), 32.7 (1), 23.9 (t); MS (70 eV, EI): m/z (%): 275 (12) [M]*, 207 (78),
150 (100), 57 (66); HRMS for C;¢H,NOjs: caled 275.1521; found 275.1515.

The reaction performed with a racemic sample of 12b gave (£)-Rolipram
in 95 % yield (131 mg).

tert-Butyl (S)-4-(3-cyclopentyloxy-4-methoxyphenyl)-pyrrolidin-2-one-1-
carboxylate (13): Triethylamine (0.1 mmol, 14 mL), DMAP (0.1 mmol,
12 mg), and #(Boc),O (0.2 mmol, 44 mg) were added successively to a
solution of (+)-Rolipram 1 (0.1 mmol, 27.5 mg) in dry dichloromethane
(5 mL) under nitrogen at room temperature, and the resulting solution was
stirred till disappearance of 12 was detected by TLC. Solvents were then
evaporated, and the obtained residue was purified by flash chromatography
on silica gel using hexane/AcOEt (20:1 to 1:1 mixtures) to give 13, which
has the following data: yellow oil, yield: 76 % (29 mg) [73 % yield (27 mg)
for the racemic compound from (+)-1).

R;=0.50 (hexane/AcOEt, 1:1); FT-IR (neat): v=1784, 1751, 1713,
1516 cm™'; 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =6.86-6.74 (m,
3H), 4.77 (m, 1H), 4.13 (dd, *J(H,H) =7.8 and 10.6 Hz, 1H), 3.84 (s, 3H),
3.65 (dd, 3J(H,H) =75 and 10.5 Hz, 1H), 3.46 (m, 1 H), 2.88 (dd, *J(H,H) =
8.5 and ¥/(H,H)=173 Hz, 1H), 2.67 (dd, 3(H,H)=9.7 and 2J(HH)=
173 Hz, 1H), 2.00-1.71 (m, 4H), 1.68-143 (m, 13H); “C NMR
(75 MHz, CDCl;, 25°C): 6 =173.1 (s), 149.9 (s), 149.3 (s), 1479 (s), 132.8
(s), 118.7 (d), 113.6 (d), 112.1 (d), 83.0 (s), 80.5 (d), 56.1 (q), 53.3 (1), 40.5 (t),
36.0 (d), 32.7 (t), 27.9 (q), 23.9 (t); MS (70 eV, EI): m/z (%): 375 (<5) [M]*,
207 (95), 150 (100); HRMS for C,;H,(NOs: caled 375.2046; found 375.2057.
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Several assays were performed in an attempt to rule out one of the two
options: the undetected presence of the other diastereomer after the
cycloaddition reaction or a partial racemization of the cycloadduct
during the basic hydrolysis step. Thus, a sample of 12a with an er=
92:8 was treated with LiOH under the same hydrolysis conditions
described before. After three days, an er=91:9 was observed using
chiral HPLC analysis; this turned into an er=85:15 after fifteen days
of reaction. Also, the whole sequence that leads to (+)-Rolipram 1
was repeated, but this time the crude mixture after the cycloaddition
step was purified by column chromatography, and three sequential
fractions in approximately 1:1:1 ratio were taken. Solvents were
evaporated, and NMR experiments (‘H NMR: 300 MHz; '*C NMR:
75 MHz) did not detect the presence of the other diastereomer in any
of the fractions. The three fractions were then transformed into (+)-
Rolipram 1 {[a]} = +26.7 (¢ =0.55 in MeOH), [a]} = +19.3 (c=0.72
in MeOH), and [a]® = +21.5 (¢ =0.97 in MeOH) for the first, second,
and third fraction, respectively} and into the BOC-protected com-
pound 13 to be purified by chiral HPLC analysis. The er values
observed in these analyses were 97:3 for the first fraction, 95:5 for the
second fraction, and 90:10 for the third fraction. From these results,
the presence of the NMR-undetected diastereomer after the cyclo-
addition step is evident.
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Reaction of a Complexed Phosphinidene with 2,4,6-Tri-tert-butyl-

1,3,5-triphosphabenzene

Mark J. M. Vlaar,!?! Andreas W. Ehlers,*! Marius Schakel,®! Scott B. Clendenning,™
John F. Nixon,™ Martin Lutz,“! Anthony L. Spek,“! and Koop Lammertsma*[?!

Dedicated to Professor Manfred Regitz on the occasion of his 65th birthday

Abstract: The terminal phosphinidene complex PhPW(CO); reacts with 2,4,6-tri-
tert-butyl-1,3,5-triphosphabenzene to give two unexpected multicyclic organophos-

phorus compounds. One of them results from an initial 1,2-addition, followed by an
intramolecular rearrangement. B3LYP/6-31G* calculations on simplified parent
systems suggest that the reaction follows a unique concerted reaction pathway. The
second, and major, product is a tetraphosphaquadricyclane derivative, which
presumably results from an intramolecular [242] cycloaddition of an intermediate

Keywords: cycloaddition density
functional calculations - electrophil-
ic aromatic substitution - phosphini-
dene complex - triphosphabenzene

tetraphosphanorbornadiene complex. Single-crystal X-ray structures are presented

for both products.

Introduction

The recent development of convenient synthetic routes to
2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene (1) has encour-
aged a number of research groups to study its reactivity? and
its structuralP® and ligating® properties. Previous work by two
of us concerned reactions of 1 with silylene 2 and carbene 4.
The former gave a formal [144] cycloaddition product (3),5
whereas the latter resulted in an ylide, which rearranged by
contraction of the aromatic triphosphabenzene to give a five-
membered ring structure (5) (Scheme 1).9 These unusual
results and the differences in reactivity between 2 and 4
motivated us to study the reactivity of 1 toward complexed
phosphinidenes RPW(CO)s, which are six-electron species
analogous to silylenes and carbenes. The reactivity of these
Fischer-carbene-like synthons toward a great variety of
substrates has been studied,/” but up to now only two reports
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have dealt with their reactivity toward aromatic compounds.
Treatment of transient electrophilic phosphinidene complexes
with ferrocene results in insertion into a C—H bond,®! whereas
a genuine [1+4] cycloaddition product is obtained from the
reaction between PhPW(CO); (7) and the aromatic [S]meta-
cyclophane (8) (Scheme 2).’! Treatment of 7 with a phos-
phaalkene gives a decomplexed diphosphirane.'”! Hence,
formation of 1,2- and 1,4-addition products may be expected
from the reaction between PhPW(CO); and triphosphaben-
zene 1.

Product isolation and characterization: Treatment of 1 with
PhPW(CO); (7), generated in situ by thermal decomposition
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of 6 at 110°C, gives two unexpected products in a ratio of
roughly 1:2, as determined from integration of their 3P NMR
resonances. The 3'P NMR spectra are not in agreement with
those expected for a 1,4-addition adduct similar to 3 or 9,
neither do they correspond to a 1,2-addition product. Instead,
column chromatography afforded a mixture of compounds 10
and 11, which were separated by fractional crystallization as
yellow and colorless crystals in 25% and 39% yields,
respectively (Scheme 3).

Scheme 3.

Product 10: The *'P NMR spectrum of compound 10 has four
resonances with rather complicated coupling patterns, but
with very characteristic chemical shifts. The presence of the
diphosphirane unit is evident from the typical high-field
resonances at 6 =—94.3 and —152.9, with a large 'J(P,P)
coupling constant of 192.4 Hz. The coordination to the
W(CO); group is clear from the J(W,P) coupling constant
of 249.1 Hz at the former resonance. The existence of the
phosphaalkene part is confirmed by the characteristic low-
field absorptions at 0 =319.3 in the 3'P NMR spectrum and
0 =219.7 in the *C NMR spectrum.[!] The 3'P NMR signal for
the remaining phosphorus, P(3), is found at 6 = —6.0.

Ultimate proof for the structure of 10 was provided by a
single-crystal X-ray analysis. The P—P bond of 2.1978(7) A,
the P=C bond of 1.677(2) A, and the P—C bonds of 1.814(2) to
1.8752(19) A are all of normal lengths (Figure 1).1l The six-
membered ring is fixed in an almost perfect boat conforma-
tion, due to the C=P double bond and the fusion with the
three- and five-membered rings. Consequently, the proton at
C(3) is located in the shielding cone of the phenyl ring, which
explains its relatively high-field shift (6 =0.47) in the 'H NMR
spectrum.

Product 11: The structural composition of 11 is also readily
derived from the spectroscopic data. The absence of P=C
bonds is immediately evident from the lack of signals around

3546 ——
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Figure 1. Displacement ellipsoid plot of 10 drawn at the 50 % probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A],
angles, and torsion angles [°]: W(1)—P(1) 2.5252(5), P(1)—C(1) 1.8698(19),
P(1)-P(2) 2.1978(7), P(1)-C(5) 1.8144(19), P(2)-C(1) 1.8752(19),
P(2)—C(3) 1.8614(19), P(3)—-C(1) 1.8711(19), P(3)—-C(2) 1.8603(19),
P(3)—C(4) 1.8309(19), P(4)—C(2) 1.677(2), P(4)—C(3) 1.8544(19),
C(4)—C(5) 1.400(3), P(1)-W(1)-C(2)6 176.39(6), W(1)-P(1)-P(2)
123.36(2), W(1)-P(1)-C(1) 137.99(6), P(2)-P(1)-C(1) 54.18(6), P(1)-P(2)-
C(1) 53.95(6), P(1)-P(2)-C(3) 105.53(6), C(1)-P(2)-C(3) 105.56(8), C(1)-
P(3)-C(2) 105.20(9), C(1)-P(3)-C(4) 96.52(9), C(2)-P(3)-C(4) 102.91(8),
C(2)-P(4)-C(3) 105.12(9), P(1)-C(1)-P(2) 71.87(7), P(1)-C(1)-P(3)
109.60(9), P(2)-C(1)-P(3) 118.98(10), P(3)-C(2)-P(4) 126.29(11), P(2)-
C(3)-P(4) 111.63(10), C(4)-P(3)-C(1)-P(1) —13.77(10), P(3)-C(4)-C(5)-
P(1) -572), C(3)-PQ2)-C(1)-P(3) —4.72(13), C(3)-P(4)-C(2)-P(3)
10.07(15).

0 =300 in the 3P NMR spectrum and around 6 =200 in the
13C NMR spectrum. The bridgehead phosphorus is recognized
in the 3'P NMR spectrum from the resonance at 6 =24.2 with
a 'J(W,P) coupling constant of 222.6 Hz and a large 'J(P,P)
coupling constant of 257.4 Hz with the phosphirane phospho-
rus, which has a typical high-field shift at 6 = —113.0. The 3'P
NMR resonances at = — 122.8 and — 138.7 are characteristic
of phosphorus atoms that constitute part of a diphosphirane
ring, but their \J(P,P) coupling constant of only 47.1 Hz is very
small for such a system.['?]

The intriguing and unique structure of 11 was confirmed by
a single-crystal X-ray structure determination (Figure 2). The
asymmetric unit contains two crystallographically indepen-
dent molecules with a very similar geometry. The P(1)—P(2)
bond length of 2.2060(9) A, the P(3)—P(4) bond length of
2.1843(9) A, the C—C bond length of 1.551(3) A, and the P—C
bond lengths of 1.835(3)-1.901(3) A are within the ranges
generally observed for the separate three-, four-, and five-
membered rings. There is very little precedence for structures
like 11. In fact, the only other quadricyclane derivatives
containing two or more heteroatoms are compounds 12.
These are obtained by treat-
ment of BuN=VCl;-DME Bu
with excess phosphaalkyne ,\j
R—C=P."® The crystal structure

\
of the derivative with R=rBu R P_\p
shows a nonplanar 1,3-di- p/ P
phosphetane unit with C-P-C- R
P torsion angles of ~13°. In 12 R =alkyl
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Figure 2. Displacement ellipsoid plot of 11 drawn at the 50 % probability
level. Only the first of two crystallographically independent molecules is
shown. Hydrogen atoms are omitted for clarity. Selected bond lengths [A],
angles, and torsion angles [°]; the values for the second molecule are in
square brackets: W(1)—P(3) 2.5755(6) [2.5791(6)], P(1)—P(2) 2.2060(9)
[2.2070(9)], P(1)—C(1) 1.890(2) [1.891(2)], P(1)—C(3) 1.876(2) [1.874(3)],
P(2)—C(2) 1.901(3) [1.909(2)], P(2)—C(3) 1.865(2) [1.867(2)], P(3)—P(4)
2.1843(9) [2.1841(8)], P(3)—C(3) 1.854(2) [1.853(2)], P(3)—C(1)6 1.835(2)
[1.835(2)], P(4)—C(1) 1.863(2) [1.863(2)], P(4)—C(2) 1.863(3) [1.862(2)],
C(1)-C(2) 1.551(3) [1.549(3)], P(3)-W(1)-C(2)6 178.17(9) [177.19(9)],
P(2)-P(1)-C(1) 79.95(8) [79.88(8)], P(2)-P(1)-C(3) 53.64(8) [53.71(7)],
C(1)-P(1)-C(3) 97.73(11) [97.87(11)], P(1)-P(2)-C(2) 80.13(8) [80.15(8)],
P(1)-P(2)-C(3) 54.11(8) [53.99(8)], C(2)-P(2)-C(3) 96.72(11) [96.68(10)],
W(1)-P(3)-P(4) 106.07(3) [105.093)], W(1)-P(3)-C(3) 124.61(8)
[124.18(8)], W(1)-P(3)-C(1)6 115.41(8) [116.54(8)], P(4)-P(3)-C(3)
96.27(8) [96.38(8)], P(4)-P(3)-C(1)6 104.19(8) [105.09(8)], C(3)-P(3)-
C(1)6 106.66(11) [105.99(11)], P(3)-P(4)-C(1) 102.04(8) [102.17(8)], P(3)-
P(4)-C(2) 97.58(8) [97.41(8)], C(1)-P(4)-C(2) 49.21(10) [49.15(10)], P(1)-
C(1)-P(4) 115.84(12) [115.63(12)], P(1)-C(1)-C(2) 100.45(15) [100.78(15)],
P(4)-C(1)-C(2) 65.41(13) [65.39(12)], P(2)-C(2)-P(4) 11755(13)
[11743(12)], P(2)-C(2)-C(1) 99.40(16) [99.10(15)], P(4)-C(2)-C(1)
65.38(13) [65.46(12)], P(1)-C(3)-P(2) 72.25(9) [72.30(9)], P(1)-C(3)-P(3)
116.48(12) [116.61(13)], P(2)-C(3)-P(3) 112.46(12) [112.13(12)], P(1)-C(1)-
C(2)-P(2) —2.33(15) [—2.69(14)], P(2)-P(1)-C(1)-C(2) 2.01(13) [2.34(12)].

contrast, the 1,2-diphosphetane ring of 11 is exceptionally
planar, as is reflected in the very small torsion angles of
—2.33(15)° for P(1)-C(1)-C(2)-P(2) and of 2.01(13)° for P(2)-
P(1)-C(1)-C(2). Generally, 1,2-diphosphetanes are puckered,
with P-C-C-P torsion angles between 18° and 42°.1'1 We are
aware of only one 1,2-diphosphetane with similarly small
torsion angles of 4.9° and —4.1°.114

Reaction pathway: The unexpected formation of compounds
10 and 11 illustrates once again the rich chemistry of
electrophilic phosphinidene complexes. But how are these
products formed? And why is the reaction behavior in this
case so different from that in the Arduengo carbenes and
silylenes? Because the expected 1,2- and 1,4-addition prod-
ucts are not observed as such, we also wondered whether they
are involved as intermediates.

Formation of 10: The presence of a three-membered ring in
structure 10 suggests that PhPW(CO); (7) initially adds to one
of the P=C bonds of 1 to give 13 (Scheme 4). 1,2-Additions to

Chem. Eur. J. 2001, 7, No. 16

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

(OC)W=p”  Bu

N
1+7 — M\P

Bu P Bu

O, 10

13a
(anti)

Scheme 4.

aromatic compounds have not been reported yet, but they are
well established for reactions with olefins!”) and heteroolefins
such as C=0, C=N,"®l C=S,['l C=Si,"®! and C=P['" and
usually give rise to two isomeric, three-membered ring
products. Hence, the formation of two isomers (syn and anti)
would also be expected for the 1,2-addition of 7 to 1. The syn
isomer 13b may undergo a 1,3-sigmatropic rearrangement to
give the formal 1,4-addition product 11 (vide infra). Instead
product 10 may result, at least formally, from an intra-
molecular electrophilic aromatic substitution of the anti
isomer 13a, which has the phenyl group above the ring, with
replacement of an ortho hydro-

gen from the phenyl group for a )

phosphorus and a concurrent ‘:'C/

H-shift to C(3). However, the Y
electrophilicity of the phospho-
rus of the phosphaalkene part
appears to be relatively low for
such a reaction pathway. On the other hand, related intra-
molecular reactions between phosphaalkenes and olefins,
together with P—C bond formation, are known from the
phospha-Cope rearrangement.['!]

We resorted to DFT calculations at the B3LYP/6-31G*
level of theory to verify the postulated reaction pathway. The
W(CO);s group was eliminated from the calculations and the
tert-butyl substituents were replaced by hydrogens to keep the
calculations within manageable proportions. The B3LYP/6—
31G*-optimized geometries for the simplified syn-1,2-addi-
tion adduct 14, product 15, and transition structure 16 are
depicted in Figure 3, together with their main geometrical
parameters. Their absolute and relative energies are summar-
ized in Table 1.

The two phosphaalkene parts of the initially formed syn-
1,2-adduct 14 are significantly conjugated, as is evident from
the relatively long P=C bonds of 1.698 A [P(4)—C(3)] and
1.690 A [P(3)—C(2)] and from the relatively short connecting
P(4)—C(2) bond of 1.801 A. Apparently, the stabilization
gained from this conjugation is insufficient to prevent the
conversion to the global minimum 15, which is a considerable
20.3 kcalmol~! more stable. This energy gain is readily

R_AC
N\ Y
C\'— P

Table 1. Absolute (in a.u.) and Relative B3LYP/6-31G* Energies (in
kcalmol™) of 14-16

Structures Energies

Absolute Relative
14 —1713.11677 0.0
15 —1713.14918 -20.3
16 —1713.08376 20.7
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Figure 3. B3LYP/6-31G*-optimized geometries of 14, 15, and 16.

attributable to the loss of a weak C=P m-bond and the
formation of a relatively strong C—P o-bond. The computed
geometry of 15 is in good agreement with the experimentally
determined molecular structure of 10 in the crystal, taking
into account the thermal motion in the crystal structure and
the absence of the W(CO)s and the fert-butyl substituents in
the computed structure, which result in a slight elongation of
most of the P—C bonds and a widening of the endocyclic
angles at the carbon centers.

Typically, electrophilic aromatic substitutions involve very
strong (ionic) electrophiles and follow a two-step reaction
pathway; intermediate products (Wheland intermediates)
have even been characterized. However, we found no other
minima along the reaction coordinate and located only a
single transition structure (16); this indicated a concerted
process. A vibrational frequency analysis giving one and only
one negative eigenvalue, corresponding to the formation of
the new P(3)—C(4) and C(3)—H bonds and the concurrent
breaking of the C(4)—H bond, confirmed it to be a true
transition structure. The small imaginary frequency of TS16,
118.5 cm™!, indicates a flat potential energy surface around
the saddle. Consequently, an IRC calculation connecting TS16
with the final product 15 was not successful, but the reaction
coordinate could be followed back to the syn-1,2-adduct 14.

The conversion of 14 to 15 appears to represent a unique
nonionic unimolecular electrophilic aromatic substitution, as
TS16 closely resembles a Wheland intermediate.l'”) The
barrier to this conversion, 20.7 kcalmol~!, is relatively low
due to significant resonance stabilization (Scheme 5). TS16
most closely resembles resonance structures 16B and 16C,
and illustrates attack by the electropositive phosphorus of the
P(3)=C(2) bond onto the ortho carbon of the phenyl group;

3548
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this results in pyramidalization of C(4) and alternating C—C
bond lengths within the phenyl group. Subsequently, the ortho
hydrogen shifts to C(3); the H--- C(3) length of 2.094 A falls
well within their van der Waals radii. The concertedness of the
reaction pathway is further reflected in the simultaneous
conversion of the 1,3-diphosphabutadiene part of 14 to a
single phosphaalkene unit, as is evident from the elongation of
the two P=C bonds by ~0.06 A and the shortening of the
P(4)-C(2) bond by ~0.07 A to 1.727 A in TS16. That the
reaction proceeds readily, despite the low electrophilicity of
the phosphorus, may be attributed to the fact that the three
reaction centers are part of the same molecule. Moreover, the
electrophilic center [P(3)], the ortho hydrogen, which is
activated by the P-substituent at the benzene ring, and the
base [C(3)] are all positioned in such a way that only very
small geometrical changes of the conformation in 14 are
needed to bring them together. Because the structural differ-
ences between 1,2-adduct 14, TS16, and product 15 are only
modest, we believe that the W(CO)s and tert-butyl substitu-
ents, which are located at the periphery of the structures, will
not significantly affect the reaction pathway.

Formation of 11: For the formation of 11, an intramolecular
[2+2] cycloaddition between the two P=C units of an initially
formed tetraphosphanorbornadiene complex 17 seems more
likely (Scheme 6). Indeed, both inter- and intramolecular

W(CO)s (OC)sW,__ _Ph
Ph\P\’ /<Bu B
Yy o AL e
tBu P/ Bu Bu \<tBu
13b 17
(syn)

Scheme 6.

head-to-head dimerizations of phosphaalkenes to give 1,2-
diphosphetanes are well established.?” It is noteworthy that
compound 12 is believed to result from an intramolecular
head-to-tail dimerization of the phosphaalkene parts of a
transiently formed norbornadiene derivative,'™ and a similar
head-to-head dimerization has been proposed in a rearrange-
ment reaction of a 1,3,5-triphospha-7-hafnanorbornadiene
complex.?U If 17 is an intermediate, we should consider two
reaction pathways for its transient formation: 1) 1,2-addition
followed by rearrangement, similar to the 1,3-sigmatropic
shift usually observed for vinylphosphiranes,?? or 2) a direct
1,4-addition, similar to the reaction between PhPW(CO);5 and
[5]metacyclophane 8.1 However, the formation of 10, as
described above, suggests that the former reaction pathway is
more plausible. Whereas complex 10 is obtained from an
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intermediate anti-1,2-adduct (13a), compound 11 may result
from rearrangement of the syn-1,2-addition product (13b).

Origin of the differences in reactivity: The major difference
between the reactivities of the silylene 2 and the carbene 4,
and the complexed phosphinidene PhPW(CO); (7) is, of
course, their electrophilic or nucleophilic natures. Complexed
phosphinidenes RPW(CO)s are electrophilic, as is evident
from the Hammett reaction constants of —0.76,%! —0.60,24
and —0.55 for cycloadditions to styrenes of PhAPW(CO)s,
MePW(CO)s, and MeOPW(CO)s, respectively. Silylenes and
carbenes of the Arduengo type, typified by silylene 2 and
carbene 4, are, on the other hand, strongly nucleophilic.l!
Indeed, computational analysis of the reaction between
carbene 4 and 1 showed that the first step of the reaction is
the nucleophilic attack of 4 at a carbon of the triphospha-
benzene to give a C—C ylide.ll The electrophilic PhAPW(CO);
is more likely to attack a phosphorus, as is illustrated by its
reactions with phosphanes, yielding phosphoranylidene phos-
phine complexes.?”)

Computational Section: All electronic structure calculations
were carried out using the Gaussian 98 suite of programs
(G98).18 For the density functional theory (DFT) calculations
we used Becke’s three-parameter hybrid-exchange function-
al,”! combined with the Lee - Yang—Parr correlation func-
tional,?” denoted as B3LYP. The 6-31G* basis set was
employed throughout for the geometry optimizations. First
and second order energy derivatives were computed to
confirm the nature of the minima and transition structures.
Intrinsic reaction coordinate calculations (IRC) were per-
formed to establish connections between transition structures
and minima.

Experimental Section

The experiment was performed under an atmosphere of dry nitrogen.
Solids were dried in vacuo, and liquids were distilled (under N,) prior to
use. Solvents were used as purchased, except for toluene, which was
distilled over sodium. NMR spectra were recorded on Bruker AC200 (‘H,
BC) and Avance250 spectrometers (*'P) with SiMe, (‘H, '*C) and 85%
H;PO, (*'P) as external standards. IR spectra were recorded on a Mattson-
6030 Galaxy FT-IR spectrophotometer, and high-resolution mass spectra
(HR-MS) on a Finnigan Mat 90 spectrometer.

Treatment of 1 with PhAPW(CO); (7): Complex 6 (0.32 g, 0.49 mmol) and 1
(0.15 g, 0.50 mmol) were heated under reflux in toluene (5 mL) for 6.5 h.
Evaporation to dryness and chromatography of the residue over silica with
pentane/dichloromethane (9:1) as eluent gave a mixture of 10 and 11
Fractional crystallization from a hexane/dichloromethane mixture afforded
10 as yellow crystals and 11 as colorless crystals.

Compound 10: Yield: 0.09 g (25 % ); m.p. 180-182°C; 'H NMR (250 MHz,
CDCly, 25°C): 6 =73-7.7 (m, 4H; Ph), 1.59 (d, */(PH) =23 Hz, 9H; P =
C-C(CHs)3), 1.25 (s, 9H; P;CC(CHs);), 1.08 (s, 9H; HCC(CHs);), 0.47 (ddd,
2J(PH)=158Hz, 2/(PH)=106Hz, 2(PH)=11Hz, 1H; PCH);
B3C NMR (63MHz, CDCl;, 25°C): 6=219.7 (ddd, J(P,C)=65.5,
IJ(P,C)=60.1 Hz, 2J(P,C)=5.5; P=C), 1979 (d, 2J(P,C)=32.5 Hz, trans
CO), 196.5 (dd, 2J(P,C) =76 Hz, 3J(P,C) =1.1 Hz, 'J(W,C) =1279 Hz, cis
CO), 145.1 (m, ipso Ph), 144.2 (m, ipso Ph), 132.8 (d, 2/(P,C) = 22.8 Hz, Ph),
131.2 (dd, 3/(P,C) =5.8 Hz, *J(P,C) =2.5 Hz, Ph), 128.6 (m, Ph), 128.4 (dd,
2J(P,C)=25.7Hz, 3J(PC)=6.2Hz, Ph), 49.3 (ddd, 'J(P,C)=64.8 Hz,
1J(P,C)=56.1 Hz, 2J(P,C)=2.5Hz, PCH), 458 (dd, 2J(P,C)=29.3 Hz,
2J(P,C)=20.8 Hz P=C-C(CH,);, 35.7 (ddd, 2J(P,C) =22.0 Hz, %J(P,C) =
148 Hz, %J(P,C)=1.8Hz, P;CC(CH,);), 33.9 (dd, 2J(P,C)=16.5Hz,
2J(P,C)=16.1 Hz, HCC(CH,);), 33.3 (dd, *J(P,C)=16.7 Hz, *J(PC)=
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9.4Hz, P=C-C(CH;);, 31.8 (m, P;CC(CH,);), 30.6 (dd, 3J/(PC)=
3J(P,C)=9.7 Hz, HCC(CH;);); *'P NMR (101 MHz, CDCl;, 25°C): 6 =
319.3 (m, P=C), —6.0 (ddd, 2J(PP)=14.4 Hz, %J(PP)=8.1 Hz, 2J(PP)=
31Hz, P-C=P), —943 (ddd, J(PP)=192.4Hz, 2J(PP)=14.4Hz,
3J(PP)=6.4Hz, 'J(WP)=249.1Hz, W-P-P), —152.9 (m, J(PP)=
1924 Hz, W-P-P); IR (CH,CL): #=1914cm™'(s), 2074 cm™' (w)
(C=0); HR-MS: calcd. for C,sH;,P,OsW: 732.07098; found 732.07656.
Compound 11: Yield: 0.14 g (39 % ); m.p. 176-177°C; '"H NMR (250 MHz,
CDCl;, 25°C): 6 =8.0 (m, 2H; Ph), 7.5 (m, 3H; Ph), 1.40 (s, 9H; CH,), 1.37
(s, 9H; CHj;), 1.06 (s, 9H; CH;); BC NMR (63 MHz, CDCl;, 25°C): 6 =
198.3 (d, 2J(P,C) =24.2 Hz, trans CO), 198.1 (dd, 2/(P,C) ~3J(P,C) ~ 5.7 Hz,
1J(W,C) =126.7 Hz, cis CO), 135.3 (ddd, 2/(P,C) =8.8 Hz, 3J(P,C) =3.2 Hz,
4J(P,C) =2.6 Hz, 0-Ph), 133.3 (dd, 'J(P,C) = 20.1 Hz, 2J(P,C) = 3.3 Hz, ipso-
Ph), 131.5 (d, */(P,C) = 2.1 Hz, p-Ph), 128.8 (d, 3/(P,C) =9.2 Hz, m-Ph), 71.7
(dddd, 'J(P,C)=63.6 Hz, 'J(P,C)=58.6 Hz, 'J(P,C)=22.8 Hz, J(P.C)=
3.0 Hz, CP;), 56.5 (dddd, J(P,C)=54.2 Hz, 'J(P,C)=31.6 Hz, 2J(PC)~
2J(P,C)~43Hz, CP,), 477 (ddd, 'J(P,C)=48.6 Hz, 'J(P,C)=29.5 Hz,
2J(PC)=39Hz, CP,), 378 (dt, 2J(P(1),C)=%/(P(2),C)~13.1 Hz,
2J(P,C)=2.8 Hz, C(CHa;);), 35.9 (dd, %/(P,C)=18.6 Hz, %J(P,C)=8.2 Hz,
C(CHs;);), 35.4 (ddd, 2/(P,C)=12.4 Hz, 2J(P,C) =9.1 Hz, 3J(P,C) =3.0 Hz,
C(CHa;);), 33.7 (ddd, 3/(P,C)=3/(P,C)~10.4 Hz, 3/(P,C)=3.2 Hz, CHj;),
319 (dd, *J(P,C)=10.4 Hz, 3/(P,C)=53 Hz, CH;), 31.1 (dd, *J(PC)=
11.7 Hz, 3J(P,C) = 6.7 Hz, CHj;); *'P NMR (101 MHz, CDCl;, 25°C): 6 =
489 (dd, 'YJ(PP)=2789Hz, Z%/(PP)=19.0Hz, 'J(W,P)=232.0Hz,
W—-P-P), —113.0 (d, 'J(PP)=278.9 Hz, W—P—P), —122.8 (dd, J(PP)=
471 Hz, 2J(P,P) =19.0 Hz), —138.7 (d, 'J(PP) =471 Hz, P); IR (CH,CL):
7=1937 cm™! (s), 2070 cm~! (w) (C=0); HR-MS: calcd. for C,sH3,P,OsW:
732.07098; found 732.06725.

Crystal structure determinations: X-ray intensities were measured on a
Nonius Kappa CCD diffractometer with rotating anode (A =0.71073 A) at
a temperature of 150 K. The structures were solved with automated
Patterson methods (DIRDIF975!) and refined with SHELXL-971*? against
F2 of all reflections up to a resolution of (sin/A),,,=0.65A". Non-
hydrogen atoms were refined freely with anisotropic displacement
parameters. Hydrogen atoms were refined freely with isotropic displace-
ment parameters (compound 10) or as rigid groups (compound 11).
Molecular illustrations, structure checking, and calculations were per-
formed with the PLATON packagel®3l. Crystallographic data (excluding
structure factors) for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
nos. CCDC 155694 (compound 10) and 165695 (compound 11). Copies of
the data can be obtained, free of charge, on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk).

Compound 10: C,H;,0OsP,W, Fw=732.25, yellow block, 0.50 x 0.20 x
0.08 mm?®, monoclinic, P2,/c (No. 14), a=10.4859(1), b=15.2912(2), c=
20.6734(2) A, p=116.2453(7)°, V=2973.09(6) A3, Z=4, p=1.636 gcm~3.
59052 measured reflections, of which 6816 were unique (R, =0.049).
Absorption correction based on multiple measured reflections with the
program PLATONP (4 =4.133 mm~', 0.51-0.83 transmission). 453 re-
fined parameters, O restraints. R values [/>20(I)]: R1=0.0181, wR2 =
0.0425. R values [all reflections]: R1=0.0206, wR2=0.0435. §=1.068.
Rest electron density between —0.82 and 0.91 ¢ A=,

Compound 11: C,H3,0sP,W, Fw=732.25, yellow needle, 0.36 x 0.15 x
0.12 mm?, monoclinic, P2,/c (No. 14), a=20.3148(3), b =13.8535(2), c=
23.2691(3) A, f=1171720(5)°, V=5825.93(14) A3, Z=8, p=1.670 gcm 3.
95608 measured reflections, of which 13336 were unique (R, =0.059).
Absorption correction based on multiple measured reflections with the
program PLATONP? (4 =4.219 mm~!, 0.46-0.63 transmission). 667 re-
fined parameters, O restraints. R values [/>20(/)]: R1=0.0234, wR2 =
0.0494. R values [all refl.]: R1=0.0292, wR2=0.0513. §$=1.050. Rest
electron density between —0.96 and 0.68 e A=3.
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Addition of a Phosphinidene Complex to C=N Bonds:
P-Ylides, Azaphosphiridines, and 1,3-Dipolar Cycloadditions

Mark J. M. Vlaar,?! Pieter Valkier,®! Frans J. J. de Kanter,/?! Marius Schakel,?!
Andreas W. Ehlers,?! Anthony L. Spek,™ Martin Lutz,™ and Koop Lammertsma*[?!

Abstract: The terminal phosphinidene
complex PhPW(CO); adds to the imine
bond of PhAHC=N—-Ph to give 3-mem-
bered ring azaphosphiridines, which un-
dergo ring-expansion with an additional
imine to yield a set of four isomeric five-

aminal group is easily hydrolyzed to
afford new 6- and 7-membered ring
heterocycles. No intermediate azaphos-
phiridine complex is observed during
the addition reaction to the diimines.
B3LYP/6-31G* calculations on an un-

substituted, uncomplexed system sug-
gest that the initially formed PN-ylide of
the H,C=N-(CH),-N=CH, diimine both
kinetically and thermodynamically fa-
vors an intramolecular 1,3-dipolar cyclo-
addition over an imine insertion into the

membered ring diazaphospholanes.
Treatment with the diimines PhAHC=N-
(CH,),-N=CHPh (n=23,4) results in-
stead—in all three cases—in only a
single isomer of the (CH,), bridged
diazaphospholane. For n=2 or 3, this

dene

cycles - ylides

Introduction

A plethora of strained organophosphorus compounds has
been synthesized by the addition of transition metal-com-
plexed phosphinidenes to unsaturated carbon-carbon bonds.!!)
R-P=M(CO),, generated in situ, has electrophilic, carbene-
like reactivity; this illustrates the similarity in chemistry
between low-coordinate phosphorus and carbon compounds.
Relatively little is known about the reactivity of these
phosphinidenes toward heteroolefins. Recently, we demon-
strated for the first time that Ph-P=W(CO); adds to the C=Si
bond of a silene generated in situ to form a stable silaphos-
phirane (CSiP) ring.’! A few studies on addition to C=N
bonds have appeared. Mathey and co-workers®! reported as
early as 1986 that a methoxy-substituted phosphinidene adds
to 1-azadienes to give 1,4-adducts, that is, 1,2-azaphospho-
lenes. They did not observe intermediates during the forma-
tion of the five-membered ring structure. In 1994, Streubel
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CPN ring of an intermediate azaphos-
phiridine. Single-crystal X-ray structures
for the (CH,),-bridged azaphospholane
complex and the HCIl adduct of the
7-membered hydrolysis product are pre-
sented.

phosphini-
density
hetero-

et al.lYl reported the first, and so far only, 1,2-addition to a
C=N bond. Azaphosphiridine complex 4 was obtained from
thermal decomposition of the 2H-azaphosphirene complex 1
in the presence of imine 3a (Scheme 1).

Ph

R W(CO)s \C:N\ (3a) R, MW(CO)s
E\ A B W(CO)s Me LP\
AN Tpnc=n [RP NS
Ph Ph* Me
1 2 4

R = CH(SiMe3),

Scheme 1.

Recently, Mathey and co-workersl®! showed that phosphi-
nidene complexes 6a—c, generated from the corresponding
7-phosphanorbornadienes Sa— ¢, react with an excess of imine
3a. Only the five-membered 1,4,2-diazaphospholanes 7a—c
were formed (Scheme 2), but with MePW(CO); (6 ¢) they also
obtained the four-membered 1,2,3-azadiphosphetidine com-
plex 8. It was suggested that the formation of these products
results from the insertion of a second imine and phosphini-
dene, respectively, into the presumably weak P—N bond of the
undetected azaphosphiridine intermediates. A CPN ring had
also been proposed earlier as an intermediate in the reaction
between phosphenium ions and imines® to afford five-
membered ring compounds.!”!
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In pursuing applications of PhAPW(CO); (6a), we became
interested in its reactivity toward imines and diimines. Here
we report on the synthesis and properties of azaphosphiridine
and bridged diazaphospholane complexes. We also address
the mechanism through which the formal [1+2+2] adducts are
formed.

Results and Discussion

Synthesis and characterization of bicyclic structures: Treat-
ment of PhAPW(CO); (6a) with diimines (9a-c) at 110°C in
toluene gave the novel bicyclic compounds 10a—c in good
yields (54-74%) (Scheme 3). The reactions are remarkably

Ph

(CH)n ﬁ Ph
(N N) (6a) /‘N‘N< pn
ph— N\_p, l0°C (CHa)n Fp oo
W(CO)s  bin=3
9a-c 10a-c c:n=4
Scheme 3.

diastereoselective considering the high reactivity of the
transient complexed phosphinidene; with only one of eight
possible diastereomers being formed in each case. This is
evident from the single 3'P NMR resonances for 10a, 10b, and
10c at 6 =95.6, 85.6, and 92.7, respectively. The configuration
of 10b was firmly established by a single-crystal X-ray
structure determination (Figure 1). The structure has an endo
P(1)—W(CO)s substituent, cis P(1)—Ph and C(4)—Ph groups in
the exo position, and a bridgehead C(5)—Ph group directed
toward the (CH,), methylene chain. It is not surprising that
the rather congested five-membered C,N,P ring is slightly
distorted. This is evident not only from the 1.937(5) A P(1)—
C(4) bond, which is rather long relative to the more usual
1.85 A Bl but also from the N(2)—C(5) bond of 1.496(5) A,
longer than the more typical 1.471(6) A distance found for the
N(1)—C(5) bond. The 1.730(4) A P(1)—N(2) bond is of normal
length. NOE experiments showed the configurations of the
phenyl-substituted carbon centers in all three complexes, 10a,
10b, and 10¢, to be the same. They all show interactions of the
(CH,), hydrogens with both the N-C5-N phenyl group and the
P-C4-N hydrogen. The NOE interaction between the N-C5-N
hydrogen and the P(1)-phenyl group confirms that 10 ¢ has the
same conformation at P(1) as 10b, but the extent of this
interaction is less evident for 10a.
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C20

Figure 1. Displacement ellipsoid plot of 10b drawn at the 50 % probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and angles [°]: P(1)-W(1) 2.5164(11), P(1)-N(2) 1.730(4), P(1)—C(4)
1.937(5), P(1)—C(6) 1.833(4), N(1)—C(1) 1.485(5), N(1)—C(4) 1.465(5),
N(1)—C(5) 1.471(6), N(2)—C(3) 1.489(5), N(2)—C(5) 1.496(5), C(1)—C(2)
1.524(7), C(2)—C(3) 1.520(7), C(4)—C(1)2 1.502(6), C(5)—C(1)8 1.522(6),
W(1)-P(1)-N(2) 124.76(13), W(1)-P(1)—-C(4) 118.37(14), W(1)-P(1)—
C(6) 110.09(14), N(2)-P(1)-C(4) 92.53(18), P(1)-N(2)-C(5) 101.1(3), P(1)-
N(2)-C(3) 114.6(3), N(1)-C(5)-N(2) 107.6(3), C(4)-N(1)-C(5) 105.7(3),
P(1)-C(4)-N(1) 104.2(3), C(1)-N(1)-C(4) 111.1(3), C(3)-N(2)-C(5)
109.2(3), C(1)-N(1)-C(5) 109.4(4).

Treatment of 6a with diimines containing larger methylene
bridges (n =35, 6) resulted in complex product mixtures, as
monitored by 3'P NMR spectroscopy. These reactions were
not further investigated. We speculate that the greater
separation of the two imine groups causes loss of selectivity,
due to competition between intra- and intermolecular cyclo-
additions.

Reaction mechanism: How are 10a-c formed? Is their
formation governed by an as yet unclear stepwise process or
can both C=N groups be incorporated into a five-membered
heterocycle simultaneously by a unique, but unlikely, carbene-
like [142+2] cyclization?

Azaphosphiridines: To answer this question, we started by
identifying possible intermediates. No azaphosphiridine could
be identified in the reactions between the complexed phos-
phinidene and the diimines 9a—c, but it was possible to observe
such an intermediate during the addition of 6a (at 110°C) to
the phenyl-substituted imine 3b, by monitoring the reaction
by 3P NMR spectroscopy (Scheme 4). Interruption of this

Ph
\ Ph W(CO)s
c=N (3b)  pn.  W(CO)s o
oh o 3b Ph Sn—Ph
5a —— \ - .
110°C Hovs N N
Ph Ph P’ Ph
11 12
Scheme 4.
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reaction, which eventually results in a set of four isomeric
(0.5:0.7:1.0:1.0) diazaphospholanes (12), enabled the two
azaphosphiridine complexes 11 to be isolated, purified, and
spectroscopically characterized. These were obtained in 29 %
yield, after low-temperature chromatography, in a 7:1 iso-
meric ratio as determined by integration of their 3P NMR
resonances at = —37.0 and —44.3. The configuration of the
major isomer could not be established with certainty, but we
assume that the trans orientation of the imine substituents is
maintained in the three-membered ring. Heating the isolated
isomeric mixture of 11 with excess imine 3b in toluene at
110°C produced the diazaphospholane complexes 12 in about
the same isomeric ratio as obtained from the reaction between
6a and 3b. These data thus provide evidence that azaphos-
phiridines can be formed in reactions between complexed
phosphinidenes and imines.

The next question is whether azaphosphiridines are inter-
mediates in the formation of the bridged diazaphospholanes
10a—c. In other words, is a CPN ring indeed formed first, after
which the second C=N group is inserted intramolecularly, or is
there a direct single-step pathway that leads to the diaza-
phospholanes? We ask this question because only one isomer
of the bicyclic products 10a—c is formed at 110°C, which is a
temperature at which P-epimerization is known to occur in
complexed phosphiranes,® 1 while isomeric mixtures of 7a—
¢ and 12 are obtained for the intermolecular reaction
(Scheme 2 and Scheme 4).

Energy profile: We resorted to DFT calculations at the
B3LYP/6-31G* level to map the energy profile for ring-
closure that results in the smallest bicyclic diazaphospholane
that resembles 10a. A simplified approach was used, elimi-
nating the complexating W(CO)s group and replacing all
substituents for hydrogens. Three minima were located—ylide
13, azaphosphiridine 14, and diazaphospholane 15—and two
transition structures—16 and 17—connecting these minima.
These structures, with their main geometrical parameters, are
displayed in Figure 2, while their absolute and relative
energies are summarized in Table 1.

Geometries: We assume that ylide structure 13 (dyp = 1.779 A)
represents the initial product that results from the interaction
of a phosphinidene complex with the nitrogen atom of a C=N
group of the diimine. The gauche conformation between the
imine (dey=1.269 A) and iminium (dey=1.310 A) groups
required for ring-closure to diazaphospholane 15 is more
stable than the anti form, albeit by a modest 1.7 kcalmol~. In
azaphosphiridine 14, the energetic preference for the gauche
conformation is only 0.6 kcalmol~.. Its CPN ring has a rather
long P-N (1.809 A) bond and a slightly elongated P—C
(1.855 A) bond relative to those in the reported crystal
structure for 4. We attribute these differences to the absence
of substituents in the computed structure. It is well recognized
that the P—C bonds of phosphiranes shorten on P-substitution
and on complexation by transition metal groups.”]

The geometrical parameters of diazaphospholane 15 re-
semble those of the crystal structure of 10b, taking into
account that the calculated P-N and P—C bonds are longer,
due to the absence of P-substituents and that thermal motion
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

<N1C2C3N2 = 68.6

16 17
Figure 2. B3LYP/6-31G* Geometries of 13—-17.

Table 1. B3LYP/6-31G* Energies of 13-17.

Structures Energies
Absolute [a.u.] Relative [kcalmol™]

13, gauche 608.60755 0.0
13, anti 608.60487 1.7
14, gauche 608.62267 -95
14, anti 608.62177 -89
15 608.65498 —29.8
16, gauche 608.58192 16.1
16, anti 608.58059 16.9
17 608.59041 10.8

is absent in the calculated structure. However, the deviation in
the P-N-C (A=3.1°) and N-C-N (A =4.8") angles indicates
the presence of steric strain in the highly substituted
experimental structure.

Energies: The energy profile is depicted in Figure 3. Aza-
phosphiridine 14 is 9.5 kcalmol~! more stable than ylide 13,
while its energy difference relative to the global minimum,
diazaphospholane 15, is a significant 20.3 kcalmol~". In the
ylide, a nitrogen atom of one of the imine groups interacts
with singlet 'PH, while the triplet form is 34.8 kcalmol~! more
stable.l'] This approach is justified because PhPW(CO); has a
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Figure 3. B3LYP/6-31G* Energy Profile.

singlet ground state.'!l Inclusion of the W(CO)s group,
however, was beyond our means.

Transition structure 17 represents a pericyclic ring-closure
to the thermodynamically favored product (15). This pathway,
which was confirmed by an IRC calculation, shows that the
negatively charged phosphorus of 17 connects with the more
electropositive carbon of the nearby C=N group with
concurrent bond formation between the electronegative
C=N nitrogen and the iminium group. This pericyclic ring-
closure has an early transition state, as may be deduced from
the long P(1)—C(4) and C(1)—N(2) distances of 2.797 and
2.221 A, respectively, in structure 17. The process represents a
formal 6e [3+2] cycloaddition between the CNP and CN
groups; this is in line with the observed high diastereoselec-
tivity for formation of 10a, in which the bulky W(CO); group
is located in the sterically least demanding position. The
10.7 kcal mol~! barrier to this conversion to 15 is 4.4 kcal mol~!
lower than to the ring-closure to 14. Hence, these B3LYP/6 -
31G* calculations suggest that formation of 15 is also kineti-
cally preferred. Consequently, it seems unlikely that an
azaphosphiridine complex is formed as an intermediate
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product in the reaction between Ph Ph
phosphinidene complex 6a and -~ )
diimine 9a. Instead, the com- G N )
putational data indicate that S—o pgPh
compounds 10a—c are formed W(CO)s

by intramolecular 1,3-dipolar
cycloadditions of intermediate
PN-ylide complexes.

Analogies: While PN-ylide complexes have not been ob-
served directly, there is ample precedent for their forma-
tion.[* 12 Crystal structures have been reported for the related
P=P ylide complexes formed from addition of R-P=W(CO);
to phosphines, phospholes, and phospholenes.[¥] Carbenes
also react with imines to give azomethine C=N ylides, which
undergo 1,3-dipolar cycloadditions with dipolarophiles such
as olefins, aldehydes, and imines.[*! In this context, we again
stress the close relationship between carbenes and
R-P=W(CO);. Finally, the related N-3- and N-4-alkenyl
nitrones undergo intramolecular 1,3-dipolar cycloadditions
to give bicyclic compounds.!’]

Hydrolysis of bicyclic structures: Compounds 10a- ¢ contain
aminal functionalities. These usually hydrolyze under acidic
conditions, and this is indeed what is observed. In fact, 10a
eliminates benzaldehyde merely on being dissolved in chloro-
form,!'%l to give a 92 % yield of the novel, six-membered-ring
complex 18a (Scheme 5); this has a characteristic P NMR

H S)
| H\ M Cl
,N__Ph ,TN@ _ph
(CHy)p w//Ph or  (CHy), _Ph
/P\

10a-c - Piqc':)C):-u P
N W(CO)s \\J'\v‘/ \W(CO)5
H H
18a n=2 19b,c n=23
Scheme 5.

resonance at 6 =53.7. The larger complex 10b is stable in
chloroform, but hydrolyzes on addition of one equivalent of
aqueous HCI. The resulting monocyclic compound has a more
deshielded *P NMR resonance at 0 =678 and displays
unexpectedly low solubility in ether. However, the presence
of three N—H hydrogens in the 'H NMR spectrum supports
the presence of the novel seven-membered-ring compound
19b as an HCI adduct. This was confirmed by a single-crystal
X-ray structure determination (Figure 4), which indeed shows
the presence of a chlorine anion. The quality of the data set
and slight disorder in the flexible saturated ring did not allow
us to determine the hydrogen positions; they were therefore,
calculated. We assume N(1) to be the protonated nitrogen
because its separation from CI (3.047(8) A) is less than that of
N(2) (3.402(8) A). For N(2), we assume a hydrogen position
that enables hydrogen bonding to the chlorine, as the
alternative position would result in an intermolecular H-bond
to a carbonyl oxygen of a neighboring molecule. The seven-
membered ring has a nearly ideal chair conformation with the
CI~ anion located above it on the same side as the equatorial

0947-6539/01/0716-3554 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 16





Diazaphospholanes

3551-3557

o1

Figure 4. Displacement ellipsoid plot of 19b drawn at the 50 % probability
level. Selected bond lengths [A] and angles [°]: P(1)-W(1) 2.503(2), P(1)—
N(2) 1.674(7), P(1)—-C(4) 1907(9), P(1)-C(1)1 1.820(8), N(1)—C(1)
1.509(10), N(1)—C(4) 1.521(10), N(2)-C(3) 1.466(10), C(1)—C(2)
1.526(13), C(2)—C(3) 1.532(13), C(4)—C(5) 1.513(11), W(1)-P(1)-N(2)
118.5(3), W(1)-P(1)-C(4) 112.2(3), W(1)-P(1)-C(11) 112.6(2), N(2)-P(1)-
C(4) 105.3(4), P(1)-N(2)-C(3) 120.9(6), P(1)-C(4)-N(1) 111.6(6), C(1)-
N(1)-C(4) 116.5(7).

cis phenyl groups. These two phenyl groups are in parallel
planes. The H-bond geometries of the axial N(1)- and N(2)-
hydrogens have nearly linear N—H --- Cl angles. Structure 19b
is less strained than the bicyclic 10b. This can be inferred from
its slightly shorter P(1)—N(2) and P(1)—C(4) bond lengths of
1.674(7) and 1.907(9) A, respectively, and its 12.8° more
relaxed N(2)-P(1)-C(4) angle of 105.3(4)°.

Compound 10c¢ is much less reactive than 10b. Hydrolysis
with one equivalent of HCI proceeds very slowly and does not
go to completion. The formation of the monocyclic eight-
membered ring compound 19¢, as an HCI adduct, is inferred
from its 3P NMR resonance at 6 =71.2. Attempts to isolate
19¢ were unsuccessful. Hydrolysis with excess HCI, formic
acid, and p-toluenesulfonic acid gave no improvements.

Conclusion

In this paper we have described the reaction of the transient
electrophilic phosphinidene complex PhPW(CO); (6a) with
the diimines PhAHC=N-(CH,),-N=CHPh (n=2,3,4). Each of
the diimines gives a single diazaphospholane isomer, of which
the smaller ones readily hydrolyze to monocyclic rings. No
intermediates could be detected by monitoring the formation
of the diazaphospholanes by 3P NMR spectroscopy. Theo-
retical calculations at the B3LYP/6-31G* level suggest that
the products result from an intramolecular 1,3-dipolar cyclo-
addition. The 1,3-dipole (or ylide) is the result of the
phosphinidene complexing with an imine nitrogen. In agree-
ment with the experimental observations, the calculations
indicate that the barrier to ring closure to an azaphosphiridine
is higher than that to the 1,3-dipolar cyclization.

Chem. Eur. J. 2001, 7, No. 16
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In contrast, it was possible to isolate intermediate azaphos-
phiridine complexes from the reaction between PhPW(CO);
and PhN=C(H)Ph. This reaction ultimately affords a mixture
of four isomeric diazaphospholanes, through incorporation of
an additional imine.

Experimental Section

Computation: All electronic structure calculations were carried out by
using the GAUSSIAN 98 suite of programs (G98).'! For the density
functional theory (DFT) calculations we used Becke’s three-parameter
hybrid exchange functional!'®! combined with the Lee - Yang—Parr corre-
lation functional,l'”! denoted as B3LYP. The 6-31G* basis set was
employed throughout for the geometry optimizations. First- and second-
order energy derivatives were computed to confirm the nature of the
minima and transition structures. Intrinsic reaction coordinate calculations
(IRC) were performed to establish connections between transition
structures and minima.

General: All experiments were performed under an atmosphere of dry
nitrogen. Solvents were purified, dried, and degassed by standard
techniques. Reagents were used as purchased. [5,6-Dimethyl-2,3-bis(meth-
oxycarbonyl)-7-phenyl-7-phosphanorbornadiene|pentacarbonyltungsten
(52),”" imine 3b,?" and the diimines 11a-e[?? were synthesized according
to literature procedures. NMR spectra were recorded on Bruker AC200
('H and ®C), WM250 (*'P), and MSL400 (NOE and two-dimensional
COSY) spectrometers with SiMe, (‘H, *C) and 85% H;PO, (*'P) as
external standards. Melting points were determined on a Reichert melting-
point apparatus and are uncorrected. High-resolution mass spectra were
recorded on a Finnigan MAT90 spectrometer. Elemental analyses were
obtained from Mikroanalytisches Labor Pascher, in Remagen-Bandorf
(Germany). Structures of 10a—c are shown with numbered and labeled
hydrogen positions (e for exo and n for endo) to ease their NMR
assignments.

Ph Ph Ph
2 2 2
s Ph Ph 42 3¢ Ph
N- \K ph e N 7< Ph NV \K Ph
4e NSy Nop” L Nep”
3n 1 ¢ o 1 ¢ 5n o 1$
4an ©

W 5S¢ &n 6n
(CO)s W(CO)s W(CO)s
10a 10b 10c

Pentacarbonyl[2,3,7-triphenyl-1,4-diaza-3-phosphabicyclo[2:2:1]hepta-

nexP] tungsten (10a): A solution of the 7-phosphanorbornadiene complex
5a (400 mg, 0.61 mmol) and N,N'-dibenzylideneethane-1,2-diamine (9a)
(145 mg, 0.61 mmol) in dry toluene (3.5mL) was heated at 110°C for
9 hours. Evaporation of the solvent, and purification of the residue by
chromatography over silica gel 60 (0.2—0.5 mm) with Et,O/pentane (1:9) as
eluent gave 340 mg of a light yellow solid. Recrystallization by slow
evaporation of a solution of 10a in Et,O/pentane (1:1) afforded colorless
crystals. Yield: 302 mg, 74 %; m.p. 174—175°C; '"H NMR (200 MHz, C¢Dj,
25°C): 6 =2.13-2.20 (m, 1H; H;,), 2.63-2.71 (m, 1H; Hs,), 2.85-2.92 (m,
1H; H,.),3.07-3.18 (m, 1 H; H,,), 4.37 (d,%/(P,H,) =11.4 Hz, 1 H; H,), 5.38
(d, 3J(PH,) =4.2 Hz, 1H; H,), 6.72-7.22 (m, 13H; Ph), 7.70-7.74 (m, 2H;
NC(0-Ph)N); 3C NMR (50 MHz, C¢Dy, 25°C): 6 = 45.8 (s, PNCCN), 53.9
(s, PNCCN), 82.8 (d, J(P,C) = 6.3 Hz, PCN), 92.0 (s, NCN), 128.9-129.6
(m, Ph), 136.0 (d, 2/(P,C) =5.9 Hz, PC-ipso-Ph), 136.5 (d, *J(P,C) =2.4 Hz,
PNC-ipso-Ph), 138.2 (d, 'J(P,C) = 36.0 Hz, P-ipso-Ph), 196.6 (dd, 2J(P,C) =
6.9 Hz, 'J(W,C) =125.5 Hz, CO cis) 198.7 (d, 2J(P,C) = 26.5 Hz, CO trans);
3P NMR (101 MHz, CDg, 25°C): 6 =95.6 ({J(W,P) =259.1 Hz); HR-MS:
caled for CyH, N,OsPW: 668.06800, found 668.06955 (0 = 5.7 x 107%).

Pentacarbonyl[6,7,8-triphenyl-1,5-diaza-6-phosphabicyclo[3:2:1]octane-

kPJtungsten (10b): The reaction was performed as for 10a, but by using
N,N'-dibenzylidene-propane-1,3-diamine (9b), to give colorless crystals of
10b. Yield: 290 mg, 70%; m.p. 176-177°C; '"H NMR (200 MHz, C,D,
25°C):  6=0.61 (dt, °3J(H,,H,)=45Hz, 2/(H,,,H,)=14.1Hz,
3J(H,,Hs,)=45Hz, 1H; H,), 201 (dtt, 3J(H;,,H,)=6.1Hz,
3J(H,.,H,,) =13.5 Hz, 2J(H,,,H,.) =14.1 Hz, 3J(Hs,H,,) =13.5 Hz,
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3J(Hs,,H,,) = 6.6 Hz, 1H; H,,), 2.2 (dd, 2J(H,,,H,.), 3/(H,,,H;,) =6.1 Hz,
1H; H,,), 3.22 (dd, 2J(H;,H;) = 14.8 Hz, J(H,, ,H,,) = 6.6 Hz, 1 H; Hj,), 3.3
(ddd, “/(PH,.)=4.0Hz, 2J(H,,,H,.))=13.9Hz, 3J(H,,H,)=45Hz,
3J(Hy,H,.)=13.5Hz, 1H; H,.), 3.60 (dddd, 3/(PHs)=35.8Hz,
3J(Hy, Hs,) = 4.5 Hz, 3J(H,,,H,,) = 13.5 Hz, 2/(H;,H,) = 14.8 Hz, 1H; Hy,),
515 (d, 3(PH,)=3.9 Hz, 1H; NCH,N), 5.2 (d, 2/(PH,)=72Hz, 1H;
PCH,), 6.68-7.28 (m, 13H; Ph), 7.61 -7.65 (m, 2H; NC(0o-Ph)N); B*C NMR
(50 MHz, C,Dg, 25°C): 6=22.4 (d, 3J(P,C)=3.3Hz, PNCC), 432 (d,
2J(P,C)=4.6 Hz, PNC,(), 46.0 (s, PNCC), 79.7 (d, J(P,C)=3.7 Hz, PC),
85.9 (d, 2J(PC)=1.6 Hz, NCN), 128.9-129.5 (m, Ph), 136.3 (d, 2J(P,C) =
5.9 Hz, PC-ipso-Ph), 137.7 (d, 3J(P,C) = 1.6 Hz, NC(ipso-Ph)N), 138.5 (d,
J(P,C)=84Hz, P-ipso-Ph), 1973 (dd, %J(P,C)=6.6Hz, J(W,C)=
125.6 Hz, CO cis), 198.6 (d, 2J(P.C)=252Hz, CO trans); 3P NMR
(101 MHz, C¢Dy, 25°C): 6 =85.6 ('J(W,P) =253.0 Hz); HR-MS: calcd for
CysHp3N,OsPW (in the X-ray section: Fw=682.30) 682.08545, found:
682.08539 (0 =3.4 x 107*); elemental analysis calcd for C,sH,;N,OsPW: C
49.29%, H 3.40%, N 4.15%; found C 49.19%, H 3.31%, N 4.25%.

Pentacarbonyl[7,8,9-triphenyl-1,6-diaza-7-phosphabicyclo[4:2:1]nona-
nexPJtungsten (10c): The reaction was performed as for 10a, but with
N,N'-dibenzylidene-butane-1,4-diamine (9¢), to give colorless crystals of
10c¢. Yield: 231 mg, 54 %; m.p. 194-195°C; 'H NMR (200 MHz, CDCl;,
25°C): 0=1.16-1.33 (m, 1H; H,,), 1.63-1.76 (m, 2H; H,, and H,,), 1.82
(dt, 2J(Hs,,H;.) =14.8 Hz, 3J(H,H), 6.3 Hz, 1H; Hy,), 2.94 (dt, 3J(H,H) =
3.2 Hz, 2J(H,,,H,.) =15 Hz, 1H; H,,), 3.43-3.54 (m, 1H; H,.), 3.68 (ddt,
3J(HH)=11.6 Hz, 3J(H,H)=6.3 Hz, *J(H,H) =153 Hz, 1H; H,,), 3.95
(ddd, %J(H,.H,)=148Hz, *J(HH)=70Hz, 3/(PH,)=28.6Hz, 1H;
H,.), 4.94 (d, 2J(P,H,) =4.0 Hz, 1H; PCH,), 5.24 (s, 1H; NCH.N), 6.80—
719 (m, 5H; P-Ph), 724 (s, SH; PC—Ph), 7.31-7.78 (m, 5SH; NC(Ph)N);
BCNMR (50 MHz, CDCl;, 25°C): 6 =26.1 (s, PNC,C), 28.9 (s, PNCC), 47.5
(d, 3/(P,C) =10.1 Hz, PNC;C), 50.7 (s, PNC), 77.7 (d, 2J(P,C) = 4.3 Hz, PC),
83.2 (d, 2J(P,C) =5.2 Hz, NCN), 126.7-129.7 (m, Ph), 135.9 (d, 'J(P,C) =
6.3 Hz, P-ipso-Ph), 137.8 (d, 2J(P,C) = 1.5 Hz, PC-ipso-Ph), 138.7 (s, NCC—
ipso-Ph), 196.7 (dd, 2J(P,C) = 6.7 Hz, 'J(W,C) = 126.1 Hz, CO cis), 198.4 (d,
2J(P,C)=25.4 Hz, CO trans); *'P NMR (101 MHz, Et,0, 25°C): 6 =92.7
(1J(W,P) =258.4 Hz); HR-MS: calcd for C,y)H,sN,Os5: 696.10110, found
696.101314 (6 =5.8 x 107*); MS m/z (%): 696 (4) [M]*, 668 (6) [M — CO]",
640 (2) [M —2CO]*,612 (32) [M —3CO]+, 584 (16) [M — 4 CO]*, 556 (100)
[M—-5CO]J*.

Pentacarbonyl[1,2-diphenyl-2 H-azaphosphiridine-x PJtungsten (11): A sol-
ution of 7-phosphanorbornadiene complex 5a (650 mg, 1.0 mmol) and 3b
(180 mg, 1.0 mmol) in dry toluene (10 mL) was heated at 110°C for 5 hours.
At that point some Sa was still present in the reaction mixture, but the
reaction was stopped for an optimal yield of 11. Evaporation of the solvent
followed by low temperature (— 10°C) chromatography of the residue over
alumina with pentane/toluene (3:1) as eluent afforded 11 as a mixture of
isomers in a 7:1 ratio and as a yellow solid; yield 180 mg, 29 %. Major
Isomer: '"H NMR (200 MHz, CDCl;, 25°C): 6 =4.05 (d, 2/(P,C) =2.52 Hz,
1H; PCH), 6.89-7.45 (m, 15H; Ph); *C NMR (50 MHz, CDCl;, 25°C):
0=53.3 (d, J(P,C)=4.8 Hz, PC(H)Ph), 117.8-1474 (m, Ph), 194.4 (d,
1J(P,C) =8.0 Hz, CO cis), 196.6 (d, 'J(P,C) =33.5 Hz, CO trans); *'P NMR
(101 MHz, CDCl;, 25°C): 6 =—37.0 (*J(W,P) =281.8 Hz); HR-MS: calcd
for C,,H;,NOsPW: 613.027580, found 613.027576 (6 =1.38 x 10~*). Minor
Isomer: 'H NMR (200 MHz, CDCl;, 25°C): 6=4.23 (d, 1H, 2(PC)=
54 Hz, PCH), 6.89-745 (m, 15H; Ph); 3P NMR (101 MHz, CDCl;,
25°C): 0 =—443.

Pentacarbonyl[1,2,3,4,5-pentaphenyl-1,4,2-diazaphospholane Jtungsten

(12): A solution of the 7-phosphanorbornadiene complex 5a (795 mg,
1.2 mmol) and 3b (1.1 g, 6.0 mmol) in dry toluene (6 mL) was heated at
110°C for 25 hours. Evaporation of the solvent, followed by chromatog-
raphy of the residue over silica with Et,O/pentane (2:8) as eluent afforded
12 (yield 591.4 mg, 68 %) as a mixture of four diastereomers in a ratio of ca.
0.5:0.7:1:1 as determined by integration of their respective 3'P NMR
resonances (CHCL;) at 6 =92.9, 91.2, 85.9 and 82.4 ppm. Preparative thin
layer chromatography of this mixture with Et,O/pentane (5:95) resulted in
a partial separation of two diastereomers. One of these crystallized
selectively from an Et,O/pentane solution as light yellow crystals. m.p.
195-197°C decomp.; 'H NMR (200 MHz, CDCl;, 25°C): 6=5.75 (d,
2J(PH) =6.2 Hz, 1H; CHPh), 5.82 (s, 1 H; CHPh), 6.74 - 7.43 (m, 25H; Ph);
BC NMR (50 MHz, CDCl;, 25°C): 0=76.0 (d, J(P,C)=30.5Hz,
PC(H)Ph), 86.2 (d, 2/(P,C)=0.8 Hz, PNC), 122.8-144.8 (m, Ph), 196.4
(d, 2J(P,C)=73Hz, CO cis), 197.8 (d, 2/(P,C) =274 Hz, CO trans); *P
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NMR (101 MHz, CDCl;, 25°C): 6 =285.9 (}J(W,P)=276.8 Hz); HR-MS:
caled for C;;H;N,OsPW: 794.116750, found 794.117486 (6 =2.75 x 1073).
The NMR spectroscopic data did not allow for assignment of the
conformation of the isolated isomer.

Pentacarbonyl[2,3-diphenyl-1,4-diaza-2-phosphacyclohexane-x P]tungsten
(18a): A solution of 10a (100 mg, 0.15 mmol) in CHCl; (3 mL) was stirred
for 80 hours at room temperature. Filtration followed by evaporation under
reduced pressure to remove the solvent and the benzaldehyde formed in
the reaction gave 18 a as a white solid. Yield: 78 mg, 92 %; m.p. 141 -142°C;
'HNMR (200 MHz, CDCl;, 25°C): 6 =2.08 (s, 1H; PCNH), 2.71 -2.79 (m,
1H; PNCCH), 2.95-3.30 (m, 3H; PNH-H-CH), 3.44-3.70 (m, 1H;
PNCH), 4.68 (d,%2/(PH) =4.1 Hz, PCH), 6.98-7.31 (m, 10H; Ph); *C NMR
(50 MHz, CDCl;, 25°C): 0=414 (d, 2J(PC)=5.7Hz, PNC), 49.7 (s,
PCNC), 69.2 (d, J(P,C)=29.6 Hz, PCN), 127.4-131.2 (m, Ph), 135.4 (d,
J(P,C) =31.6 Hz, P-ipso-Ph), 136.5 (s, PC-ipso-Ph), 196.8 (dd, 2J(P,C) =
7.2 Hz, 'J(W,C) =221.4 Hz, CO cis), 199.0 (d, 2J(P,C) =23.2 Hz, CO trans);
P NMR (101 MHz, CDCl;, 25°C): 6 =53.7 ({J(W,P) =259.8 Hz); HR-
MS: caled for C,H;N,OsPW: 580.038500, found 580.038554 (6 =4.0 x
1074).
Pentacarbonyl[2,3-diphenyl-1,4-diaza-2-phosphacycloheptane-N-hydro-
chloride-xPJtungsten (19b): An aqueous HCI solution (0.29 mL,
0.29 mmol, 1N) was added to a solution of 10b (200 mg, 0.29 mmol) in
EtOH/CHCl; (4 mL, 1:4). The reaction mixture was stirred at room
temperature for 5 minutes. Filtration followed by evaporation under
reduced pressure to remove the solvent and the benzaldehyde formed in
the reaction gave 19b (153 mg, 92%) as a white solid, which could be
recrystallized from either Et,0 or CHCl;. M.p. 145-146°C; 'H NMR
(200 MHz, CDCl;, 25°C): 6 =1.83-1.91 (m, 1H; PNCCH), 2.40-2.70 (m,
1H; PNCCH), 2.90-3.13 (m, 1H; PNC,CH), 3.40-3.58 (m, 2H; PNCH,),
3.65-3.84 (m, 1H; PNC,CH), 4.11-4.27 (m, 1H; PNH), 4.77-4.87 (m,
1H; PCH), 6.95-721 (m, 10H; Ph), 9.75 (s, 1H; PCN*HCI), 10.15 (s, 1 H;
PCN*HCI); BC NMR (50 MHz, CDCl;, 25°C): 6 =274 (s, PNCC), 44.6 (d,
2J(P,C) =4.8 Hz, PNC), 50.4 (s, PNC,C), 78.4 (d, J(P,C) =6.1 Hz, PCN),
1276-131.1 (m, Ph), 131.6 (d, 2J(P,C)=3.6 Hz, PC-ipso-Ph), 132.2 (d,
J(PC)=51.1 Hz, P-ipso-Ph), 196.3 (dd, 2/(PC)=73Hz, 'J(W,C)=
1259 Hz, CO cis), 197.6(d, %J(P,C)=26.7Hz, CO trans); 3P NMR
(101 MHz, CDCl;, 25°C): =678 (}J(W,P)=282.8 Hz); HR-MS: calcd
for C,;H;oN,OsPW: 594.05415 (free of HCI), found 594.05407 (6 =4.9 x
1074).

Pentacarbonyl[2,3-diphenyl-1,4-diaza-2-phosphacyclooctane-N-hydro-
chloride-«P]tungsten (19 ¢): The hydrolysis was carried out as described for
19b, but the conversion was incomplete and isolation was unsuccessful. 3'P
NMR (101 MHz, CHCl;, 25°C): 6 =71.2 ("J(W,P) =285.0 Hz).

Crystal structure determination: X-ray intensities were measured on a
Enraf-Nonius CADA4T diffractometer with rotating anode (1=
0.71073 A). The structures were solved with automated Patterson methods
(DIRDIF97) and refined with SHELXL-97% against F? of all reflec-
tions. Non-hydrogen atoms were refined freely with anisotropic displace-
ment parameters. Hydrogen atoms were refined as rigid groups. Molecular
illustrations, structure checking, and calculations were performed with the
PLATON package.”! Crystallographic data (excluding structure factors)
for the structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos.
CCDC 155757 (compound 10b) and 155758 (compound 19b). Copies of
the data can be obtained, free of charge, on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ (UK) (fax: (+44)1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk).

Compound 10b: C,H,;N,0O,PW, Fw=682.30, colorless block, 0.38 x
0.38 x 0.25 mm? monoclinic, C2/c (No. 15), a=24.8226(14), b=
15.9257(13), ¢=142181(9) A, p=111.557(5)°, V=>52275(6) A3, Z=38,
p=1.734 gem~3. Temperature =198 K. 12483 measured reflections up to
a resolution of (sin 6/A),,, =0.65 A~1, of which 5998 were unique (Rj, =
0.066). Absorption correction with the PLATON program ! (DELABS
routine, p=4.522mm', 0.33 - 0.76 transmission). 334 refined parameters, 0
restraints. R values [/ >20(l)]: R1=0.0365, wR2=0.0755. R values [all
refl.]: R1=0.0525, wR2 =0.0815. § =0.994. Rest electron density between
—1.03and 121 e A,

Compound 19b: C, H,)N,OsPW*-Cl-, Fw =630.66, yellow plate, 0.13 x
0.13 x 0.05 mm?, triclinic, P1 (No.2), a=28.8937(14), b=11.654(2), c=
1.820(3) A,  «=95302(19), B=110.150(18), y=95.757(13)°, V=
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1133.7(4) A3, Z=2, p=1.847 gcm 3. Temperature = 150 K. 8558 measured
reflections up to a resolution of (sind/A) . =0.59 A-1, of which 3996 were
unique (R;, = 0.095). Absorption correction with the PLATON program!®’!
based on psi-scans (p=5.318mm™, 0.67-0.98 transmission). 280 refined
parameters, 51 restraints. R values [/ > 20(/)]: R1 =0.0450, wR2 =0.0794. R
values [all refl.]: R1=0.0724, wR2=0.0874. S$=0.988. Rest electron
density between —1.83 and 1.36 ¢ A3,
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A Chemical Definition of the Effective Reducing Power of Thulium (1)
Diiodide by Its Reactions with Cyclic Unsaturated Hydrocarbons

Igor L. Fedushkin,**! Mikhail N. Bochkarev,/*! Sebastian Dechert,® and

Herbert Schumann'!

Abstract: Thulium diiodide reduces cyclic aromatic hydrocarbons that have
reduction potentials more positive than —2.0 V versus SCE. Thus, TmlI, reacts with

cyclooctatetraene or acenaphthylene in THF, or with lithium anthracenide in 1,2-
dimethoxyethane (DME) to give thulium triiodide and the thulium(iir) complexes
[(7*-CsHy) Tml(thf),] (1), rac-ansa-[(’-C,;Hg), TmlI(thf)] (2), or [(37>-C,sH;0)Tml-

Keywords: biaryls - lanthanides -
reduction - structure elucidation -
thulium

(dme),] (3), respectively. The molecular structures of 1-3 were determined by single-

crystal X-ray diffraction.

Introduction

Whereas the existence of divalent ions in the lattice of most
inorganic compounds of the lanthanides is well ascertained,
coordination compounds of divalent lanthanides are only
known for the elements europium, samarium, and ytterbi-
um.?l Within the past two decades numerous efforts have
been made to synthesize divalent molecular complexes of the
remaining lanthanides.®l The stability of the divalent oxida-
tion state of the lanthanide metals roughly correlates with
their third ionization potentials, thus allowing one to predict
that the next stable divalent ions should be those of thulium,
dysprosium, and neodymium.l'l In 1997 the first divalent
thulium complex, [TmI,(dme);], was synthesized by reduction
of thulium(in) iodide with thulium metal in 1,2-dimethoxy-
ethane (DME). Subsequently, the solvated neodymium and
dysprosium diiodides were prepared by reacting the corre-
sponding metal powders with iodine followed by treatment
with DME or THEP! The diiodides [Tml,(dme);]¥ and
[Dyl,(dme),]! are the first and only examples of crystallo-
graphically characterized molecular complexes of divalent
thulium and dysprosium.
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Preliminary studies showed that thulium diiodide and
dysprosium diiodide are far more powerful reducing agents
than [SmI,(thf),].[> 7 The standard potentials E° (M>**/M?*) in
aqueous solution could be estimated only for samarium
(=155 V), ytterbium (—1.15V), and europium (—0.35 V)l
and agree quite well with those calculated by indirect
methods.”! The standard potentials E° (M**/M?*) of thulium
(=2.3V), dysprosium (—2.5V), and neodymium (—2.7 V)
were deduced from both thermodynamic and spectroscopic
data.l’! The reduction potentials of Ln?* ions are essentially
dependent on the kind of ligand and their arrangement, on the
solvents used, and on the reactants or additives present in
solution. Thus, the reduction potential of —1.33 V for Sml,
determined versus an Ag/AgNO; electrode in THF increases
to —2.2V by using cosolvents and/or additives containing
basic oxygen or nitrogen.'7 Apart from Tm", Nd", and Dy"
molecular species, decamethylsamarocene [(CsMes),Sm] has
been suggested to be the strongest reducing lanthanide(ir)
reagent known to date.'!l Its high reactivity arises not only
from its strong reduction potential, but also from the sterically
unsaturated bent metallocene geometry. To obtain informa-
tion about the effective reducing power of decamethylsamar-
ocene, Evans et al. examined the reactions of [(CsMe;),Sm]|
with a series of polycyclic aromatic compounds in toluene.['?]
We decided also to use this chemical approach to define the
effective reducing power of thulium diiodide.

Results

We started the evaluation of the reducing power of Tml, by
addition of the most simple six-membered cyclic compounds
benzene and naphthalene to the reducing agent in THF or
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DME. Besides the fact that the addition of increasing
amounts of benzene to such THF solutions causes precip-
itation of [Tml,(thf),], no chemical reaction was observed. In
contrast to [(CsMes),Sm], thulium diiodide also proves to be
inert towards anthracene, pyrene, and coronene as well as
towards stilbene. Since the reduction potentials of these
hydrocarbons range from —2.22V for naphthalene to
—1.98 VI8l for anthracene, the effective reduction potential
of thulium diiodide in THF must be more positive than
—1.98 V. To come to a realistic value, we further examined its
reactions with cyclooctatetraene, acenaphthylene, lithium
anthracenide, 2,2'-bipyridine, and diphenylacetylene. Where-
as the reactions with the three first mentioned reactants afford
clear results, the reactions with 2,2’-bipyridine and diphenyl-
acetylene in THF or DME produce complex mixtures of
brown-green or purple products from which we could not
isolate individual compounds.

Reaction of thulium diiodide with cyclooctatetraene (CgHg):
The treatment of Tml, with equimolar amounts of cyclo-
octatetraene (E,, = —1.83 V)"l in THF at room temperature
caused a rapid change in the color of the reaction mixture
from emerald green to red-orange. Concentration of the
filtered THF solution afforded (cyclooctatetraenyl)thuli-
um (1) iodide (1) as red crystals in a 75 % yield. The formation
of the respective amount of [TmI;(thf);] could be established

[Eq. (1)]-

<

Tml, / THF
AN 2
= _— Tm .. (D
— -Tmly N\ tht

=

1

Reaction of thulium diiodide with acenaphthylene (C,,Hg):
Recently we reported on the synthesis of the rac-ansa-
metalloacenes [(7°-C,Hg),M(thf),] (M =Yb, Sm,[14al Cal4"l)
by reductive coupling of acenaphthylene (acene) with acti-
vated metallic ytterbium, samarium, or calcium in THF.
Whereas the acenyl radical anions formed in the course of
these reduction processes undergo coupling to give ansa-
biacenyl dianions which stereoselectively coordinate the MU
cations, the reduction of acenaphthylene by alkali metals
produces adducts of radical anionic acenyl species with the
alkali metal cations.!"”]

When a solution of acenaphthylene (E;, = —1.65 V)l in
THF was added to a suspension of equimolar amounts of
Tml, in THF, the color of the reaction mixture instantly
turned deep purple, but changed just as quickly to light
orange-brown. Appropriate workup of the mixture allowed
the isolation of ansa-[(7°-C,;Hg),TmlI(thf)] (2) as orange
crystals in yields of 82% [Eq. (2)]. One can suppose that
the intense purple color appearing intermediately reflects the
initial formation of the radical anionic adduct [C;,HgTml,]
which quickly disproportinates to the final complex 2 and
Tml;.
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Reaction of Tml, with lithium anthracenide (LiC,;H;,):
Looking for suitable methods and reactants for the synthesis
of organothulium(i) complexes, we recently investigated the
metathetical reactions of thulium diiodide with differently
substituted alkali metal cyclopentadienides. However, it
turned out that neither the electron-rich CsMes ligand nor
the donor-functionalized or bulky cyclopentadienyl ligands
CsH,CH,CH,NMe, or 1,3-(Me;Si),CsH; provide sufficient
stability for thulium(i) cyclopentadienides in coordinating
solvents.['”) Likewise, the reaction of Tml, with the twofold
molar amount of lithium naphthalenide in DME produced the
thulium(m) triple-decker complex [(17%-C,oHg), Tm(uy-17*:9*
C,oHg) Pl instead of a thulium(it) complex. On the other hand,
the reactions of europium and ytterbium diiodide with
equimolar amounts of lithium naphthalenide in DME afford
the europium(i) and ytterbium(u) binuclear complexes [(u,-
n*:n*-C,oHg){Lnl(dme),},] (Ln=Eu, Yb)!"" containing naph-
thalene dianion bridges. The same reaction with thulium
diiodide in THF resulted in the formation of a complex
mixture of products, the components of which could not be
separated.

In the experiment reported here, a freshly prepared
solution of lithium anthracenide C,,H;(,Li in THF was added
to a suspension of Tml, (1:1 molar ratio) in DME. The
reaction mixture immediately turned dark red brown. After
the filtered and concentrated solution had been stored for one
to two days at ambient temperature, red crystals of [(#*
CH,j))TmI(dme),] (3) separated in yields of about 80%

[Eq. 3)].

VA
(0]
8 DME = Om. | O
L OOO * Tmly ———> LO/Tm"\l @

3

Molecular structures

The crystal and structure refinement data of 1, 2, and 3 are
listed in Table 1. Crystals suitable for X-ray structure analysis
of 1 and 2 were obtained from THF solutions. Because the
poor solubility of 3 in DME as well as in THF prevented its
recrystallization, the crystals crystallizing directly from the
DME reaction solution were used for X-ray diffraction
analysis.

[(17%-CgHg) TmlI(thf),] (1) crystallizes in the triclinic space
group P1 with four molecules in the unit cell. Only one of the
two crystallographically independent molecules which show
similar geometric parameters is depicted in Figure 1. The

0947-6539/01/0716-3559 $ 17.50+.50/0 3559





I. L. Fedushkin et al.

complexes of the earlier lanthanides [(#®-

FULL PAPER

Table 1. Crystal data and structure refinement for 1-3.

Compound 1 2

empirical formula CsH,,JO,Tm CysH,,IOTm

formula weight 544.18 672.30

crystal system triclinic monoclinic

space group P1 (no. 2) P2,/c (no. 14)

unit cell dimensions

a[A] 8.4091(1) 21.8563(4)

b [A] 9.5889(1) 13.6689(3)

c[A] 21.6643(4) 15.6112(3)

a [’ 86.703(1) -

AN 83.989(1) 107.678(1)

v [°] 89.336(1) -

V [A] 1734.37(4) 4443.63(15)

V4 4 8

Peatea [gem 3] 2.084 2.010

#(Mog,) [mm~] 6.894 5.401

F(000) 1032 2576

crystal size [mm?] 0.20 x 0.30 x 0.26  0.68 x 0.20 x 0.32

0 min. 0 max [°] 0.95, 27.50. 1.78, 27.50.

index ranges —10<h<10 —26<h<28
—12<k<12 —17<k<17
—17<1<28 —-20<I<19

reflections collected 13177 33050

independent reflections 7860 10189

R(int) 0.0736 0.0434

reflections with /> 20(I) 4727 8565

max./min. transmission 0.3867/0.1965 0.4682/0.2334

goodness-of-fit on F? 1.010 1.067

final R indices [/ > 20(I)]

R, 0.0677 0.0296

WR, 0.1186 0.0630

R indices (all data)

R, 0.1249 0.0420

WR, 0.1351 0.0674

largest diff. peak and hole [e A=%) 4.285 and —1.785

3 C4Hg)Lnl(thf);]*®! (Ln = Sm, Ce), the thulium
C.H,10,Tm atom in 1 is .coqrdinatgd by qnly two THF
654.29 molecules, which is consistent with the smaller
orthorhombic ionic radius of thulium(iif). The Tm—C(CgHy)
P2,2,2, (no. 19) distances range between 2.51 and 2.58 A. The
8.3545(1) Tm—1I bond length (3.03 A) is §horter than that
16.4491(3) in [TmI,(dme);]* (3.14, 3.18 A), but is consis-
16.6372(2) tent with the Tm—1I distances in other Tm!!
- iodides.?!
[(37°-C\,Hy), TmlI(thf)] (2) crystallizes in the

;28 6.35(6) monoclinic space group P2,/c with eight mol-
4 ecules in the unit cell. One of the two crystallo-
1.901 graphically independent molecules which
5.254 show very similar molecular parameters (occa-
1264 sionally an enantiomeric pair) is depicted in
0.74 x 0.36 x 0.10 . . .
2.45.27.50 Figure 2. Because of the two different possi-
~10<h<10 bilities for the orientation of the two acenyl
—21<k<19 ring units of the ligand, meso- and/or C,-sym-
—21</<20 metric rac-ansa complexes could be expected.
17524
525 The molecular structure proves that the cou-
0.0456 pling of the two acenyl radicals occurs selec-
4705 tively with formation of the rac-ansa complex.
0.6828/0.1792 The thulium atom is coordinated by the two
1.025 cyclopentadienyl units of the dianionic ansa-
0.0295 biacenyl ligand, an iodine atom, and one THF
0.0625 molecule. The iodine atom and the THF ligand

slightly deviate from the equatorial wedge of
8822‘3‘ the ansa-ligand framework. With respect to the

differences in ionic radii of Yb" and Tm'" the

0.782 and —1.813 1.557 and —1.261

molecules adopt a monomeric three-legged piano stool
geometry with a capping CgHg>~ dianion. In contrast to the
crystallographically characterized iodo(cyclooctatetraenyl)

Figure 1. Molecular structure of 1 (ORTEP drawing; thermal ellipsoids
drawn at the 30% probability level). Only one of the two crystallo-
graphically independent molecules is shown. Hydrogen atoms are omitted.
Relevant bond lengths [A] and angles [°] (Cg was defined by the ring atoms
C101-C108): Tm1—-Cg 1.750(5), Tm1-11 3.0338(11), Tm1—O11 2.342(8),
Tm1-012 2.382(9), Tml—C101 2.525(15), Tml—C102 2.551(14),
Tm1-C103 2.507(18), Tml1—C104 2.577(14), Tml—C105 2.576(14),
Tm1—C106 2.544(13), Tm1—C107 2.541(13), Tm1—C108 2.523(15); Cgl-
Tml-I1 131.06(19), Cgl-Tm1-O11 126.8(3), Cgl-Tm1-O12 129.2(3), I1-
Tm1-O11 86.5(2), I1-Tm1-O12 87.1(2).
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Figure 2. Molecular structure of 2 (ORTEP drawing; thermal ellipsoids
drawn at the 50% probability level). Only one of the two crystallo-
graphically independent molecules is shown. Hydrogen atoms are omitted.
Relevant bond lengths [A] and angles [°] (Cgl and Cg2 were defined by the
ring atoms C101 - C105 and C113-C117): Tm1—Cgl 2.3375(19), Tm1—Cg2
2.3340(15), Tm1-11 2.9227(3), Tm1—O1 2.301(3), Tm1—-C101 2.588(4),
Tm1—C102 2.600(4), Tm1—C103 2.641(4), Tm1—C104 2.700(4), Tm1—C105
2.629(4), Tm1—C113 2.594(4), Tm1—C114 2.587(4), Tm1—C115 2.629(4),
Tm1-C116 2.697(4), Tm1—C117 2.637(4); Cgl-Tm1-Cg2 123.33(6), Cgl-
Tm1-I1 110.67(5), Cgl-Tm1-O1 108.30(9), Cg2-Tm1-I1 110.43(4), Cg2-
Tm1-01 106.65(8), 11-Tm1-O1 93.07(7); ring-slippage [A]: Cgl 0.111, Cg2
0.113.
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average distance Tm—C(C1—-C5, C13—-C17) (2.62 A) is short-
er than that in rac-ansa-[(°-C,Hy), Yb(thf),] (2.72 A).[4] The
Cp-Tm-Cp angle (122.4°) is considerably smaller than that in
the nonbridged cyclopentadienyl complexes [Cp,LnX(thf)]?
(130 to 135°) and in the less constrained five-atom-bridged
bis(indenyl)lanthanocenes [{O(CH,CH,C,H,),}LnClI(thf)]*]
(Ln=Nd, 131.4°; Gd, 132.6°; Ho, 132.6°), but is similar to
that in the two-atom-bridged ethylenbis(indenyl) complex
meso-[{(CsHy),(CH,),} YbN(SiMes),]?% (122.0°) and in rac-
ansa-[(C;,Hy), Yb(thf),] (119.2°).l] The Tm—I bond lengths
(2.92 A) and Tm—O(thf) (2.30 A) are somewhat shorter than
those in 1 (Tm—1, 3.03 A; Tm—O(thf), 2.36 A).

[(7*-C,H; ) TmI(dme),] (3) crystallizes in the orthorhombic
space group P2,2,2, with four molecules in the unit cell. The
molecular structure of 3 shows the thulium atom coordi-
nated in a tetragonal-bipyramidal fashion with the 7?-bonding
C.4H,, unit and one oxygen atom (O3) of one of the two DME
molecules in axial positions and with the iodine atom and the
remaining three DME oxygen atoms in equatorial positions
(Figure 3). The formal coordination number of the thulium
atom is nine. This coordination environment is similar to that
in [(uy-n*m*-CioHg){Eul(dme),},]"™ and  [(5*-CyoHg)Dyl-
(dme),].1) The anthracene ligand is no longer planar. The
carbon atoms C1 and C8 exhibit the characteristics of sp*-
hybridization and also the rings formed with the carbons C2 -
C7 and C9-Cl14 deviate substantially from planarity. The
angle between the average planes of C1-C2-C7-C8 and Cl1-
C14-C9-C8 is 37.8(2)°. The distances of the metal to the
bonding anthracene carbon atoms (Tm—C1 2.48 A; Tm—C8
247 A) are comparable with those in [(3>-CsHs)Lu-
(7-CiaHy)(thf),] (2.44 and 2.45 A) and  [(17°-C,oHy)-
Dyl(dme),] (2.51 and 2.49 A) with regard to the differences
in ionic radii.?? The Tm—I bond length (3.03 A) is similar to
that in 1 (3.03 A). The distance from the thulium atom to the
axially positioned DME oxygen atom (Tm—O3 2.57 A) is
significantly longer than the distances to the DME oxygen
atoms lying in the equatorial plane (Tm—O1 2.34, Tm—02
2.36, Tm—04 2.37 A). The structural parameters of 3 can also
be compared with those of the anthracenyl lanthanide
complexes [(17>-CyoHg), Tm(uy-17*:17*-CyoHg) ], [(17>-CsHs)Lu-
(17%-CyHg)(dme)] ! and [(7°-CsHs),Lu(i7*-Cy Hy){Na-
(diglyme), ]2

Figure 3. Molecular structure of 3 (ORTEP drawing; thermal ellipsoids
drawn at the 50% probability level). Hydrogen atoms are omitted.
Relevant bond lengths [A] and angles []: Tm—I 3.0334(3), Tm—O1
2.343(3), Tm—02 2.359(3), Tm—03 2.569(4), Tm—04 2.372(4), Tm—C1
2.479(5), Tm—C2 2.816(5), Tm—C7 2.833(5), Tm—C8 2.471(6), Tm—C9
2.966(5), Tm—C14 2.988(5), C1-C14 1.463(7), C1-C2 1.471(7), C2—C3
1.384(7), C2—C7 1.440(7), C3—C4 1.393(8), C4—C5 1.393(9), C5—C6
1.390(8), C6—C7 1.399(7), C7—C8 1.473(8), C8—C9 1.461(8), C9—C10
1.382(7), C9—Cl4 1.442(7), C10—Cl1 1.397(8), C11-Cl12 1.394(8),
C12—C13 1.379(8), C13—C14 1.409(7); O1-Tm-O3 73.13(14), O2-Tm-O4
88.81(14), 02-Tm-O3 74.03(13), O1-Tm-C8 90.33(18), O2-Tm-Cl
79.61(14), O4-Tm-Cl1 87.42(14), C8-Tm-O3 150.76(16), C1-Tm-O3
142.59(15), O1-Tm-1 94.19(7), O2-Tm-I 149.10(9), O3-Tm-I 76.61(10),
04-Tm-I 88.11(9), C1-Tm-I 130.91(11), C8-Tm-I 80.87(14).

Discussion

As shown in Table 2 thulium diiodide reacts in THF only with
unsaturated cyclic hydrocarbons that have a reduction
potential more positive than —2.0 V, a fact which is not at
all consistent with the reduction potential of —2.3 VI derived
for thulium(11) from spectroscopic data. Based on the assump-
tion that [TmlI,(thf),] will be used as a reductive agent in
organic synthesis, we believe that its reduction potential must
be considered to be very near to —2.0 V. A comparison of the
reactivity of [(CsMe;s),Sm], Tml,, and Sml, towards cyclic
aromatic hydrocarbons indicates that, under the cited con-
ditions, the reducing power of thulium diiodide is evidently
higher than that of samarium diiodide, but lower than that of
[(CsMe;s),Sm]. In the case of the reactions of [(CsMes),Sm]

Table 2. Comparison of the reducing power of [(CsMe;s),Sm],?! TmL,,*! and Sml, determined from their reactivity with cyclic aromatic hydrocarbons.

Hydrocarbon E E,, Reaction observed and product isolated

[(CsMe),Sm] Tml, Sml,
naphthalene 2.6 no -
stilbene 222 [Cp*Sm],(u-n*n*-CH,CHPh) no -
pyrenc 2.10 [Cp*Sm],(u-n>-17>-Cy6Cyo) no -
coronene 2.05 2.44 no -
2,2'-bipyridine 2.0l - [Cp*Sm(N,C,,Hg)]1?0) yeslbl yeslb
anthracene 1.98 2.44 [Cp*Sm],(u-n*n>-C4,Cyp) no nol®
cyclooctatetraene 1.83 1.99 [Cp#Sm] and [CpSm(CgHy)] 1 [(CgHg)SmI(thf);]
acenaphthylene 1.65 1.89 2 nol®!
diphenylacetylene - - yeslb no
Co 0.441¢ 0.8218 1ol -

[a] In toluene.l' [b] In THF; this work. [c] In Volts relative to the saturated calomel electrode. E,, and E,,’ describe the first and second reduction potentials
of the hydrocarbons, respectively.l'”] [d] The low solubility of the substrate may inhibit the reaction.l'¥l [e] Taken from ref.””) [f] No individual product was

isolated. [g] In CH,CL,.*’]
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with aromatic hydrocarbons, the formation of planar hydro-
carbon dianions of the dimensions of anthracene or even
larger suggests that not only the reduction potential will play
an important role, but also the possibility for the respective
substrate to have access to the coordination sphere of the
metal. Two other important differences between the reduc-
tants [(CsMes),Sm] and Tml, must be emphasized: 1) the
insolubility of Tml, in nonpolar solvents such as toluene or
hexane inhibits the performance of reactions in such non-
coordinating media, and 2) thulium diiodide exists in THF as a
monomer solvated by up to five coordinating THF molecules.
Therefore two different electron-transfer processes from the
metal to the respective cyclic hydrocarbon substrate will take
place, an inner-sphere transfer in the case of [(CsMes),Sm]
and an outer-sphere transfer in the case of [TmI,(L),] (L=
THF, DME) differing in rate and energy balance. In the case
of Sml,, Skrydstrup and co-workers found out that the
electron transfer from Sml, to benzophenone in THF is an
inner-sphere process, while the electron transfer to benzyl
bromide is much closer to an outer-sphere process.l'®! Since
cyclic hydrocarbons normally are weak Lewis bases they will
not be able to displace the THF ligands bound to the highly
oxophilic thulium(i) atom in Tml,, the reactions of thulium
diiodide with cyclooctatetraene or acenaphthylene in THF are
suggested to proceed by an outer-sphere electron transfer
process.

The reaction of Tml, with acenaphtylene suggests that
substrates, which after reduction to radical anions by metal-
based reductants can strongly coordinate to the metal, will
undergo coupling with carbon—carbon bond formation. This
supposition is consistent with the reported pinacol coupling
reactions promoted by Sml, and lanthanoid(i) organometallic
reagents.’]

Experimental Section

All manipulations were done in vacuum. Elemental analyses were obtained
on a Perkin-Elmer Series II CHNS/O 2400 Analyzer. Although a special
Schlenk tube and small aluminum cans for weighing the samples were used,
only reasonably satisfactory C,H analyses could be obtained for the
extremely moisture- and air-sensitive complexes. The sublimation of
acenaphthylene (75%, Aldrich) at 80/10~! Torr increased the purity to
85% (10 to 15% of acenaphthene as impurity). The given quantity of
acenaphthylene was calculated based on pure acenaphthylene. The yields
of the compounds 1-3 were calculated by assuming that the formation of
thulium diiodide from excess thulium metal and iodine according to the
procedure given below was quantitative with respect to the amount of
iodine used. IR spectra were obtained on a Specord-M80 apparatus.
Synthesis of [TmI,(thf),]: A mixture of thulium powder (5.0 g, 29.65 mg-
atom) and iodine (1.0 g, 3.94 mmol) in THF (10 mL) was stirred at room
temperature until the iodine color had disappeared completely and white
powdery thulium triiodide precipitated. Then the mixture was sonicated at
50°C for 2 h. During sonication the emerald-green microcrystalline powder
of [Tml,(thf),] precipitated. The precipitate was separated from unreacted
metal by extraction with warm THF (240 mL), and the solution of
[TmI,(thf),] was used for the reactions described below. The unreacted
thulium metal can be re-used for the synthesis of thulium diiodide.
[(3-CsHg) Tml(thf),] (1): A solution of cyclooctatetraene (0.41 g,
4.03 mmol) in THF (5mL) was added with stirring to a suspension of
thulium diiodide (obtained from 1.0 g, 3.94 mmol of iodine and excess Tm
metal) in THF (40 mL). The mixture quickly turned red. After a few
minutes the solution was filtered off and concentrated to a volume of 5—

3562

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

7 mL by evaporation of the solvent in vacuum. Red crystals of 1 (0.79 g,
74%) crystallized from the remaining solution and were isolated by
decantation. M.p. >255°C (decomp); elemental analysis caled (%) for
C6H,,10,Tm (544.2): C 35.31, H 4.45,123.32, Tm 31.04; found: C 34.67, H
415, T 2434, Tm 31.11; IR (Nujol): #=1870w, 1750w, 1615w, 1340m,
1310w, 1245w, 1190m, 1020vs, 905s, 865vs, 780w, 750s, 710vs, 670scm .

[(75-C;Hg),Tml(thf)] (2): A solution of acenaphthylene (0.62 g,
4.07 mmol) in THF (10 mL) was added with stirring to a suspension of
thulium diiodide (obtained from iodine (1.05 g, 4.13 mmol) and excess Tm
metal in THF (40 mL). The mixture turned immediately deep purple, but
changed color rapidly to light orange-brown. The mixture was concentrated
to 30 mL by evaporation of the solvent in vacuum and then filtered off. The
solution was concentrated again (ca. 10 mL) and stored at room temper-
ature overnight. Decantation of the solvent left blocklike orange crystals of
2 (1.14 g, 82%). M.p. >160°C (decomp); elemental analysis calcd (% ) for
CyH,,JOTm (672.3): C 50.02, H 3.60, Tm 25.13; found: C49.12, H4.05, Tm
25.37; IR (Nujol): #=1300w, 1190m, 1165m, 1165m, 1020s, 855s, 845s,
800vs, 770s, 750scm .

[(3*Cy4H;p) TmI(dme),] (3): A solution of lithium anthracenide in DME
(obtained in situ from lithium (0.031 g, 4.46 mg-atom) and anthracene
(0.81 g, 4.54 mmol) in DME (20 mL) was added to a suspension of thulium
diiodide (obtained from iodine (1.04 g, 4.09 mmol) in DME (40 mL)) with
shaking within a few minutes. The solution was filtered, concentrated to
25 mL and then stored at room temperature. Within 34 h red crystals of 3
separated (2.1 g; 78%). M.p. >90°C (decomp); elemental analysis calcd
(%) for C,,H;3IO,Tm (654.3): Tm 25.82; found: Tm 26.74; IR (Nujol): 7=
1575w, 1430s, 1385m, 1335m, 1230vs, 1095s, 1045vs, 855s, 815s, 875w,
750m, 720scm™!; po = 6.5 ug.

Single-crystal X-ray structure determinations of 1-3: The crystal data and
the details of the data collection are given in Table 1. The data were
collected on a Siemens SMART CCD diffractometer (graphite-monochro-
mated Moy, radiation, 2 =0.71073 A) with area-detector by using w scans
at 173 K. The structures were solved by direct methods by using the
SHELXS-97 program® and were refined on F? using all reflections with
the SHELXL-97 program.® All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were placed in calculated positions
and assigned to an isotropic displacement parameter of 0.08 A2 The
calculation of the absolute structure parameter x (according to Flack®)
for 3 indicated a racemic twinning for the selected crystal. The value of x
was refined to 0.517(12); therefore, the ratio of the two enantiomorphs is
approximately 52:48. SADABSP! was used to perform area-detector
scaling and absorption corrections. The geometrical aspects of the
structures were analyzed by using the PLATON program.* Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-159474 (1), CCDC-
159475 (2), CCDC-159476 (3). Copies of the data can be obtained free of
charge 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: Immobilisation of both palla-
dium(i) meso-tetrakis(N-methyl-4-pyri-
dyl)porphyrin (PdATMPyP*") and iron-
(i) meso-tetrakis(2,6-dichlorophenyl)-
porphyrin (FeTDCPP') in the same
membrane of Nafion creates a new
composite system, in which the photo-
excited palladium complex induces the
O,-mediated oxidation of cyclohexene
to the corresponding allylic hydroper-
oxide and the iron porphyrin works as a
catalyst for specific oxygenations of
cyclohexene and cyclooctene. The role
of PATMPyP*" is to induce the photo-
activation of O, with visible light (1>
500 nm) to generate singlet oxygen (*O,)
by means of energy transfer from the
excited triplet state. Consequently, the
10,-mediated oxidation of cyclohexene
to cyclohexenyl hydroperoxide can be
realised with a selectivity greater than
90 % . Spectroscopic and photophysical

investigations show that the tetracation-
ic palladium porphyrin is mainly fixed to
the external part of the Nafion mem-
brane, it is characterised by a triplet-
state lifetime significantly higher than
that in the solution phase. The mono-
cationic FeTDCPP™ is able to diffuse
into the anionic cavities of Nafion,
where it works as a catalyst for O,-
mediated autooxidation processes that
are initiated by the photogenerated
hydroperoxides. These processes contin-
ue in the dark for many hours giving
cyclohex-2-en-1-0l and trans-cyclohex-
ane-1,2-diol monoethyl ether as main
oxidation products. The presence of this

Keywords: biomimetic synthesis
heterogeneous catalysis - immobili-
sation O-O activation: photo-
oxidations

ether, indirectly, reveals the formation
of cyclohexene epoxide which under-
goes a nucleophilic attack by ethanol
and epoxide opening because of the
strong acidic environment inside Nafion.
The good photocatalytic efficiency of
the oxidation process is demonstrated
by an overall quantum yield of 1.1, as
well as by a turnover value of 4.7 x 10°
with respect to the iron porphyrin. When
cyclooctene is present as co-substrate, it
also undergoes oxygenation. In contrast
to what was observed for cyclohexene,
cyclooctene epoxide can be accumulat-
ed in a significant amount. As far as the
stability of the system is concerned,
FeTDCPP* undergoes about 1% degra-
dation during the process, while the
Nafion matrix can be utilised several
times without observable modification.

Introduction

The oxo-functionalization of hydrocarbons is an interesting
reaction from the synthetic and industrial points of view.[!
Recent research has focused on the employment of molecular
oxygen as oxidizing species in order to realise innovative and
economically advantageous processes, and, at the same time,
move toward a “sustainable chemistry”.2l We are interested in
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the establishment of composite oxidation photocatalysts,
whose peculiar efficiencies and selectivities in oxidation
reactions are controlled by the specific functions of their
constituents.®l Within this framework, we investigate here a
new system based on the use of palladium(i1) meso-tetrakis(N-
methyl-4-pyridyl)porphyrin (PATMPyP*+) and iron(it1) meso-
tetrakis(2,6-dichlorophenyl)porphyrin (FeTDCPP*) support-
ed on Nafion membranes. Cyclohexene and cyclooctene
have been chosen as representative substrates of unsaturated
hydrocarbons, and their selective oxidation by molecular
oxygen is one of the current challenges in fine and industrial
chemistry.[']

On the basis of pure thermodynamic considerations, most
of the organic compounds are not stable with respect to
oxidation by O,. There are, however, kinetic limitations in this
process mainly imposed by the triplet ground state of the O,
molecule, which is not consistent with the singlet states of
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many organic substrates. O, activation can be efficiently
achieved by photosensitizers such as PdTMPyP*+.[l In
particular, this complex is able to transfer energy from its
excited triplet state to O, to generate singlet oxygen (10,)
according to Equation (1). Alternatively, the excited state of
the palladium porphyrin may activate O, through its reduc-
tion to the superoxide radical anion (O, ), as schematised by
Equation (2). Part of this paper is concerned with the effects
of the Nafion support on the photosensitising properties of
PATMPyP**. Particular attention is devoted to the verification
that the photogenerated 'O, can react with cycloalkenes to
give allylic hydroperoxides, in agreement with the well-known
behaviour in the homogeneous phasel® [Eq. (3)]. These allylic
hydroperoxides have been widely used as oxidants in hydro-
carbon monooxygenations catalysed by iron porphyrins

Abstract in Italian: L'immobilizzazione di palladio (11) meso-
tetrakis(N-metil-4-piridil)porfirina (PATMPyP*") e di fer-
ro(1ll)  meso-tetrakis(2,6-diclorofenil)porfirina (FeTDCP-
P*) sulla stessa membrana di Nafion da luogo ad un nuovo
sistema composito, in cui l'eccitazione fotochimica del com-
plesso di palladio induce l'ossidazione del cicloesene, mediata
dall O,, al corrispondente allil idroperossido e la ferro
porfirina agisce da catalizzatore per specifiche ossigenazioni
del cicloesene e del cicloottene.

1l ruolo della PATMPyP*" € quello di indurre la fotoattivazio-
ne dell' O, con luce visibile A > 500 nm, generando ossigeno di
singoletto (10,) attraverso un meccanismo di trasferimento di
energia dal suo stato di tripletto eccitato. Una diretta conse-
guenza di questo processo e l'ossidazione del cicloesene a
cicloesenil idroperossido, mediata dall' 'O, e realizzata con
una selettivita maggiore del 90 %. Studi spettroscopici e
fotofisici dimostrano che la palladio porfirina tetracationica e
localizzata nella parte esterna della membrana di Nafion, dove
€ caratterizzata da un tempo di vita del suo stato di tripletto
nettamente piu alto di quello ottenuto in soluzione omogenea.
La FeTDCPP* monocationica € capace di diffondere nelle
cavita anioniche del Nafion, dove catalizza processi di auto-
ossidazione mediati dall' O,, che sono iniziati dagli idro-
perossidi fotogenerati. Questi processi continuano al buio per
molte ore, dando luogo alla formazione di cicloes-2en-10olo e di
trans-cicloesan-1,2-diol monoetiletere come prodotti principali
di ossidazione. La presenza di questo etere € un'evidenza
indiretta della formazione di cicloesene ossido, il quale, a causa
della forte acidita all'interno del Nafion, subisce attacco
nucleofilo da parte dell'etanolo con conseguente apertura
dell'anello epossidico.

La buona efficienza fotocatalitica del processo di ossidazione e
dimostrata da un rendimento quantico complessivo di 1.1, e da
un valore di turnover di 4.7 x 10° rispetto alla ferro porfirina.
Quando il cicloottene € presente come co-substrato, anch'esso
viene ossidato; tuttavia, al contrario di quanto osservato con il
cicloesene, il cicloottene epossido e relativamente stabile e puo
essere accumulato in quantita significative. Per quanto riguar-
da la stabilita del sistema, FeTD CPP™ si degrada solamente di
circa I'l % durante l'intero processo, mentre la membrana di
Nafion puo essere riutilizzata piu volte senza subire apprez-
zabili modifiche.
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including FeTDCPP+" and their presence in the composite
system investigated might have, therefore, significant effects
on the overall product distribution.

Increasingly, interest is devoted to heterogenisation of
metalloporphyrin catalysts since the support makes them
easier to handle and recycle than in homogeneous solution. In
addition, the support may control some main parameters
affecting the reactivity of the reaction intermediates, such as
their local concentration, their mobility and the polarity of the
reaction environment.[’®#l Several cationic porphyrins have
been successfully immobilised on negatively charged ion-
exchange resins.”) In this study the matrix employed is Nafion,
a polymeric support comprising a perfluorinated backbone
connected to sulfonic groups. Its structure resembles that of a
reverse micelle, where the sulfonic head groups are clustered
together in polar pockets that are interconnected by short
channels within the perfluorocarbon matrix.!'%

Nafion has been extensively employed for photophysical
and photochemical studies.'l In particular, it is a promising
support for oxidative photocatalytic purposes, because it
presents a very high affinity for O,['2 and it is totally
transparent to the excitation wavelengths of interest. Some
of our preliminary results indicate that this polymeric matrix
strongly affects the activity of the photoexcited FeTDCPP* in
the oxidation of cyclohexene, and the formation of cyclo-
hexene epoxide as reaction intermediate is favoured.

Results and Discussion

Heterogenisation of PdTMPyP*" and FeTDCPP* with
Nafion membranes: Either PATMPyP* or FeTDCPP+ can
be successfully immobilised on Nafion membranes as a
consequence of their interaction with the anionic SO;~ groups
of the polymeric matrix. According to the procedure descri-
bed in the Experimental Section, the uptake of 0.3-0.6 pmol
of each complex in 1 g of resin, typically, occurred in a few
minutes.

Optical microscopy allows us to establish where the metal-
loporphyrins are mainly located. The edge view of the cross
section of the membrane containing PATMPyP*+ (PdTM-
PyP#/Nafion system) reported in Figure 1 A shows that the
clustering of the complex inside the support is unlikely and
that it is mainly fixed in close proximity to the surface of the
solid matrix. This is even more evident upon comparison of
Figure 1 C and Figure 1D, which show that the fluorescence
emission of PATMPyP** is clearly visible on the external part
of the Nafion support. These observations are not surprising
in view of the strong coulombic attractions between the
tetracationic ring of PATMPyP*+ and the negatively charged
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Figure 1. Optical microscopy of Nafion containing PdTMPyP** or
FeTDCPP". A) and B): edge views of the cross section of membranes
contacted with PATMPyP*" and FeTDCPP*, respectively (white light); C)
and D): cross sections of an unmodified bead and of a bead contacted with
PATMPyP*, respectively (UV light).

sulfonic groups of the membrane, and this may prevent the
diffusion of the complex from the bulk solution to the depth of
the polymer.

Figure 2 provides evidence that heterogenisation with
Nafion membranes strongly affects the UV/Vis spectrum of
PdTMPyP*". A significant hypsochromic shift of the Soret
band of PATMPyP** (curve B) compared with the spectrum in
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Figure 2. Absorption spectra of PATMPyP*; A) in aqueous solution; B) in
dry membranes of Nafion. Insert: transient absorption spectrum of
PATMPyP** (T)) after laser pulse at 532 nm.

water (curve A) is clearly observed. Similar effects of the solid
matrix on the UV/Vis spectrum of PATMPyP*" were also
observed when the modified membrane was immersed in
ethanol, which is the solvent employed in the photocatalytic
experiments described below. The spectral changes observed
in Figure 2 are well known to accompany the conversion of
monomeric porphyrins to face-to-face aggregates.'*l Aggre-
gate formation should be favoured because the sulfonic
groups of the Nafion surface are expected to screen the
positive charges at the periphery of the porphyrin ring, and
hence reduce the electrostatic repulsion between the com-
plexes and promote ;- interactions.'Y The formation of
aggregates along the surface of sulfonated polymers was

3566 ——
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observed by other authors in the case of cationic iron or
manganese porphyrins supported on anionic polymers.[’2!

Both the metalloporphyrins PATMPyP** and FeTDCPP*
can be immobilised simultaneously in Nafion membranes
(PATMPyP*/FeTDCPP+/Nafion system). The formation of
aggregates is unlikely in the case of FeTDCPP* because of the
presence of the bulky chlorine atoms in the ortho positions of
the phenyl groups.') Accordingly, the UV/Vis spectrum of the
immobilised iron porphyrin is typical of its monomeric form.

In comparison with PATMPyP*", FeTDCPP* is character-
ised by a reduced positive charge distributed in a different
way. Therefore, its coulombic attraction to the negatively
charged sulfonic groups of the membrane is weaker and the
iron complex is able to diffuse into the depth of the polymer,
where it is expected to be caged inside the large anionic
cavities. In line with this statement, Figure 1 B shows that the
red-brown FeTDCPP™ is immobilised, at least in part, inside
the depth of the membrane.

Photosensitised activation of O, with the PATMPyP*/Nafion
system: The absorption spectrum of the lowest triplet of the
palladium porphyrin (PATMPyP*+(T))) can be observed after
excitation with a laser pulse at 532 nm under anaerobic
conditions and is reported in Figure 2 (insert). Since this
spectrum is not noticeably affected by immobilisation of the
palladium porphyrin in Nafion, we can compare the decay of
the transient absorption at 460 nm of PATMPyP*(T,) dis-
solved in ethanol with those obtained in membranes of Nafion
either immersed in the same alcohol or in the dry state. In all
cases, PATMPyP*(T,) decays by first-order kinetics, as
exemplified in Figure 3 A for the ethanol swollen membrane.

2.0 A 4 B
15 4
3
210 +

x
<

<]

051 1
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Figure 3. Absorption changes at 460 nm of PATMPyP* (T,) after pulse
irradiation at 532 nm of PdTMPyP*" immobilized in ethanol swollen
Nafion; A) in the absence of oxygen; B) upon O, equilibrated conditions.

The respective lifetimes (z,) are collected in Table 1.
PdTMPyP** supported on Nafion undergoes an enhancement
of its excited triplet lifetime compared with the solution-
phase, and this indicates that the inhomogeneity of the solid
support may reduce the efficiency of thermal-deactivation
processes of the excited state.

Table 1 also reports the triplet lifetimes in O,-equilibrated
media (7g), which indicate that the quenching of the excited
state of PATMPyP** by O, occurs both in homogeneous
solution and in the supported systems. Figure 3 B shows, as an
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Table 1. Photophysical properties of PATMPyP*+.

Reaction media 7,12 (ps) 75 (us)
EtOHU 10 0.5
Nafion!! 700 40
Nafion/EtOH!! 400 5

[a] Lifetime of PATMPyP*(T,) in the absence of O,. Reported values are
+5%. [b] Lifetime of PATMPyP**(T)) in the presence of O, (760 Torr).
Reported values are +5%. [c] PATMPyP*" concentration: 1.7 x 10-°
moldm~3. 7, is in good agreement with the value reported in a previous
work. [d] Amount of PATMPyP** in Nafion: 8 x 10~ molg~..

example, the decay of the transition absorption in the ethanol
swollen membrane. The effect of O, on the triplet lifetime of the
heterogenised PATMPyP** is more significant in the presence
of ethanol than with membranes in the dry state, this is
because O, diffusivity is known to increase remarkably (about
20 times) in wet Nafion with respect to the dry polymer.[']

As schematised by Equations (1) and (2), the quenching of
the palladium porphyrin triplet state by O, might give both
10, and O, ~. To establish that the energy transfer pathway to
O,! is prevalent during photoexcitation of the PATMPyP*+/
Nafion system under aerobic conditions the following experi-
ments were carried out.

Triethanolamine (TEA) is known to capture the porphyrin
radical cation eventually formed as a consequence of the
electron transfer reaction 2, and this favours the diffusion of
O, 7" and leads to the accumulation of detectable H,O, in the
solution bulk.''!l The reductive activation of O, during irradi-
ation of the PATMPyP**/Nafion system can be ruled out since
the iodometric analysis after two hours irradiation in the
presence of TEA does not reveal the presence of peroxides.

The photogenerated 'O, can be detected by the method of
Kraljic and Moshni.l'7l This species is able to react with
imidazole and the imidazole-O, adduct oxidises and bleaches
N,N-dimethyl-4-nitrosoaniline (RNO). Figure 4 shows the

absorbance

0.0 T y i
300 400 500 600
wavelength/nm

Figure 4. Spectral variations of the solution phase upon irradiation at A =
525nm of PdTMPyP* immobilized in Nafion membranes (1.5 cm?)
immersed in oxygenated water solutions (3mL) of RNO (4 x
10~ moldm~—), and imidazole (5 x 1073 moldm™). Irradiation times:
10 min.

spectral variations of RNO upon continuous irradiation of the
PdTMPyP**/Nafion system in contact with ethanol containing
RNO, imidazole and O,. Since RNO is not stable in acidic
media, we were forced to use membranes in the sodium form.
The absorbance decay at 420 nm can be ascribed to the

Chem. Eur. J. 2001, 7, No. 16
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oxidation of RNO by '0O,. Also in this case, we did not have
any experimental evidence of formation of peroxides derived
by the reductive activation of O,.

The ability of the photoexcited PATMPyP*"/Nafion system
to induce the 'O, mediated oxidation of alkenes has been
assessed by using cyclohexene as a representative substrate.
Photochemical excitation (4>500 nm) of the PATMPyP*/
Nafion system in oxygenated mixtures of cyclohexene/ethanol
(1:3), results in the oxidation of the alkene to the correspond-
ing allyl hydroperoxide (CqHyOOH) as the main product
(>90%), with only minor amounts of cyclohex-2-en-1-ol and
cyclohex-2-en-1-one. The good selectivity for the production
of the hydroperoxide is in agreement with the formation of a
peroxirane intermediate as schematised in Equation (3).
Irradiation with monochromatic light allowed us to calculate
an overall quantum yield for the oxidation of cyclohexene of
0.025 at 525 nm.

As far as the stability of the palladium porphyrin is
concerned, it is noteworthy that the modified membranes
can be used at least for three subsequent experiments with
almost negligible loss of their photochemical activity. In
particular, at the end of every photooxidation process, the
amount of palladium porphyrin in Nafion is about 5% lower
than the initial one. Since there is no evidence of leaching of
the catalyst from the resin into the solution, this means that
the porphyrin ring undergoes a slow degradation with the
formation of small colourless fragments.

A comparison between the described results and those
obtained in analogous experiments carried out with dissolved
PdTMPyP** in homogeneous solutions indicates that hetero-
genisation with Nafion membranes does not affect signifi-
cantly the photosensitising properties of PATMPyP** in terms
of both the mechanism for O, activation and the oxidation
quantum yield. On the other hand, the solid matrix has a
positive effect on the stability of PATMPyP*". In fact the
equivalents of produced hydroperoxide per equivalent of
consumed porphyrin in the heterogeneous system are about
4 x 10°, and about four times higher than those obtained in the
homogeneous phase.

Photocatalytic properties of the PATMPyP*/FeTDCPP+/
Nafion system: The photocatalytic properties of the
PAdTMPyP*+/FeTDCPP*/Nafion system have been assessed
by irradiation with light of wavelength higher than 500 nm.
Under these conditions PATMPyP** is the photochemically
active species of the composite system, since the well-known
redox photoactivity of FeTDCPP* can be induced only with
wavelengths lower than 400 nm.P!

The results so far discussed provide evidence that irradi-
ation of the PATMPyP*/Nafion system in the presence of
cyclohexene and O, leads to the formation of C;H,OOH.
Interestingly, curve A of Figure 5 shows that the formation of
this hydroperoxide continues in the dark for many hours after
irradiation of Nafion membranes containing both
PdTMPyP*" and FeTDCPP* for 240 min. Curves B and C
indicate that this thermal process does not occur in the
absence of FeTDCPP* or upon irradiation of a mixture of
PATMPyP*+ and FeTDCPP+ in homogeneous solution.

These findings are a clear indication that the iron-por-
phyrin complex inside Nafion works as a catalyst for O,-
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Figure 5. Variation of the C;H,OOH concentration as during 240 min
irradiation (4 > 500 nm) and 46 h in the dark; A) PATMPyP**/FeTDCPP+/
Nafion system (membranes of 1.5cm?) in a ethanol/cyclohexene (3:1;
3 mL) mixed solvent; B) PATMPyP**/Nafion system in the same mixed
solvent; C) PATMPyP* and FeTDCPP+ dissolved in the same mixed
solvent acidified with CF;SO;H (2 x 102 moldm3).

mediated autooxidation processes, which are initiated by the
photochemically obtained C;Hy,OOH. On the basis of liter-
ature data, it is plausible that inhomogeneity effects and high
oxygen concentration inside the polymeric matrix may favour
the reaction of the allyl hydroperoxide with the porphyrin
complex both in its ferric and ferrous form according to
Scheme 1 (steps a,b).M The so obtained radical intermediates
C,HyO' and CcH,OOr-, in turn, are able to initiate chain

OOH

OH

egioENonle
(Yo, (I

Scheme 1. Thermal catalysis by FeTDCPP* in Nafion initiated by allyl
hydroperoxides.
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autooxidation processes that would account for the accumu-
lation of C;H,OOH (steps c, d, e).

Table 2 reports the nature and yields of all the oxidation
products of cyclohexene after 240 min irradiation followed by
95h in the dark (Table2, entry 2). It is evident that, in
addition to C;H,OOH, the catalytic activity of FeTDCPP*
yields other products, whose formation already begins during
the first 240 minutes irradiation (Table 2, entry 1). In partic-
ular, cyclohex-2-en-1-o0l and trans-cyclohexane-1,2-diol mon-
oethyl ether represented about the 80% of the overall
oxidised cyclohexene. It has been possible to verify that the
thermal oxidation process carried on for at least another three
days, and induced a further increase (70 %) of the oxidation
products.

The presence of trans-cyclohexane-1,2-diol monoethyl
ether among the products indirectly reveals the formation of
cyclohexene epoxide which, in the strong acidic environment
inside Nafion, undergoes a nucleophilic attack by ethanol, and
leads to the epoxide opening. This is confirmed by the
observation that the epoxide in acidic solution undergoes the
same nucleophilic attack with the formation of the same
product during the photochemical oxidation.

The good photocatalytic efficiency of the PATMPyP*/
FeTDCPP*/Nafion system is demonstrated by an overall
quantum yield for the oxidation of cyclohexene of 1.1 at
525 nm, that is, about forty times higher than that obtained
during irradiation of PATMPyP**/Nafion (see before) and a
turnover value (moles of oxidised cyclohexene per mole of
FeTDCPP* immobilised) of 4.7 x 10%, which corresponds to a
reaction rate of 0.8 turnover min~!. Another important issue is
the catalyst stability. In this respect, we note that the Nafion
matrix can be utilised at least three times without any
appreciable modification and that FeTDCPP* undergoes only
1% degradation to colourless fragments during the process.
PATMPyP** is less stable than FeTDCPP+ and about 30 %
PATMPyP*+ was lost during the entire catalytic experiment.

The described processes take place because the optimum
conditions have been found, the conditions are related to the
peculiar reactivity of both the photogenerated intermediates
and the organic substrates inside the solid matrix. For
example, with fert-butyl hydroperoxide as initiator of the
catalytic oxidation of cyclohexene instead of the photogen-
erated allyl hydroperoxide the reaction yields are reduced by
ten times. We also showed that the effect of the Nafion matrix
is not just of providing an acidic environment. In fact, entries 3
and 4 of Table 2 show that although irradiation of mixtures of
PdTMPyP** and FeTDCPP* dissolved in EtOH acidified with
trifluoromethanesulfonic acid give the same oxidation prod-
ucts as the heterogeneous system, no subsequent oxidation
process in the dark is initiated.

The PAdTMPyP*/FeTDCPP*/Nafion system significantly
improves the photocatalytic properties of the previously
investigated FeTDCPP+/Nafion photocatalyst?® since 1) it is
activated by visible light instead of ultraviolet wavelengths; 2)
as a consequence of its significant activity in the dark, it
presents a quantum yield value for the oxygenation of
cyclohexene about two orders of magnitude higher; 3) its
catalytic rate in terms of turnovermin~! is about four times
higher.
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Table 2. Photoinduced catalytic oxygenation of cyclohexene and cyclooctene by the PATMPyP*+/FeTDCPP+/Nafion system.[]

Entry  System Substrate Product distribution [%] Total turnoverl®!
OOH OH O OH
1 PAdTMPyP*/FeTDCPP*/ 340
Nafionl 4 hy
OFEt
71 13 9 7
2 PATMPyP*/FeTDCPP*/ © ©/O°H ©/OH @%O Oi(’“ 4700
ionlc!
Nafionl®! + hv + dark o
14 36 4 46
3 PdTMPyP*/FeTDCPP* OOH OH 0 oH 370
solution!¥ + hv
OFEt
65 7 11 17
OOH OH O OH
4 PdTMPyP*/FeTDCPP*/ © ©/ @/ ©¢ Oi 360
ionld!
solution!¥ + Av + dark OF:
38 11 6 45
5 PdTMPyP*/FeTDCPP*/ OOH QO QOH 210
Nafion!! 4 4y + dark OF
15 76 9
OH O OH OH
6 PATMPyP*+/FeTDCPP+/ ROOH QO Q 6100
Nafion!* 4 sy + dark om OFt
Q 7 52 11 15 9 6

[a] The composite system (Nafion membranes of 1.5 cm? containing both the porphyrins immersed in mixtures of alkene/ethanol 1/3) has been
photoirradiated for four hours at A > 500 nm in the presence of 760 Torr of O,. In some cases irradiation was followed by 95 h of thermal catalysis in the dark.
[b] Moles of oxidized alkenes per mole of FeTDCPP+ which was present at the beginning of the process. [c] 0.06 £0.01 g of Nafion contained 3.0 £0.3 x
10" molg™! of PAdTMPyP* and 6.0+£0.6x107molg™! of FeTDCPP". [d]Initial concentration of PdTMPyP*": 6.5+0.5 x 10-° moldm. Initial
concentration of FeTDCPP*: 1.3 +0.1 x 10-° moldm 3. The solutions were acidified with CF;SO;H (2 x 10-2 moldm3).

The metalloporphyrin-catalysed oxygenation of alkenes by
alkyl hydroperoxides has been extensively investigated in the
last two decades.’®®! The factors that control the competition
between the proposed mechanisms are strongly connected to
the specific properties of the reaction environment and are
still the object of much-discussed investigation by different
research groups.’** Two reaction pathways are commonly
proposed, neither of which can be ruled out in the photo-
catalytic system investigated here. 1) A free-radical mecha-
nism initiated by the homolytic cleavage of the peroxidic
O—O bond by the iron-porphyrin catalyst generates iron-
(1v) —oxo porphyrin and alkoxyl radicals. 2) The formation of
a monooxygenating iron(v) —oxo porphyrin as a consequence
of the heterolytic cleavage of the O—O bond.

Entry 5 of Table 2 shows that the PATMPyP*"/FeTDCPP+/
Nafion system in the presence of O, and light was also able to
induce the oxygenation of cyclooctene. In contrast to what is
observed for cyclohexene, cyclooctene epoxide is relatively
stable and can be accumulated in a significant amount.
However, the catalytic oxidation of cyclooctene is twenty
times lower than that of cyclohexene, probably because of its
low reactivity especially towards allylic hydrogen-atom ab-
straction, which is a key step in the overall oxidation process
as shown in Scheme 1. The fundamental role of cyclohexene
in the oxidation mechanism is demonstrated by entry 6 of
Table 2, this shows that when the experiments are carried out
in the presence of cyclohexene as a cosubstrate, cyclooctene is
oxidised to a greater extent and the total turnover increases
up to 6.1 x 10°.

Chem. Eur. J. 2001, 7, No. 16
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Conclusion

The composite photocatalyst investigated shows a peculiar
activity that is the result of specific roles of all of its
components: PATMPyP*", FeTDCPP, and the Nafion matrix.

The catalytic process is photoinitiated by PATMPyP**. This
complex is mainly fixed near the surface of the polymer
matrix, where it undergoes a pronounced enhancement of the
lifetime of its triplet excited state compared with that of the
porphyrin in solution-phase. The role of PATMPyP*t is to
induce the photoactivation of O, with visible light (1>
500 nm), to generate singlet oxygen (0,) by energy transfer
from its triplet state. As a consequence, the 'O,-mediated
oxidation of cyclohexene to cyclohexenyl hydroperoxide can
be realised with a selectivity higher than 90 %.

The catalytic oxidation of alkenes by alkyl hydroperoxides
generated in situ from molecular oxygen at room temperature
and atmospheric pressure is very attractive from the synthetic
and industrial points of view. This is achieved by FeTDCPP+
which works as a catalyst for O,-mediated autooxidation
processes of cyclohexene and cyclooctene with turnover
values higher than 4 x 10°. Nafion is a very versatile support
for applied synthetic purposes. The isolation of the iron
porphyrins within the solid support causes a significant
thermal activity that continues in the dark for many hours
after the initial photoactivation.

Further experiments are in progress in our laboratory to
investigate the possibility that other unsaturated hydrocar-
bons can be successfully oxidised with good selectivity by the
photoexcited PATMPyP*/FeTDCPP+/Nafion photocatalyst.
Moreover, the possibility that this system may be employed in
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large-scale experiments on the use of membrane photo-
reactors should be urgently investigated in view of further
developments in applied organic synthesis.

Experimental Section

Materials: The palladium complex [PdATMPyP]Cl, was synthesized by the
modified method proposed by Pasternack and co-workers.l'"¥! The initial
metal-free porphyrin [H,TMPyP](C;H;SO;), (Aldrich) was transformed to
the chloride form by flow of an aqueous solutions through a column with
Dowex 1 x 8-100 anionite (the Cl- form). A mixture of [H,TMPyP]|Cl,
and Na,PdCl, was refluxed for one hour. The resulting cationic metal-
loporphyrin was precipitated by sodium tetrafluoroborate and then trans-
formed to the chloride form using an anion-exchange resin.l"” The purity of
the obtained metalloporphyrin was checked by thin-layer chromatography
and by NMR and optical spectra. Nafion 117 is a DuPont product (about
178 um thick and 1100 of equivalent weight). Cyclohexene and cyclooctene
(Fluka) were distilled before use. All other chemicals were spectroscopic
grade products (Aldrich and Fluka) and were used without further
purification.

[FeTDCPP]CI was kindly supplied by Drs. D. Mansuy and P. Battioni of the
University René Descartes of Paris.

Apparatus: The employed photomicroscope was Zeiss, model Axiophot,
equipped with a reflected fluorescence condenser and a mercury vapour
lamp, HBO 50W, with BP 436/10 exciter and LP 470 barrier filters.

Gas chromatographic analyses were carried out on a DANI 8521 gas
chromatograph, equipped with a flame ionization detector, using columns
packed with Carbowax 20M 5% on Chromosorb W-AW. UV/Vis absorp-
tion spectra were recorded by a Kontron, model Uvikon 940, spectropho-
tometer, and emission spectra by a Fluoro Max-2 fluorimeter from ISA
instruments. Continuous irradiations were performed with a xenon
mercury lamp by Oriel, with a thermostable cell holder (26 £1°C). A
glass cut-off filter selected excitation wavelengths over 500 nm.
Photoexcitation at 525 nm, where the palladium porphyrin presents an
absorption maximum was performed using a monochromator. The light
intensity was measured by the ferrioxalate actinometric method.?! All
irradiations were carried out in a spectrophotometric quartz cell of one cm
path length. Deaerated samples were prepared by a vacuum line, equipped
with diffusive pump. When necessary irradiations were carried out under
an atmosphere of oxygen.

Nanosecond flash photolysis transient absorption spectra were measured
by irradiation of the sample with 6—8 ns (fwhm) of a Continuum Surelight
Nd:YAG laser (10 Hz repetition rate) and using a pulsed Xe-lamp as probe
light perpendicular to the laser beam. The excitation wavelength was
obtained by frequency doubling (532 nm). The 150 W Xe lamp was
equipped with an Applied Photophysics Model 408 power supply and an
Applied Photophysics Model 410 pulsing unit (giving pulses of 0.5 ms). The
Nafion membranes were sandwiched between two glass slides and the
orientation of the films was 45° with respect to the laser and probe light.
The scatter light was reflected to the probe light. Using suitable pre- and
post- cutoff and bandpass filters we were able to measure kinetic traces
without any artifacts from scattering. The light was collected in a LDC
Analytical monochromator, detected by a R928 PMT (Hamamatsu), and
recorded on LeCroy 9360 (600 MHz) oscilloscope. The absorption
transients were plotted as AA =log(fy/I,) versus time, where [, was the
monitoring light intensity prior to the laser pulse and /, was the observed
signal at delay time .

Procedures

Immobilisation of PdTMPyP** and of FeTDCPP* in Nafion: The
membrane of Nafion was cleaned by boiling it for about 30 min in nitric
acid (3 moldm~3) washed in water and finally dried. Nafion in sodium form
was obtained by placing the purified membrane in contact with a NaOH
aqueous solution (1 moldm=3) for 30min. The composite system
PATMPyP*+/FeTDCPP+/Nafion was obtained by swelling a membrane of
Nafion in a mixture of CH;OH/CH,Cl, (10/1 v/v) containing the iron
porphyrin (1 x 10 moldm=) for 1-2min. Once the polymer had
absorbed FeTDCPP?, it was then soaked in H,O/CH;OH (3:1 v/v) with
PATMPyP* (1 x 10~* mol dm—3) for about 20 min. When necessary, Nafion
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membranes only with the palladium porphyrin were prepared. The
amounts of metalloporphyrins immobilised in the membrane were
determined following their absorbance decrease in the solution phase.
Typically, a membrane of 1.5 cm? contained about 4 -8 x 107 moles of each
complex per gram of Nafion.

Photosensitisation experiments: Nafion of 1.5 cm? in the sodium form
containing PATMPyP** were immersed in solutions of N,N-dimethyl-4-
nitrosoaniline (RNO, 4 x 10~° moldm~?) and imidazole (5 x 1073 mol dm—3)
each in ethanol (3 mL) inside a fluorimetric cell. After reaching equilibra-
tion (six hours), the whole system was irradiated at A>500 nm. The
oxidation of RNO was followed by its typical absorbance decrease at
420 nm (£ =28100 mol'dm*cm").l'"2!] The absorption of the solution
phase was read at 90° to avoid interference of the soaked membrane. A
comparison with the photoreactivity of PATMPyP* in homogeneous
solutions was carried out by irradiation of the palladium complex (about
1 x 10> moldm=3) dissolved in ethanol in the presence of RNO (4 x
10~ mol dm~3) and imidazole (5 x 10~ moldm™3). To dissolve the complex
completely, PATMPyP*" was diluted in ethanol from a concentrated water
solution. Oxidation of RNO was never observed when blank experiments
were run in the dark. Moreover no photochemical process occurred in the
absence of palladium porphyrin.

In analogous experiments, membranes of Nafion containing PATMPyP*
were immersed in aqueous solutions of triethanolamine (TEA,
0.1 moldm~—?) and HCI (0.1 moldm~?) and irradiated at 4 > 500 nm. After
2 h irradiation, the eventual formation of H,0O, was tested iodometrically,
by measurement of the absorbance value owing to I;~ at 351 nm (e=
26400mol~'dm?*cm~'), and comparison with a blank experiment.l!']
Similar irradiations were also carried out in the homogeneous phase,
dissolving the palladium complex (about 1 x 10~° moldm—3) in aqueous
solutions containing TEA (0.1 moldm~?) and HCI (0.1 moldm~3).

Photocatalytic experiments: Photooxidation of cyclohexene and cyclo-
octene was performed by irradiation at 4 > 500 nm of Nafion membranes of
1.5 cm? containing PATMPyP** alone or both PATMPyP** and FeTDCPP+
immersed in mixtures of alkene/ethanol 1/3. The experiments were carried
out under static conditions in a 3mL fluorimetric cell. Analogous
experiments were carried out by irradiation of homogeneous solutions of
the metalloporphyrins in the same mixed solvent acidified with CF;SO;H
(2x 1072 moldm™3). UV absorption spectra were measured before and
after the irradiation to estimate the amount of porphyrin destroyed. A
quantitative comparison between the photoinduced catalytic properties of
the metalloporphyrins in homogeneous solution and in the heterogeneous
system was possible because the amounts of PATMPyP*+ were chosen so its
absorption of the incident light was the same for both the systems. Blank
experiments were carried out in order to verify that no oxidation of the
alkenes was observed without photochemical excitation of PATMPyP**.

The determination of hydroperoxides was performed by a spectrophoto-
metric standard method reported in the literature.??l The analysis of the
other products was carried out by gas-chromatographic techniques follow-
ing the procedure previously reported.?!]
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Self-Assembly of Rings, Catenanes, and a Doubly Braided Catenane
Containing Gold(@®): The Hinge-Group Effect in Diacetylide Ligands

Christopher P. McArdle,!?! Michael C. Jennings,'*! Jagadese J. Vittal,'’! and

Richard J. Puddephatt*[2!

Abstract: Reaction of the flexible dialkynyldigold(r) precursors X(4-C4H,OCH,C-

CAu), with 1,4-bis(diphenylphosphino)butane

gave complexes
[{[«-X(4-C¢H,OCH,CCAu),][u-(Ph,PCH,CH,CH,CH,PPh,)]},]. The complexes ex-
ist as 25-membered ring compounds with 7 =1 when X =0 or S, as [2]catenanes with
n=2 when X=CH, or CMe,, and as a unique doubly braided [2]catenane,
containing interlocked 50-membered rings with n=4 when X = cyclohexylidene.

of formula

Keywords: aurophilicity - catenanes
- gold - molecular recognition -
self-assembly

These compounds form easily and selectively by self-assembly; reasons for the

selectivity are also discussed.

Introduction

The concept of molecular topology,! chemical isomerism
arising from the consideration of non-Euclidean properties,?
allows the systemization of interesting structures including
catenanes, rotaxanes, and knots.’*) New synthetic strategies,
based on ideas such as metal-ion templating®! and self-
assembly through non-covalent interactions,l have led to the
realization of these original ideas through the synthesis of
increasingly intricate molecular topologies.[> ¢ These super-
molecules attract continued attention for their potential
application in the development of nanoscale devices.”

A compound is said to be topologically nontrivial if it
possesses nonplanar molecular graphs when embedded in
three-dimensional space. In two-ring systems, mechanical
bonds (nonbonded interconnections) can lead to the obser-
vation of simple molecular topology. Figure 1 depicts a

(=l

L+

Figure 1. Schematic representation of topological stereoisomers.
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pictorial representation of this concept, showing three possi-
ble arrangements of two “molecular” rings, each resulting in a
different topological “isomer”. While the simple rings (A) and
[2]catenanes (B) are both well recognized at the molecular
level, the doubly braided [2]catenane (C) has remained a
serious synthetic challenge; it requires two rings to be
interlocked not once but twice. The only successful reported
approach to this problem has been to use multistep, metal-
mediated reactions.®! The syntheses are elegant and doubly
braided [2]catenanes have been characterized by using NMR
and MS techniques, though without the detailed structural
information from an X-ray structure determination.

There has been recent interest in the synthesis and
characterization of new organometallic polymers with con-
jugated organic backbones leading towards potential appli-
cations as advanced materials.’ If the polymers contain linear
two-coordinate gold(1) centers,'”! there is the potential to
orient the chains through aurophilic attractions between
gold() atoms (shown as Au--- Au, with typical distances of
2.75-3.40 A and bond energies of 7—11 kcalmol~).l"] Dur-
ing this research, the first organometallic system that is
predisposed for molecular recognition, leading to the self-
assembly of interlocked molecular topographies, was discov-
ered.l'’l Reaction of flexible dialkynyl digold(l) complexes
with diphosphine ligands can yield either simple ring or
[2]catenane products in high yields. With a given diacetylide
ligand, the outcome of the self-assembly reaction can depend
on the number of methylene spacer groups n in the
diphosphine ligand (Scheme 1).0%!

In this paper we describe how simple tailoring of the
dialkynyl digold(l) complexes, in particular the “hinge” group
X in alkynyl ligands derived from X(4-C,H,OCH,CCH),, can
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Phyp—AU—C=C—CHr~¢
(GH2), C

Phy PNAU—CEC—C Hz/o

Ph,P(CH,),PPh, T n=23

O
e Hy—Cz=c—au
Me\ #

o

0,
o CH—C=C—AU

n

Ph,P(CH,),PPh; l n=3,4,5

pth_—Au»—-CEC—-C HZ\O

o
“SCH;—~Csfic~—Au—PPh,

Me\ r \ uMe
c’ (GH2)n (CHz), C<
Me”” b\ \ / e

/CHZ—CE\C—AU—F’PhZ

O
Ph2P—AU*CEC~C H2/O

Scheme 1.

have a dramatic effect on the topology of the product
macrocycles. The use of five different “hinge” groups resulted
in the formation of three topologically distinct types of ring
complex; two simple rings, two singly braided [2]catenanes,
and one doubly braided [2]catenane. All five macrocycles
have been fully characterized, and the basis for the self-
assembly of the different structures is discussed. A prelimi-
nary report of some of these findings has been published.["’]

Results and Discussion

Ligand and gold(® oligomer synthesis: Reaction of the
bisphenol derivatives 1a—e with propargyl bromide under
basic conditions yields the bis(diethynyl)aryl ligands 2a—e
(Scheme 2), characterized by IR and NMR spectroscopy.
Previous study in this research had focused on rigid (aryl)
backbone diethynyl ligands, leading ultimately to polymeric
type structures;!' however, the new ligands possess a flexible

OH O.
of [ oeeme
BrCH,C=CH, KOH &
X _— X —_—
b\ -KBr, -H,0 D\ -HCI, -SMe,
—C=C—H
OH o—CHs
1a-e 2a-e

tetrahedral hinge group (X=0O, S, CH,, CMe, or CiHy,
(cyclohexylidene)) that was expected to be conducive to the
synthesis of ring complexes.

Diethynyls 2a—e were converted into the oligomeric
digold(i) diacetylide derivatives 3a-e by reaction with
[AuCI(SMe,)] in the presence of sodium acetate (Scheme 2).
Complexes 3a—e were isolated, in almost quantitative yield,
as yellow powders, which are insoluble in common organic
solvents. Like other gold(i) acetylides, they are presumed to
have a polymeric structure in which each acetylide is o-
bonded (7') to one gold atom and w-bonded (#?) to another.['S]
This is supported by IR spectroscopy, in which each of the
oligomeric species 3a—e exhibit a weak band at about
2000 cm~!, considerably lower (ca. 120 cm™') than in the
precursor diethynyl ligands 2a—e, thus indicating that the
alkynyl groups are acting as & donors. The insolubility of the
oligomers did not allow characterization by solution NMR
spectroscopy.

It is interesting to note that a rare example of an organo-
metallic catenane was uncovered with the structural charac-
terization of the “oligomeric” o,m-type gold() acetylide,
[(AuC=CrBu)g) .l

Synthesis of gold(@ macrocycles: Reaction of oligomers 3a—e
with bis(diphenylphosphino)butane (dppb) resulted in the
formation of a series of soluble cyclic gold(l) complexes 4a—e,
as shown in Scheme 3. The new diphosphine complexes were
isolated as air-stable white solids, and were characterized by
elemental analysis, NMR (both one- and two-dimensional)
and IR spectroscopy and X-ray structure determination. All
reactions proceeded in an extremely facile manner and gave
excellent yields (>70%). The new macrocyclic products are
formed through a highly efficient self-assembly process.
Remarkably, they exhibit three different types of molecular
topology: the simple ring (4a,b), the singly braided [2]cate-
nane (4¢,d), and the doubly braided [2]catenane (4e).

In each reaction, elemental analysis was used to confirm the
stoichiometry of phosphine addition. IR spectroscopy con-
firmed the presence of the acetylide groups in the products,
with weak bands being observed in the spectra due to v(C=C),
at approximately 2135 cm~!. The 3P NMR spectrum of each
product exhibits one singlet at room temperature, an indica-
tion that there is only one species present and that the
phosphine groups are effectively equivalent. The highly
characteristic resonances (AA’XX' multiplet) in the
'"H NMR spectra associated with the aryl (C4H,) groups of
the digold backbones provided an excellent means for

O.
(Y oremen

[AUCI{SMe,)]

a: X=0; b: X=§; ¢: X=CHj; d: X=CMe,; e: X=CgH1,

Scheme 2.
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Phyp—Au—C=C—CHr~,

O
[y orememen
F PhyP(CH,)4PPh;

X ———»  (GH2)4

ment of the macrocycles in
solution. Both ethynyl carbon
resonances appeared as dou-
blets due to J(P,C) coupling

Qg

D\ X=0$ GJ(P-Au-C)  ca. 140 Hz;
o CHyC=C—AY PP p o 3J(P-Au-C=C) ca. 40 Hz).
5 TTOSC—oH, 'H and PC two-dimensional
3a-e Ph2P(CH;)PPh, 4a: X=0; 4b: X=S NMR  (COSY, gHSQC,
gHMBC) techniques were used
X=CHg,CMe, PhyP—Au—C=C—CHo~

O.

O

(GH2)4

Ph,P(CH,)sPPh, | X=CeHao X :

O/

4c: X=CHj; 4d: X=CMe,

4e: X=CgzHyqq

Scheme 3.

monitoring the progress of reactions and assessing the purity
of the final products. The remaining protons of alkynyl and
phosphine ligands gave the expected resonances, but could
not be used to determine the topology of the products.
13C NMR spectra were recorded and fully assigned for all the
new products, and the details are listed in the Experimental
Section. The data were consistent with a symmetrical arrange-

Table 1. Comparison of structural data for compounds 4a—-4e.

CH Z—CE(C—AU—Pth
PhyP—Aa b—C=C—¢ Hz/o

to demonstrate the connectivity
within the product macrocycles,
but they were unable to differ-
entiate between the varying
topological geometries. For the
catenanes, NOESY and RO-
ESY experiments did not show
unusual cross-peaks due to
close inter-ring contacts. In
principle, mass spectrometry
might give true molecular mass-
es, but the techniques available
(EI, CI, FAB, ESI) failed to
give parent ions. Only X-ray
structure determinations were
successful in determining the
topologies of 4a—e. NMR stud-
ies of the recrystallized prod-
ucts then showed that the topo-
logical forms were maintained
in solution.

Q

(CHa), X

ol

Structural characterization:
Discussion of the molecular
structures will focus initially
on the characteristics of the
individual compounds. Table 1
provides a comparison of the
important crystallographic fea-
tures of the five structures.

The simple ring complexes 4a and 4b: The molecular
structure of simple ring 4a (X=0), is shown in Figure 2,
and selected bond lengths and angles are presented in Table 2.
The ring is formed from the assembly of one diethynyldigold(1)
unit and one diphosphine ligand, and so exists as a simple
25-membered ring. The ring can be considered to have an

4a (X=0) 4b (X=Y) 4c¢ (X=CH,) 4d (X=CMe,) 4e (X=CeH,p)

macrocycle type simple ring simple ring single braid single braid double braid [2]catenane
[2]catenane [2]catenane

pseudoring shape cyclopentane cyclopentane cyclopentane cyclopentane cyclooctane twist-boat

envelope envelope envelope half-chair
d(Au--- Au) intra [A] 7.582 7.534 7.203, 7.068 7.809, 7.769 12.666, 12.452 12.842, 12.782
d(Au--- Au) inter [A] 9.361 10.279 3.585, 5.089 4.993, 5.219 3.239, 3.130 7.317, 7.858
hinge angle [°] 117.8(15) 104.3(3) 115.0(6) 115.3(5) 111.2(7) 111.9(9) 109(2), 110(2) 109(3), 106(2)
aryl twist [°] 1.6,96.8 11,972 33.1,91.829.3,92.6 46.9, 52.539.2,494 74.2,94.0 89.5, 105.9 108.8, 114.4 79.8, 84.4
aryl —aryl interactions/® 2 ef 2ef 2 off, 4 vf 2 off, 4 ef 12 ef

[a] ef: edge-to-face; vf: vertex-to-face; off: offset face-to-face.
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Figure 2. View of the structure of the simple ring complex 4a (X=O0).

Table 2. Selected bond lengths [A] and bond angles [°] for the simple
ring 4a.

Au(1)-P(1) 2243(5)  Au(2)-P(2) 2.267(4)
Au(1)-C(1) 1.98(3) Au(2)-C(21) 2.00(2)
C(1)-C(2) 1.20(3) C(21)-C(20) 1.19(3)
C(2)-CQ3) 1.43(3) C(20)—C(19) 1.43(3)
C(3)-0(4) 1.44(3) C(19)-0(18) 1.45(3)
0(4)-C(5) 1.39(2) 0(18)-C(17) 1.36(2)
C(10)-0O(11) 1.38(2) C(12)-0(11) 137(3)
C(22)-P(1)-Au(1) 113.2(6) C(25)-P(2)-Au(2) 114.7(6)
P(1)-Au(1)-C(1) 176.6(6) P(2)-Au(2)-C(21) 176.1(6)
Au(1)-C(1)-C(2) 176(2) Au(2)-C(21)-C(20)  176(2)
C(1)-C(2)-C(3) 178(2) C(21)-C(20)-C(19)  178(3)
C(2)-C(3)-0(4) 115(2) C(20)-C(19)-0(18)  115(2)
C(3)-0(4)-C(5) 116(2) C(19)-0(18)-C(17)  116(2)

C(10)-0(11)-C(12)  118(1)

extended envelope structure, mapped by the atoms P(1)-P(2)-
C(19)-O(11)-C(3), with C(3) at the “flap” vertex, and so it is
evident that there is a large distortion from the most
symmetrical possible structure that would have C,, symmetry.
The ring must be flexible, since the NMR data are consistent
with C,, symmetry. For example, equivalence of both the
CH,O and CH,P protons is observed in the "H NMR spectrum
of 4a. There are no aurophilic interactions in the molecular or
extended structure, and the bond lengths at the gold atoms
(Au—P=2243(5) and 2267(4) A; Au—C=198(3) and
2.00(2) A) are normal for C=C—Au—P coordination. The
angle at the “hinge” oxygen atom, O(11), is C-O-C =118(1)".
The two aryl (O-C4H,-O) rings adopt the so-called “Morino-
structure” conformation (Figure 3 structure F),l'’l one ring in
the C-O-C plane and the other perpendicular (angle between
the mean planes =95.6°). This conformation is common in
diaryl ethers and diaryl sulfides, probably to maximize -
bonding.[' In the solid state, the rings form closely associated
dimers (Figure 4a). This “dimer of simple rings” arises
because the relative orientation of the aryl groups within
each ring allows the perfect intermeshing in a manner that
produces two close edge-to-face (ef) aryl—aryl attractive
interactions:['* each molecule provides an edge and a face, in
a mutually beneficial arrangement. Phenyl-phenyl interac-
tions have been shown to be weakly attractive (ca. 6 kI mol~")
forces, which often occur in clusters and so make a significant
contribution to the formation and stability of particular

Chem. Eur. J. 2001, 7, No. 16
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Figure 3. Conformations of the Ar,X groups.

structural motifs.'s] Further phenyl-phenyl offset-face-to
face (off) interactions between adjacent dimeric pairs results
in the formation of an extended array throughout the solid-
state structure. The overall packing pattern of the “dimers” is
very similar to the mixed herringbone and stacking pattern
observed for many polycyclic aromatic compounds.

The molecular structure of the simple ring 4b is shown in
Figure 5, and the selected bond lengths and angles given in
Table 3. The ring conformation and crystal packing is identical
to that observed for the oxy-hinged simple ring. The pseudo
cyclopentane envelope conformation is mapped by P(1)-C(3)-
S(11)-C(19)-P(2), with C(3) at the “flap” vertex. The fold
angle, 55°, is closely comparable with that found in 4a, 57°,
indicating that there is similar distortion from planarity in
both the simple rings. The geometry at the sulfur atom, S(11),
is comparable with that reported previously for diarylsulfide
complexes, with angle the C-S-C=104.3(3)° and C—S bond
lengths of 1.772(5) and 1.759(5) A.l¥ The closest contact
between any two gold atoms in the crystal structure is 7.534 A
(transannular Au--- Au), so there are neither intra- nor
intermolecular Au--- Au attractions present in 4b.

The [2]catenanes 4 ¢ and 4d: The molecular structure of the
singly braided [2]catenane 4c¢ is shown in Figure 6, and
selected bond lengths and angles are summarized in Table 4.
The catenane is formed by the self-assembly of two dieth-
ynyldigold(1) units and two diphosphine ligands to give two
interlocking 25-membered rings. The individual components
are similar to the simple rings 4a and 4b, adopting pseudo-
cyclopentane-envelope conformations. In this case, however,
there is less distortion from planarity with fold angles of 45°
and 48°. The hinge angles C(10)-C(11)-C(12) =115.0(6)° and
C(40)-C(41)-C(42) =115.3(5)° are also similar in the two
rings.

There is a significant difference in the orientation of the
C¢H, aryl groups in 4¢ compared with 4a and 4b, as measured
by the angles created between the planes of the aryl groups
and the hinge plane (plane defined by the hinge atom and its
two-bonded ipso carbon atoms). In the simple rings 4a and 4b
the aryl groups are orientated such that one lies roughly
parallel to the plane of the hinge unit, whilst the other is
perpendicular. In 4¢, however, the aryl groups are positioned
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Figure 4. X-ray structure representations: a) a dimer pair of the simple ring complex 4a, X = O (space-filling); b) the singly braided [2]catenane complex 4d,
X = CMe, (space-filling); c) the doubly braided [2]catenane complex 4e, X = C¢H,, (ball and stick); d) the doubly braided [2]catenane complex 4e, X = C¢H,,

(space-filling).

Table 3. Selected bond lengths [A] and bond angles [°] for the simple

ring 4b.

Au(1)-P(1) 2.271(2)
Au(1)—C(1) 2.00(1)
C(1)-C(2) 1.19(1)
C(2)-C(3) 1.48(1)
C(3)-0(4) 1.42(1)
O4)—-C(5) 1.39(1)
C(10)-S(11) 1.772(5)
C(22)-P(1)-Au(1) 113.8(3)
P(1)-Au(1)-C(1) 177.3(3)
Au(1)-C(1)-C(2) 176.5(9)
C(1)-C(2)-C(3) 177.3(9)
C(2)-C(3)-O(4) 113.2(8)
C(3)-0(4)-C(5) 117.9(6)

C(10)-S(11)-C(12)  1043(3)

Au(2)-P(2)
Au(2)-C(21)
C(21)-C(20)
C(20)-C(19)
C(19)-0(18)
0(18)-C(17)
C(12)-S(11)
C(25)-P(2)-Au(2)
P(2)-Au(2)-C(21)
Au(2)-C(21)-C(20)
C(21)-C(20)-C(19)
C(20)-C(19)-0(18)
C(19)-0(18)-C(17)

2272(2)
2.006(9)
1.17(1)
1.48(1)
1.43(1)
1.38(1)
1.759(5)
1132(3)
1743(3)
1763(9)
174.3(10)
111.4(7)
118.6(7)

4c.
Figure 5. View of the structure of the simple ring complex 4b (X=S).

influence the self-assembly to the catenane structure in

The 25-membered rings in 4¢ interlock across the methyl-

ene chain of the diphosphine ligand, and close examination of

with one perpendicular, and the other at about 30° to the the catenane structure reveals extensive interaction between
plane of the hinge unit (between D and E in Figure 3). This phenyl and aryl groups. In total, there are six attractive aryl—
apparently minor change in conformation is thought to aryl interactions within the catenane, utilizing all the aromatic
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Figure 6. View of the structure of the singly braided [2]catenane complex
4¢ (X =CH,), showing aryl -aryl interactions (dotted lines).

rings within the molecule (two Ph---Ph off; four Ph--- Ar
vertex-to-face (vf)) as illustrated in Figure 6. The four vf
interactions result from the aryl groups in the organogold
backbone having the correct orientation for molecular
recognition. The arrangement of the aryl groups in the
complexes 4a and 4b is incorrect for this type of recognition.
Clearly, the interlocking rings in 4¢ give the maximum aryl—
aryl interactions, and this appears to be sufficient to give an
energetically favorable [2]catenane as product, overcoming
the unfavorable entropy effect. Aryl-aryl interactions have
previously been identified as playing an important role in the
self-assembly of organic catenane
complexes.?” In complex 4¢ the
closest nonbonded Au--- Au dis-
tances are 3.585 and 5.089 A. The
shorter distance is very close to
the accepted range for aurophilic
interactions (2.75-3.40 A), and is

probably weakly attractive.l'!] X
Such gold---gold attractions a
could also favour catenane for- CI21A) g

A

mation,!?l but closer approach of "‘"

the gold atoms would lead to 8 i
both steric repulsions and a weak- d @D
ening of the aryl—aryl attractions ‘,,,‘" & Cl3A)
(notably the vf attraction be- 0n4A)

tween  Ar[C(5)-C(10)] and
Ph[C(2G)-C(2L)]). In 4¢ it seems
that the aryl-aryl attractions
control the overall structure, but,
in general, maximization of both
aryl-aryl and gold---gold inter-
actions can be expected when this
is possible.

Chem. Eur. J. 2001, 7, No. 16
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Table 4. Selected bond lengths [A] and bond angles [°] for the single braid
[2]catenane 4c.

Au(1)-P(1) 2267(1)  Au(2)-P(2) 2.269(2)
Au(3)-P(3) 22772)  Au(4)-P(4) 2277(2)
Au(1)-C(1) 2004(6)  Au(2)-C(31) 2.017(6)
Au(3)-C(21) 2003(6)  Au(4)-C(51) 2.015(7)
C(1)-CQ) 11778)  C(31)-C(32) 1.168(8)
C(21)—C(20) 1171(8)  C(51)~C(50) 1.175(8)
C(2)-C(3) 1481(9)  C(32)-C(33) 1.483(9)
C(20)—C(19) 1.499(8)  C(50)-C(49) 1.459(9)
C(3)-0(4) 1425(7)  C(33)-0(34) 1.433(7)
C(19)-0(18) 1411(7)  C(49)-0O(48) 1.453(8)
0(4)—C(5) 1370(9)  O(34)-C(35) 1.392(9)
0(18)-C(17) 1366(7)  O(48)-C(47) 1.372(8)
C(10)—C(11) 1481(11)  C(40)-C(41) 1.536(10)
C(11)~C(12) 1.541(9)  C(41)-C(42) 1.503(9)
C(22)-P(1)-Au(1) 113.0(2) C(52)-P(2)-Au(2) 111.9(2)
C(25)-P(3)-Au(3) 112.8(2) C(55)-P(4)-Au(4) 114.9(2)
P(1)-Au(1)-C(1) 176.5(2) P(2)-Au2)-C(31)  1782(2)
P(3)-Au(3)-C(21) 172.5(2) P(4)-Au(4)-C(51) 1722(2)
Au(1)-C(1)-C(2) 173.8(7) Au(2)-C(31)-C(32)  175.7(7)
Au(3)-C(21)-C(20)  170.7(6) Au(4)-C(51)-C(50)  166.4(7)
C(1)-C(2)-C(3) 176.7(8) C(31)-C(32)-C(33)  175.5(9)
C(21)-C(20)-C(19)  173.5(7) C(51)-C(50)-C(49)  177.3(9)
C(2)-C(3)-0(4) 112.3(5) C(32)-C(33)-0(34)  112.7(5)
C(20)-C(19)-0(18)  114.1(5) C(50)-C(49)-0(48)  112.6(6)
C(3)-0(4)-C(5) 117.7(6) C(33)-0(34)-C(35)  118.0(6)
C(19)-0(18)-C(17)  1182(5) C(49)-0(48)-C(47)  116.5(6)
C(10)-C(11)-C(12)  115.0(6) C(40)-C(41)-C(42)  1153(5)

The molecular structure of the CMe,-hinged, singly braided
catenane 4d is shown in Figure 7, and selected bond lengths
and angles are presented in Table 5. The overall structure of
4d is similar to, but more symmetrical than, the other singly
braided catenane 4¢, with two crystallographically equivalent
25-membered rings interlocked symmetrically across the dppb
methylene chains. The space-filling representation (Fig-
ure 4b) shows how the efficient braiding of the two rings
produces a very compact structure, with pairwise matching of
all the aromatic groups. The component rings in 4d adopt

&H [y )
63’, Ci31B) _ 0308

N
== (=

o

)
01304)
- P~ AU24)
CIR1A G el e
@
X
g AuA)

a4)

> 7 )
cu3p)
0(14B)

o
o

Figure 7. View of the structure of the singly braided [2]catenane complex 4d (X =CMe,).
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Table 5. Selected bond lengths [A] and bond angles [°] for the single braid
[2]catenane 4d.

Au(1A)-P(1A) 2.267(2) Au(1B)-P(1B) 2.272(2)
Au(2A)-P(2A) 2.267(3) Au(2B)-P(2B) 2.264(2)
Au(1A)-C(11A) 1.984(8) Au(1B)-C(11B) 2.00(1)
Au(2A)-C(33A) 1.97(1) Au(2B)-C(33B) 2.00(1)
C(11A)-C(12A) 122(1) C(11B)-C(12B) 1.21(1)
C(33A)-C(32A) 121(1) C(33B)-C(32B) 1.19(1)
C(12A)-C(13A) 145(1) C(12B)-C(13B) 1.47(1)
C(32A)-C(31A) 1.48(1) C(32B)-C(31B) 1.46(1)
C(13A)-O(14A) 145(1) C(13B)-O(14B) 1.43(1)
C(31A)-0O(30A) 145(1) C(31B)-O(30B) 1.46(1)
O(14A)-C(15A) 135(1) O(14B)-C(15B) 1.39(1)
0O(30A)—-C(29A) 1.36(1) O(30B)—C(29B) 1.39(1)
C(20A)-C(21A) 1.56(1) C(20B)-C(21B) 1.52(2)
C(21A)-C(24A) 1.54(1) C(21B)-C(24B) 1.53(1)
C(1A)-P(1A)-Au(1A)  1133(3) C(IB)-P(1B)-Au(1B)  112.1(3)

C(4A)-PQA)-Au(1A)  1141(3) C(4B)-P(2B)-Au(1B)  113.4(3)

P(1A)-Au(1A)-C(11A) 179.8(3)  P(I1B)-Au(1B)-C(11B) 174.6(3)

P(2A)-Au(2A)-C(33A) 1709(3)  P(2B)-Au(2B)-C(33B) 177.4(3)

Au(1A)-C(11A)-C(12A) 175.8(9)  Au(1B)-C(11B)-C(12B) 173.6(10)
Au(2A)-C(33A)-C(32A) 169.9(10)  Au(2B)-C(33B)-C(32B) 175.2(9)
C(11A)-C(12A)-C(13A) 177.7(11)  C(11B)-C(12B)-C(13B) 173.6(12)
C(33A)-C(32A)-C(31A) 1743(12) C(33B)-C(32B)-C(31B) 175.2(11)
C(12A)-C(13A)-O(14A) 112.4(8)  C(12B)-C(13B)-O(14B) 111.9(9)
C(32A)-C(31A)-O(30A) 1132(8) C(32B)-C(31B)-O(30B) 112.5(9)
C(13A)-O(14A)-C(15A) 119.1(8)  C(13B)-O(14B)-C(15B) 118.9(8)
C(31A)-O(30A)-C(29A) 1155(8)  C(31B)-O(30B)-C(29B) 117.9(8)
C(20A)-C(21A)-C(24A) 1112(7)  C(20B)-C(21B)-C(24B) 111.9(9)

extended cyclopentane half-chair conformations, mapped by
[P(1A)-C(13A)-C(21A)-C(31A)-P(2A)] and [P(1B)-C(13B)-
C(21B)-C(31B)-P(2B)]. The rings are twisted (fold angles of
33 (ring A)and 38 (ring B)°), with the two phosphorus atoms
displaced on either side of the plane defined by the other
atoms. There is less distortion of each ring from planarity in
4d than in 4a-c, which all adopt the extended envelope
conformation.

The presence of methyl substituents on the hinge carbon
atom [C(21A), C(21B)], does not greatly affect the hinge
angle (C-C-C=112(1)° in 4d
compared to 115° in 4¢), but it
does cause a noticeable change
in the orientation of the aryl
(C¢H,) groups. In 4d, each aryl
group is orientated at about 45°
to the plane of the hinge (indi-
vidual angles are 39 and 54°),
such that the two aryl groups
are mutually orthogonal (close
to E in Figure 3). There are
again six aryl—aryl attractions,
but these are now comprised of
four Ph---Ar ef and two
Ph---Ph off attractions. The
formation of ef attractions in
4d, rather than vf interactions
as seen in 4¢, is attributed to the
different orientations of the
aryl groups. There is no contri-
bution from aurophilic attrac-
tions, since the shortest
Au---Au distances (4.993(1)

C{58)
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and 5.219(1) A) are beyond the range for any bonding
interaction. Importantly though, the molecular recognition
for the successful interlocking of the two rings is still present,
and the total number of attractive forces is maintained.
Hence, the necessary energy to drive the self-assembly
process is available.

The doubly braided catenane 4 e: The structure determination
of the doubly braided [2]catenane 4e is the first for such
compounds, which have been identified previously by using
NMR and MS techniques.®l The molecular structure of one
enantiomer of 4e (doubly braided catenanes are inherently
chiral) is shown in Figure 8, and selected bond lengths and
angles are listed in Table 6.

The product results from the remarkable self-assembly of
eight components (four organogold units and four dppb
ligands) and consists of two giant 50-membered rings doubly
braided in a highly effective manner. The efficiency and
selectivity of this complex reaction is particularly impressive,
and provides a beautiful example of the power of molecular
recognition. The space-filling diagram, Figure 4d, provides an
excellent illustration of the complex intertwining and the
compact nature of the catenane structure (two solvent
dichloromethane molecules that are not shown, pack the
remaining cavity space).

The component 50-membered rings each consist of two
organogold backbones linked, in a linear fashion, by two dppb
ligands creating a large “double ring”. Both adopt extended
cyclooctane twist-boat conformations, mapped by the atom
groupings [C(34)-C(46)-P(3)-P(4)-C(10)-C(3)-P(1)-P(2)] and
[C(58)-C(51)-P(7)-P(8)-C(82)-C(75)-P(5)-P(6)], respectively,
with the twists centered about the P—P vertices. The twist-boat
form is uncommon in cyclooctane, owing to severe eclipsing
strain, but in these large organometallic rings (Au---Au
transannular distances ca. 12—13 A) this problem is not a
factor. Overall, though, this conformation does cause the rings

Figure 8. View of the structure of the doubly braided [2]catenane complex 4e (X =C¢H,() showing core ring
atoms only (phenyl rings of the diphosphine ligands and cyclohexylidene groups are omitted for clarity).
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Table 6. Selected bond lengths [A] and bond angles [°] for the double braid
[2]catenane 4e.

Au(1)-Au(5) 32392)  Au(?)-Au(3) 3.130(2)
Au(1)-P(1) 2283(7)  Au(5)-P(5) 2.279(7)
Au(2)-P(2) 2286(7)  Au(6)-P(6) 2.279(7)
Au(3)-P(3) 2284(9)  Au(7)-P(7) 2.285(8)
Au(4)-P(4) 2291(7)  Au(8)-P(8) 2271(8)
Au(1)-C(1) 1.95(2) Au(5)-C(73) 2.00(3)
Au(2)-C(25) 1.98(3) Au(6)-C(72) 2.04(3)
Au(3)-C(48) 1.98(4) Au(7)-C(49) 2.02(3)
Au(4)-C(24) 2.02(3) Au(8)—C(96) 1.97(3)
Cc(1)-C(2) 125(3) C(73)—C(74) 1.18(3)
C(25)-C(26) 1.17(4) C(71)~C(72) 1.07(3)
C(48)-C(47) 1.18(4) C(49)—C(50) 1.17(4)
C(24)-C(23) 1.14(3) C(95)—C(96) 1.24(4)
C(7)~C(10) 1.55(4) C(55)-C(58) 1.53(5)
C(10)-C(16) 1.56(4) C(58)—C(64) 1.54(4)
C(31)-C(34) 1.53(3) C(79)-C(82) 1.63(4)
C(34)-C(40) 1.54(4) C(82)—C(88) 1.62(4)
C(1)-Au(1)-P(1) 174.1(8) C(73)-Au(5)-P(5) 171.9(9)
C(25)-Au(2)-P(2) 178(1) C(72)-Au(6)-P(6) 175(1)
C(48)-Au(3)-P(3) 171(1) C(49)-Au(7)-P(7) 171.7(9)
C(24)-Au(4)-P(4) 177.1(9) C(96)-Au(8)-P(8) 178(1)
C(2)-C(1)-Au(1) 177(2) C(74)-C(73)-Au(5)  173(3)
C(26)-C(25)-Au(2)  176(4) C(71)-C(72)-Au(6)  177(4)
C(47)-C(48)-Au(3)  178(4) C(50)-C(49)-Au(7)  172(3)
C(23)-C(24)-Au(4)  176(3) C(95)-C(96)-Au(8)  178(3)
C(7)-C(10)-C(16) 109(2) C(55)-C(58)-C(64)  109(3)
C(31)-C(34)-C(40)  110(2) C(79)-C(82)-C(88)  106(2)

to be heavily distorted from planarity, a necessary require-
ment to allow double, but not single, braiding.

Despite the formation of a different ring type, which now
contains two hinge units, the geometry at the gold atoms and
hinge carbon atoms, C(10), C(34), C(58) and C(82), is closely
comparable with that seen in the simple rings and singly
braided [2]catenanes, with no unusual bond lengths or angles
(see Table 6). However, examination of the complete diaryl
backbone reveals, once again, an important difference in the
aryl group orientations. The aryls in the double rings are now
all oriented nearly perpendicular to the plane of the hinge
unit, with an average angle of approximately 80° (close to G in
Figure 3). This small change, through its effect on the pre-
organization for aryl—aryl interactions, has dramatically
altered the molecular recognition of the system.

The complete structure contains, in total, 14 attractive
interactions: two Au--- Au, four Ph—Ph ef, and eight Ar—Ph
ef; these are evidently sufficient to drive the catenation. The
phenyl —aryl interactions occur at the outer corners of the
tightly packed structure, whilst the phenyl-phenyl interac-
tions are situated within the center of the catenane. The short
attractive aurophilic attractions (Au(1)--- Au(5) 3.2387(16)
and Au(3)----Au(7) 3.1296 A) provide additional inter-ring
secondary bonding. Figure 8 shows that the geometrical
constraints imposed by double braiding do not allow all gold
atoms to be close enough for Au--- Au bonding. Thus the pairs
of gold atoms Au(1)/Au(5) and Au(3)/Au(7) are close, but
Au(2)/Au(8) and Au(4)/Au(6) are too far apart for Au--- Au
bonding.

Variable temperature NMR studies: The 'H and P NMR
spectra of the simple ring complexes 4a and 4b and the singly
braided [2]catenanes 4¢ and 4d are essentially unchanged

Chem. Eur. J. 2001, 7, No. 16
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Figure 9. Variable temperature NMR observations of complex 4e, and the
proposed molecular switching motion.

over the temperature range —80°C to 20°C. For example,
each gives only one singlet resonance in the 3P NMR
spectrum. This indicates that the rings are sufficiently flexible
to give effective C,, symmetry in each case. A number
previous reports on singly braided [2]catenanes have demon-
strated the existence of both intramolecular spinning and
rotating processes.?? For the [2]catenanes 4¢ and 4d,
extensive snaking of the rings will be impossible because of
steric effects of the bulky diphenylphosphino groups, but
more limited rocking and wagging motions are possible and
can lead to the effective equivalence of all phosphorus atoms.
Such motions will lead to making and breaking of many of the
secondary aryl—aryl bonding forces.

The variable temperature NMR studies of the doubly
braided catenane 4 e, however, provide important information
about the solution structure. One significant aspect of the
solid-state structure, which is a consequence of the aurophilic
interactions, is that for all the ring atoms (except the hinge
atom) there are two chemically distinct environments. These
are atoms that are closer to or further from the gold atoms
which are engaged in close inter-ring aurophilic attractions.
The overall symmetry is then close to C,. However, the room
temperature NMR data for 4e indicates effective D, symme-
try (the ideal symmetry for a doubly braided catenane as in
Figure 1 C) and so suggests that the doubly braided [2]cate-
nane is fluxional or that it exists in a different form in solution.

The room temperature 3P NMR of 4e has only one
resonance, but as the sample is cooled down the signal
resolves until at —90°C the spectrum contains two resonances
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(see Figure 9), as expected for the C, structure of Figure 8.
Clearly the catenane is fluxional at room temperature. The
activation energy at the coalescence temperature of —70°C
was AGT=41(+1) kJmol L

The variable temperature 'H NMR data revealed, as
expected, similar coalescence of inequivalent resonances.
However, due to solvent limitations it was only possible to
observe full resolution of one set of signals, the aryl (C¢H,)
group resonances (Figure 9). At room temperature a single
AA’XX' signal is observed, whilst at —90°C two AA'XX'
signals are clearly seen. The coalescence temperature was
found to be —68°C, giving an activation energy of AG*=
41(+1) kIJmol~!, which shows good correlation with that
calculated from the 3'P NMR spectra.

Fluxional behavior has previously been reported for a
doubly braided catenane in solution.??! It was preposed that
the interlocked rings were undergoing slow gliding motions,
analogous to the reptation process seen for a trefoil knot.??! In
complex 4e, however, extensive snaking of the two rings
would be impossible, as it would require the eclipsing of bulky
diphenylphosphino substituents. The least motion that can
cause the equivalence observed for 4e would be a rapid back-
and-forth switching action, indicated schematically in Fig-
ure 9. This dynamic motion requires making and breaking of
Au---Au and aryl-aryl secondary bonds, but should not
encounter strong steric hindrance. It is clear that any
fluxionality observed for doubly braided catenanes will need
to be determined on an individual basis, and could involve
either extensive ring snaking or, as in 4e, more limited
molecular switching.

Conclusion

This work has shown that the reaction of flexible dialkynyldi-
gold() compounds X(CsH,OCH,CCAu), with bis(diphenyl-
phosphino)butane can lead to simple rings, [2]catenanes, or to
a unique doubly braided [2]catenane depending on the nature
of the hinge group X. The products are formed by simple self-
assembly, and it is interesting to attempt to determine what
properties of the group X are important in controlling the
nature of the self-assembly process. The reactions are very
selective in all cases, giving rise to a single isomeric form,
though it is known that other diphosphine ligands can give
isomeric mixtures.'? Since the gold(l) centers are labile, the
structures are not rigidly locked and could rearrange; the
structures are determined by thermodynamic rather than
kinetic control.'” In principle, the C-X-C angle could be an
important factor, since opening or closing of this angle would
affect the size and shape of an individual ring cavity. However,
the angles are not markedly different (Table 1) and no such
correlation could be made. The chief differences observed
were in the conformations adopted by the X(C¢H,.), groups
(Figure 3). There is naturally some question about whether
this conformation determines the overall structure or vice
versa, but there is some evidence as outlined below.

The Cambridge Structural Database (CSD) contains many
X-ray structures that contain the same parent bisphenol units
as those discussed here.?!! Examination of these structures
revealed that the orientation of the aryl groups is, in most
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cases, very similar to that found in the corresponding organo-
gold macrocycles 4a —e. This correlation of the orientations of
aryl groups in precursors and products suggests that it is, at
least in part, the aryl orientation that determines the preferred
mode of self-assembly. In particular, conformation F in
Figure 3, found in 4a and 4b when X =0 or S, appears to
prevent catenation, presumably because the in-plane aryl
group causes steric hindrance. Conformation G allows
maximum catenation and is observed for the doubly braided
catenane 4e. Intermediate conformations such as D or E,
found in 4c¢ and 4d, allow singly braided [2]catenane
formation. This empirical correlation, if confirmed by further
examples, can be used in predicting the products of reaction of
other derivatives X(C¢H,OCH,CCAu), with diphosphines, by
considering the orientation of the aryl groups in the parent
bis(phenol). It is clear from this work that subtle effects at the
hinge group have dramatic consequences on the self-assembly.

Experimental Section

NMR spectra were recorded using Varian Gemini300, Mercury400, and
Inova600 MHz spectrometers. 'H and '3C NMR chemical shifts are
reported relative to tetramethylsilane, while 3'P chemical shifts are
reported relative to 85% H;PO, as an external standard. IR spectra were
recorded using a Perkin — Elmer 2000 FTIR as Nujol mulls on KBr plates or
as CH,Cl, solutions in 0.1 mm NaCl cell. All gold complexes were
protected from light by using darkened reaction flasks. The complex
[AuCI(SMe,)] was prepared by the literature method.?*]

Diacetylide ligand 2a: BrCH,C=CH (7.06 g, 59.3 mmol) and finely ground
KOH (3.50 g, 62.4 mmol) was added to a solution of O(4-C¢H,OH), (4.00 g,
19.8 mmol) in acetone (50 mL). The mixture was heated under reflux for
about 16 h. The solution was allowed too cool to room temperature and
then filtered to give a pale yellow filtrate. The solvent was removed under
reduced pressure, and the resultant pale yellow oil dried under vacuum
(3 days). The product was washed with pentane and dried further. Yield:
4.75 g, 86 %; IR (Nujol): 7=2048 (br, w), 2121 cm~! (s) (C=C); 'H NMR
(300 MHz, CD,Cl,, 25°C): 6 =6.94 (m, 4H; C¢H,), 4.68 (d, J=2.4 Hz, 4H;
OCH,), 2.59 (t, J=2.4Hz, 2H; C=CH); *C NMR (75 MHz, CD,Cl,,
25°C): 6 =153.7,152.4,119.9, 116.4 (all C¢H,), 79.1 (C=CH), 75.6 (C=CH),
56.7 (OCH,); MS: m/z (%): 278 (67) [M]*.

Diacetylide ligand 2b: This was prepared by the procedure described for
2a, but with S(4-C,H,OH), (4.00 g, 18.3 mmol), BrCH,C=CH (6.54 g,
55.0 mmol), and KOH (3.20 g, 57.0 mmol). The product was isolated as a
dark orange oil. Yield: 4.87 g, 90 %; IR (Nujol): 7 =2013 (br, w), 2122 cm™!
(s) (C=C); 'H NMR (300 MHz, CD,Cl,, 25°C): =729 (m, 4H; C.H,),
6.92 (m, 4H; C4H,), 4.68 (d,J =2.4 Hz, 4H; OCH,), 2.14 (t,J = 2.4 Hz, 2H;
C=CH); BC NMR (75 MHz, CD,Cl,, 25°C): 6 =1574, 133.1, 128.7, 116.0
(all C¢H,), 78.7 (C=CH), 75.8 (C=CH), 56.3 (OCH,); MS: m/z (%): 294
(76) [M]*.

Diacetylide ligand 2c¢: This was prepared by the procedure described for
2a, but with H,C(4-C4H,OH), (0.250 g, 1.25 mmol), BrCH,C=CH (0.557 g,
3.74 mmol), and KOH (0.220 g, 3.90 mmol). The product was isolated as a
pale yellow oil. Yield: 0.305 g, 88 %; IR (Nujol): #=2047 (w), 2121 cm™!
(m) (C=C); '"H NMR (400 MHz, CD,Cl,, 25°C): 6 =7.11 (m, 4H; C;H,),
6.88 (m, 4H; CH,), 4.66 (d,/=2.4 Hz,4H; OCH,), 3.87 (s, 2H; CH,), 2.55
(t,J=2.4 Hz,2H; C=CH); “C NMR (100 MHz, CD,Cl,, 25°C): 6 =156.2,
135.1,130.0, 115.1 (all C¢H,), 79.1 (C=CH), 75.4 (C=CH), 56.1 (OCH,), 40.4
(CH,); MS: m/z (%): 276 (100) [M]*.

Diacetylide ligand 2d: This was prepared by the procedure described for
2a, but with Me,C(4-C¢H,OH), (10.0 g, 43.8 mmol), BrCH,C=CH (15.6 g,
131.4 mmol), and KOH (7.6 g, 135.4 mmol). The product was isolated as a
pale yellow solid. Yield: 10.7 g, 80 %; IR (Nujol): #=2028 (w), 2120 cm™!
(m) (C=C); '"H NMR (300 MHz, CD,Cl,, 25°C): 6 =7.17 (m, 4H; C;H,),
6.88 (m,4H; CH,), 4.67 (d,/=2.4 Hz, 4H; OCH,), 2.53 (t,/=2.4 Hz,2H;
C=CH), 1.65 (s, 6H; Me); C NMR (75 MHz, CD,Cl,, 25°C): 6 =155.8,
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144.3,128.1, 114.5 (all CH,), 79.2 (C=CH), 75.5 (C=CH), 56.1 (OCH,), 42.0
(CMe,), 31.0 (Me); MS: m/z (%): 304 (28) [M]".

Diacetylide ligand 2e: This was prepared by the procedure described for
2a, but with H,;(C4(4-C;H,OH), (4.0 g, 14.9 mmol), BrCH,C=CH (5.32 g,
44.7 mmol), and KOH (2.60 g, 46.3 mmol). The product was isolated as a
bright orange oil. Yield: 4.38 g, 85%; IR (Nujol): #=2049 (br, w),
2121 em™! (s) (C=C); 'H NMR (300 MHz, CD,Cl,, 25°C): 6 =721 (m, 4H;
C.H,), 6.8 (m, 4H; C¢H,), 4.66 (d, J=2.4 Hz, 4H; OCH,), 2.56 (t, J =
2.4 Hz, 2H; C=CH), 2.24 (m, 4H; C¢H,,), 1.51 (m, 6H; C,H,,); *C NMR
(75 MHz, CD,Cl,, 25°C): 6 =155.5, 142.3, 128.3, 114.7 (all C¢H,), 79.2
(C=CH), 75.4 (C=CH), 56.1 (OCH,), 45.3, 37.5, 31.9, 29.4, 267, 23.3 (all
CsHyp); MS: m/z (%): 344 (29) [M]".

Caution: Some gold acetylides are potentially explosive; they should be
prepared in small quantities and not subjected to shock!

Digold (@ diacetylide 3a: [AuCl(SMe,)] (0.400 g, 1.36 mmol) was dissolved
in THF (100 mL)/MeOH (50 mL). A solution of 2a (0.189 g, 0.68 mmol)
and NaO,CMe (0.167 g, 2.04 mmol) in THF (20 mL)/MeOH (20 mL) was
added to this. The resulting mixture was stirred for 8 h to produce a bright
yellow precipitate. The solid was then collected by filtration, washed with
THF, MeOH, Et,0 and pentane, and dried. Yield: 0.326 g, 72%. The
product was insoluble in common organic solvents. IR (Nujol): 7=
1999 cm~! (w) (C=C); elemental analysis caled (%) for C;H;,Au,05
(670.2): C 32.26, H 1.80; found: C 32.55, H 1.88.

Digold(@ diacetylide 3b: This was prepared by the procedure described for
3a from [AuCl(SMe,)] (0.400 g, 1.36 mmol), 2b (0.200 g, 0.68 mmol), and
NaO,CMe (0.167 g, 2.04 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.343 g, 74%; IR (Nujol): #=2002 cm! (w) (C=C);
elemental analysis calcd (%) for C;gH;,Au,0,S; (686.3): C 31.50, H 1.76;
found: C 30.89, H 1.95.

Digold(@ diacetylide 3c: This was prepared by the procedure described for
3a from [AuCl(SMe,)] (0.650 g, 2.21 mmol), 2¢ (0.305 g, 1.10 mmol), and
NaO,CMe (0.272 g, 3.31 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.678 g, 92%; IR (Nujol): #=2003 cm! (w) (C=C);
elemental analysis caled (%) for C;yH;,Au,0, (668.3): C 34.15, H 2.11;
found: C 34.49, H 2.13.

Digold(@ diacetylide 3d: This was prepared by the procedure described for
3a from [AuCl(SMe,)] (0.593 g, 2.01 mmol), 2d (0.306 g, 1.01 mmol), and
NaO,CMe (0.412 g, 5.02 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.661 g, 94 %; IR (Nujol): #=2000 cm! (w) (C=C);
elemental analysis calcd (%) for C,;H;3sAu,0, (696.3): C 36.22, H 2.61;
found: C 35.93, H 2.45.

Digold(@ diacetylide 3e: This was prepared by the procedure described for
3a from [AuCl(SMe,)] (0.400 g, 1.36 mmol), 2e (0.234 g, 0.68 mmol), and
NaO,CMe (0.167 g, 2.04 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.417 g, 83%; IR (Nujol): #=2003 (w)cm~! (C=C);
elemental analysis caled (%) for C,;H,,Au,0, (736.4): C 39.15, H 3.01;
found: C 39.57, H 2.82.

Simple ring 4a: A mixture of 3a (0.200 g, 0.298 mmol) and Ph,P(CH,),PPh,
(0.115 g, 0.269 mmol) in CH,Cl, (50 mL) was stirred for 3h at room
temperature. Activated charcoal was added to the solution, which was
stirred for a further 0.5h then filtered. The filtrate was concentrated
(ca. 1-2 mL) and addition of pentane (100 mL) precipitated a white solid.
The powder was collected by filtration, washed with diethyl ether and
pentane, and dried. Yield 0.228 g, 77 %; IR (CH,ClL,): #=2134 cm™! (w)
(C=C); '"H NMR (600 MHz, CD,Cl,, 25°C):  =7.61-7.41 (m, 20H; Ph),
7.05 (m, 4H; CH,), 6.95 (m, 4H; C;H,), 4.77 (s, 4H; OCH,), 2.39 (m, 4H;
CH,), 1.72 (m, 4H; CH,); 'P NMR (160 MHz, CD,Cl,, 25°C): § =38.75;
BCNMR (150 MHz, CD,Cl,, 25°C): 6 =154.0, 152.2 (both C¢H,), 133.6 (d,
2J(P,C) =13 Hz; Ph), 132.2 (d, 2/(P,C) = 143 Hz; C=C), 131.9 (Ph), 130.5 (d,
IJ(P,C) =54 Hz; Ph), 129.5 (d, 3/(P,C)=11 Hz; Ph), 119.8, 116.5 (both
CsH,), 975 (d,3J(P,C) =26 Hz; C=C), 57.2 (OCH,), 27.8 (d, J(P,C) =33 Hz;
CH,), 274 (brm; CH,); elemental analysis calcd (%) for C,H,Au,P,05
(1096.7): C 50.38, H 3.68; found: C 50.90, H 3.83.

Simple ring 4b: This was prepared by the procedure described for 4a from
3b (0.200 g, 0.298 mmol) and Ph,P(CH,),PPh, (0.110 g, 0.269 mmol). The
product was isolated as a white solid. Yield 0.215 g, 75 %; IR (CH,Cl,): 7=
2135 cm™! (w) (C=C); 'H NMR (600 MHz, CD,Cl,, 25°C): d =7.64-7.41
(m, 20H; Ph), 7.35 (m, 4H; C(H,), 7.04 (m, 4H; C¢H,), 4.78 (s, 4H; OCH,),
2.34 (m,4H;CH,), 1.73 (m,4H; CH,); *'P NMR (160 MHz, CD,Cl,, 25°C):
0=38.89; C NMR (150 MHz, CD,Cl,, 25°C): 6 =157.9 (C¢H,), 133.6 (d,
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2J(P.C) = 13 Hz; Ph), 1333 (C4H,), 132.1 (d, 2/(P,C) = 133 Hz; C=C), 131.9
(Ph), 130.6 (d, J(P,C) =52 Hz; Ph), 129.5 (d, %/(P,C) =11 Hz; Ph), 1277,
1163 (both C4H,), 972 (C=C), 571 (OCH,), 279 (d, 'J(P.C)=35 Hz;
CH,P), 27.5 (brm; CH,); elemental analysis calcd (% ) for CyH4Au,P,0,S
(1112.8): C 49.65, H 3.62; found: C 49.96, H 3.66.

Singly braided [2]catenane 4c: This was prepared by the procedure
described for 4a from 3¢ (0.100 g, 0.150 mmol) and Ph,P(CH,),PPh,
(0.057 g, 0.135 mmol). The product was isolated as a white solid. Yield
0.089 g, 61%; IR (CH,Cl,): #=2134 cm~' (w) (C=C); '"H NMR (400 MHz,
CD,Cl,, 25°C): 6 =7.61-7.42 (m, 40H; Ph), 715 (m, 8H; C,H,), 6.98 (m,
8H; CH,), 4.77 (s, 8H; OCH,), 3.83 (s, 4H; CH,), 2.32 (m, 8H; CH,), 1.71
(m, 8H; CH,); 3P NMR (160 MHz, CD,Cl,, 25°C): d =38.89; *C NMR
(150 MHz, CD,Cl,, 25°C): 6 =156.4, 134.4 (both C4H,), 133.6 (d, 2/(P,C) =
13 Hz; Ph), 132.0 (d, 2J(P,C) = 143 Hz; C=C), 131.9 (Ph), 130.6 (d, 'J(P,C) =
54 Hz; Ph), 129.7 (C¢H,), 129.5 (d, *J(P,C) =11 Hz; Ph), 115.3 (C¢H,), 97.5
(d, 3J(P,C)=27 Hz; C=C), 56.5 (OCH,), 40.6 (CH,), 28.0 (d, J(P.C)=
34 Hz; CH,P), 27.7 (dd, 2J(P,C) =20 Hz, *J(P,C) =5 Hz; CH,); elemental
analysis calcd (%) for CoyHgyAu,P,0O, (2189.5): C 51.57, H 3.87; found: C
51.70, H 3.88.

Singly braided [2]catenane 4d: This was prepared by the procedure
described for 4a from 3d (0.115¢, 0.165 mmol) and Ph,P(CH,),PPh,
(0.078 g, 0.183 mmol). The product was isolated as a white solid. Yield
0.125 g, 68%; IR (CH,CL,): #=2132 cm™! (w) (C=C); 'H NMR (300 MHz,
CD,(Cl,, 25°C): 6 =7.64-742 (m, 40H; Ph), 720 (m, 8H; CH,), 7.00 (m,
8H; C¢H,), 4.76 (s, 8H; OCH,), 2.35 (m, 8H; CH,), 1.74 (m, 8H; CH,), 1.64
(s, 12H; Me); 3'P NMR (120 MHz, CD,Cl,, 25°C): 6 =38.73; *C NMR
(150 MHz, CD,Cl,, 25°C): 6 =156.6, 143.9 (both C4H,), 134.0 (d, 2/(P,C) =
14 Hz; Ph), 132.5 (d, 2J(P,C) = 143 Hz; C=C), 132.3 (Ph), 131.1 (d, J(P,C) =
53 Hz; Ph), 129.9 (d, 3/(P,C) =11 Hz; Ph), 128.2, 115.2 (both C¢H,), 98.2 (d,
3J(P,C)=26 Hz; C=C), 572 (OCH,), 42.2 (CMe,), 31.5 (Me), 28.5 (d,
J(P,C) =34 Hz; CH,), 28.2 (dd, 2J(P,C) =20 Hz, 3/(P,C)=6 Hz; CH,);
elemental analysis calcd (%) for CogHgpAu,P,0O, (2245.6): C 52.42, H 4.15;
found: C 52.46, H 4.20.

Doubly braided [2]catenane 4e: This was prepared by the procedure
described for 4a from 3e (0.100 g, 0.136 mmol) and Ph,P(CH,),PPh,
(0.052 g, 0.122 mmol). The product was isolated as a white solid. Yield
0.103 g, 72%; IR (CH,Cl,): #=2134 cm~! (w) (C=C); '"H NMR (600 MHz,
CD,Cl,, 25°C): 6 =7.61-743 (m, 80H; Ph), 7.23 (m, 16 H; C¢H,), 6.98 (m,
16H; C.H,), 4.76 (s, 16H; 20CH,), 2.33 (m, 16H; CH,), 2.22 (m, 16H;
CsHy), 1.72 (m, 16H; CH,), 1.51 (m, 24H; C¢H,,); *'P NMR (160 MHz,
CD,Cl,, 25°C): 6 =38.75; 3C NMR (150 MHz, CD,Cl,, 25°C): 6 =155.7,
1415 (both CgH,), 133.6 (d, %J(P,C)=13 Hz; Ph), 132.0 (d, 2/(P.C)=
143 Hz; C=C), 1319 (Ph), 130.6 (d, J(P,C)=53 Hz; Ph), 129.5 (d,
3J(P,C) =11 Hz; Ph), 128.1, 114.8 (both C¢H,), 97.7 (d, 3J(P,C) =26 Hz;
C=C), 56.6 (OCH,), 45.0 (C¢Hy), 37.7 (CcH,), 28.1 (d, Y(P,C) =35 Hz;
CH,), 27.8 (brm; CH,), 23.3 (C,H,,); elemental analysis calcd (%) for
CoosHagoAugPsOg (4651.4): C 53.71, H 4.33; found: C 53.59, H 4.38.

X-ray structure determinations

Compound 4a: Crystals of [{u-O(CH,OCH,CCAu),}{u-[Ph,P-
(CH,),PPh,]}]-0.4CH,Cl,- 0.6 Et,0 were grown from slow diffusion of
diethyl ether into a solution of 4a in dichloromethane. A colorless,
trapezoidal plate was mounted on a glass fibre and data were collected at
low temperature (150 K) by using a Nonius Kappa-CCD diffractometer
with COLLECT (Nonius, 1998) software. The unit cell parameters were
calculated and refined from the full data set. Crystal cell refinement and
data reduction was carried out with the Nonius DENZO package. The data
were scaled by using SCALEPACK (Nonius, 1998) and no other absorption
corrections were applied. All crystal data and refinement parameters are
listed in Table 7. The SHELXTL 5.1 (G. M. Sheldrick, Madison, W.L.)
program package was used to solve the structure by direct methods,
followed by successive difference Fourier transformations and refined with
full-matrix least-squares procedures based on F2. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were calculated geo-
metrically, riding on their respective carbon atoms. The two solvent
molecules occupied similar positions in space and thus the model consisted
of two parts. 40% was isotropic CH,Cl,, and C—Cl (1.65 A) and CI-Cl
(2.74 A) were fixed. The remainder (60 %) was isotropic diethyl ether, and
two distances were also fixed C—C (1.54 A), C—0 (1.46 A).

Compound  4b: Crystals of [{u-S(CgH,OCH,CCAu),}{u-[Ph,P-
(CH,),PPh,]}] - 0.5CH,Cl, - 0.5Et,O - 0.5Et,0 were grown from slow diffu-
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Table 7. Crystal data and structure refinement for compounds 4a—e.

4a 4b 4c 4d 4e
formula Co7.6Hoz 6Au,Cl O7,P, CigsHapAu,ClL O, 5P5S, Co;HgAu,CliO,P, Cs025H4725A0,Ci3.750,P, CoiHaAugClsO,5Py
M, 2350.19 1186.19 2444.14 1271.94 5032.06
crystal size [mm] 0.38 x 0.28 x 0.10 0.31x0.14 x0.14 0.23 x 0.12 x 0.06 0.49 x 0.38 x 0.05 0.68 x 0.30 x 0.04
T [K] 150(2) 200(2) 200(2) 200(2) 293(2)
4 (Moy,) [A] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic triclinic monoclinic
space group C2c C2c P1 Pl P2,/n
a[A] 35.268(2) 35.8996(11) 11.2286(2) 15.7561(4) 27.1682(3)
b [A] 13.1212(8) 13.1984(6) 16.9490(7) 16.1929(5) 27.9905(4)
c[A] 24.5011(15) 26.7585(8) 25.5031(7) 21.2826(7) 31.9272(2)
a[°] 90 90 76.3620(10) 106.5450(10) 90
AI°] 130.187(2) 131.9430(10) 82.4150(10) 97.8420(10) 91.280(1)
v [°] 90 90 80.8050(10) 102.6600(10) 90
v [A% 8661.5(9) 9430.5(6) 4633.6(2) 4962.5(3) 24273.0(5)
V4 4 8 2 4 4
Peatea [g cmM 3] 1.802 1.671 1.752 1.702 1.377
# [mm™1] 6.934 6.421 6.604 6.209 4.983
F(000) 4560 4576 2364 2466 9840
absorption correction INTEGRATION INTEGRATION INTEGRATION INTEGRATION SADABS
transmission range 0.5439-0.1781 0.4667 -0.2408 0.6927-0.3119 0.7424-0.1508 0.4928-0.2823
0 limits [°] 2.75/27.65 2.76/27.49 2.60/30.07 2.58/32.70 1.77/23.26
measured reflections 31776 26544 56922 70232 90406

unique reflections

9812 (R, = 0.085)

10773 (R;, = 0.085)

26702 (R, = 0.0750)
940

34852 (R, =0.1120)
1103

33924 (R;, =0.1064)
1549

0.888 0.989 1.124

0.0515 0.0957 0.1295

0.1248 0.2820 0.3032

1.500/ —2.765 4.0267 —10.630 1.253/—-2.412

parameters 462 438

GOF on F? 1.058 1.003

R1 [I>20(1)] 0.1005 0.0543

wR2 (on F2, all data) 0.2780 0.1623
APinimax [€ A7) 7.186/ — 4.393 2.375/ —1.561

sion of diethyl ether into a solution of 4b in dichloromethane. A colorless
block was mounted on a glass fibre. Data were collected at low temperature
(200 K) and treated as above. All non-hydrogen atoms were refined
anisotropically. The phenyl rings were refined as rigid hexagons. The
hydrogen atoms were calculated geometrically, riding on their respective
carbon atoms. In addition to the gold dimer, there were three sites of
solvation. The methylene chloride was refined with a site occupation factor
of 0.5. There were two half molecules of diethyl ether found on symmetry
sites, and the C—C (1.54 A) and C—O (1.45 A) distances were fixed. All
three molecules of solvation were modelled as isotropic atoms. No
hydrogens were incorporated into the solvent models. The largest residual
electron density peak (2.375 e A~3) was associated with one of the solvent
molecules.

Compound 4c¢: Crystals of [{u-H,C(C,H,OCH,CCAu),}{u-[Ph,P-
(CH,),PPh,]}], -3 CH,Cl, were grown from slow diffusion of diethyl ether
into a solution of 4¢ in dichloromethane. A colorless, rectangular plate was
mounted on a glass fibre. Data were collected at room temperature (295 K)
and treated as above. All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were calculated geometrically, riding on their
respective carbon atoms. Of the three solvent molecules two were
constrained to have the same geometry as the first.

Compound 4d: Crystals of [{u-Me,C(C,H,OCH,CCAu),}{u-[Ph,P-
(CH,),PPh,]}],-2.5CDCl; were grown from slow diffusion of diethyl ether
into a solution of 4d in deutero-chloroform. A colorless plate was mounted
on a glass fibre. Data were collected at room temperature (295 K) and
treated as above. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms were calculated geometrically
and were either riding, or in the case of methyl groups, riding as rigid groups
on their respective carbon atoms. The solvent molecules were refined
anisotropically.

Compound 4e: Crystals of [{u-H,,Cs(CsH,OCH,CCAu),},{u-[Ph,P-
(CH,),PPh,]},], - 3 CH,Cl, were grown from slow diffusion of diethyl ether
into a solution of 4e in dichloromethane. A long thin plate was mounted
inside a capillary tube and flame sealed. Data were collected at room
temperature (293 K) on a Bruker SMART CCD diffractometer with a
Moy, sealed tube. The collected frames were integrated by using the
preliminary cell-orientation matrix. The software used was SMART, for
collecting frames of data, indexing reflection and determination of lattice
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parameters; SAINT, for integration of intensity of reflections and scaling;
SADABS, for absorption correction; and SHELXTL, for space group and
structure determination, least-squares refinements on F?2, graphics, and
structure reporting. The crystal was weakly diffracting. Anisotropic thermal
parameters were refined for all the non-carbon atoms in the main structure
except for all the phenyl rings of dppb units and one cyclohexyl ring
(C(82)—C(87)). The carbon atoms of this cyclohexyl ring and in many other
phenyl rings showed high isotropic thermal parameters. The C—C bond
lengths in the cyclohexyl ring were fixed at 1.540 A and C--- C distances
were constrained to be equal. A common isotropic thermal parameter was
refined for these carbon atoms. Ideal hexagon geometry was imposed for all
the phenyl rings in dppb units, except the rings with suffixes a, b, c, 1, j, and 1.
Individual isotropic temperature factors were refined for these carbon
atoms. The electron densities in the Fourier difference maps revealed the
presence of disordered CH,Cl, solvent in seven places in the asymmetric
unit and totaled three molecules. Further unrelated peaks in the difference
Fourier were tentatively assigned to the oxygen atoms of the seven water
molecules in total. Of the 23 fragments, five were assigned occupancies of
0.5 and the rest 0.25. No hydrogen atoms were included for the solvent
atoms. Final agreement factors reflect the poor quality data due to poor
quality of the crystal. However, all heavy atoms were clearly identified, and
the connectivity of the organometallic rings is proved beyond any doubt.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 158705 (4a),
CCDC 158706 (4b), CCDC 158704 (4¢), CCDC 120857 (4d) and CCDC
145603 (4e). 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).
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Solid-Phase Glycosylation of Peptide Templates and On-Bead MAS-NMR
Analysis: Perspectives for Glycopeptide Libraries

Koen M. Halkes, Charlotte H. Gotfredsen, Morten Gretli, Les P. Miranda, Jens O. Duus,

and Morten Meldal*!?!

Abstract: The efficient solid-phase gly-
cosylation of amino acid side chains
(serine (Ser), threonine (Thr), and tyro-
sine (Tyr)) in peptides was demonstrat-
ed with a variety of glycosyl trichloro-
acetimidate donors in high yields and
purities. A novel photolabile linker, with
no chiral centre, was introduced to
facilitate analysis by both matrix-assist-
ed laser desorption ionisation time of

try and nanoprobe magic angle spinning
(MAS) NMR spectroscopy. Product
analysis by nanoprobe MAS NMR spec-
troscopy, LC-MS and MALDI-TOF
mass spectrometry of the glycosylation
reactions indicated that the reactivity

Keywords: glycopeptides NMR
spectroscopy - photolabile linker -
solid-phase synthesis

order of the hydroxy side-chain func-
tions of amino acids in peptides on the
solid-phase was Tyr>Ser >Thr. The
nearly quantitative glycosylation yields
and the efficient on-bead product anal-
ysis by nanoprobe MAS NMR spectros-
copy have made a truly solid-phase
approach for the synthesis and analysis
of glycopeptide libraries possible.

flight (MALDI-TOF) mass spectrome-

Introduction

Nature employs glycoconjugates in various biological recog-
nition processes such as intercellular communication, recep-
tor—ligand interactions, cell adhesion, cell differentiation,
growth and tumour metastasis.l The time consuming and
cumbersome chemical synthesis of complex glycan structures
has so far supplied the field of glycobiology with a limited
number of compounds to study these biological phenomena.
It has recently been demonstrated that simple, monosacchar-
ide-containing glycopeptides can mimic large, naturally
occurring glycan structures.”! The synthesis of glycopeptides
is simpler than that of complex oligosaccharides, and the
synthesis of large and diverse libraries by the split and mix
method can be achieved.P! Application of pre-formed glycos-
ylated amino acid building blocks during solid-phase peptide
synthesis is currently the most efficient method to synthesise
glycopeptides.! This method requires the synthesis of a new
glycosyl amino acid building block for each carbohydrate
incorporated.P! It would be more efficient to couple carbohy-
drates directly and stereoselectively to free hydroxy groups of

[a] Prof. Dr. M. Meldal, Dr. K. M. Halkes, Dr. C. H. Gotfredsen,
Dr. M. Grgtli, Dr. L. P. Miranda, Dr. J. @. Duus
Carlsberg Laboratory, Department of Chemistry
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amino acid side chains of resin-bound peptides to generate a
multitude of glycopeptides with variation in both the carbo-
hydrate and peptide part. Glycosylation of preformed peptide
templates in solution has only been partially successful in a
few instances,®! probably owing to the low solubility of the
peptides in organic solvents which are required for the
glycosylation reaction.®! A solid-phase approach would not
suffer from this drawback and, when successful, would give
access to large amounts of diverse ligands that could be used
as possible mimics of oligosaccharides.

It has been demonstrated that hydroxy functions of solid-
phase bound oligonucleotides!” and oligosaccharides!® can be
efficiently glycosylated with different glycosyl trichloroaceti-
midates. Direct solid-phase glycosylations of hydroxy groups
on amino acid side chains of peptides on a polystyrene support
was possible, albeit in low reaction yields.”) With the develop-
ment of an inert polyethylene glycol (PEG) cross-linked resin,
polyoxyethylene-polyoxypropylene (POEPOP),!'% glycosyla-
tion yields of 48-71% of Ser residues in tetra- and
pentapeptides with galactose, fucose and glucosamine tri-
chloroacetimidate donors have been reported.l'!] The prod-
ucts obtained had to be cleaved from the resin before the
structure could be analysed by conventional NMR techniques
and MALDI-TOF mass spectrometry.

The analysis of glycopeptides still attached to the resin has
obvious advantages. Firstly, cleavage conditions require
strong acidic or alkaline conditions which often lead to
undesirable side products. Secondly, direct information can be
obtained on the solid-phase conformation of the glycopeptide.
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The acquisition of high-resolution NMR spectra of heteroge-
neous samples, like swollen beads, has only recently become
possible with the development of high-resolution magic angle
spinning probes.['”l The objective of spinning at the magic
angle is to remove line broadening induced by the magnetic
susceptibility differences between the sample components
and at the sample cavity interfaces. The spectral quality
obtained when studying resin-bound compounds is dependent
on the resin used.[¥! It has been shown that POEPOP; 5, gave
well-resolved nanoprobe MAS NMR spectra, and was still
stable to most chemical and mechanical manipulations.['¥
With the nanoprobe MAS NMR technology, analysis of
minute sample amounts can be carried out. It has been
successfully used to monitor solid-phase reactions of resin-
bound peptides and other compounds.['”!

Herein we demonstrate a new method for efficient, solid-
phase glycosylations of the amino acid side chains of Ser, Thr
and Tyr in peptide templates with a range of glycosyl
trichloroacetimidate donors (galactose, glucose, mannose,
fucose and glucosamine). The structures of the resin-bound
glycopeptides were efficiently identified by nanoprobe MAS
NMR spectroscopy. The ease of characterisation was im-
proved by the introduction of a novel photolabile linker.
Nanoprobe MAS NMR, LC-MS and MALDI-TOF MS
techniques were used to obtain information on the reactivity
of the side chains of amino acid acceptors on the solid phase
(Tyr > Ser > Thr). The knowledge gained from this study can
be used in the synthesis of large and diverse glycopeptide
libraries. In addition, the ability to characterise resin-bound
lead compounds by nanoprobe MAS NMR will increase the
speed of the screening process and may give valuable
information on the conformation of the biologically active
lead compound on the bead.

Results and Discussion

Solid-phase glycosylation of resin-bound peptides: In a library
format in which screening and analysis is performed on the
solid phase, quantitative reaction yields are desirable for two
reasons. Firstly, reaction mixtures may lead to confusing
results in the solid-phase screening procedure. Secondly, the
formation of single products simplifies the on-bead structural
analysis by nanoprobe MAS NMR. To establish the best
conditions for the solid-phase glycosylation of amino acid side
chains in peptides, a model hexapeptide 2 was synthesised on
POEPOP, 5, resin.['% A photolabile linker!' 1 was used in the
model hexapeptide for two reasons. Firstly, it was stable
towards both acidic and alkaline conditions that were used in
the synthetic strategy. Secondly, it allowed the mild release of
the glycopeptides without cleavage of labile glycosidic link-
ages (e.g. the fucose linkage). The solid-phase glycosylation of
the model peptide was attempted using conditions described
by Schleyer!"!! (8 equiv trichloroacetimidate donor, 0.1 equiv
trimethylsilyl trifluoromethanesulfonate (TMSOTY); Scheme 1).
Initially, galactose donor 11 and mannose donor 13 (see
Scheme 2) were used for the glycosylation of the model
peptide. In both cases only the ortho-ester 3 of the corre-
sponding product was formed. It was hoped that an increase of
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Scheme 1. Synthesis of glycopeptides by solid-phase glycosylation of
peptides 2 and 7. a) 8equiv donor 11 or 13 with 0.1 equiv TMSOT(;

b) double glycosylation using 5equiv donor 11, 0.3 equiv BF;OEt,
compared with the donor at 0°C; ¢) 50 % TFA in dichloromethane.

the reaction time of the glycosylation reaction would allow the
ortho-ester to rearrange to the desired glycosidic linkage
product. However, this approach was not successful, only
starting peptide 2 could be detected by MALDI-TOF mass
spectrometry. An increase in the amount of TMSOTf
(0.1 equiv compared with donor 11 or 13) resulted in the
removal of the fert-butyl (fBu) protecting groups of the Thr
and Tyr residues, and their subsequent partial glycosylation.
Although TMSOTT could yield quantitative glycosylations, it
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was evident that the product mixtures obtained were not
useful for application in a library format that relied on the
efficient on-bead characterisation of the lead compounds.
Differences in the protecting groups in the donor molecule 11
(acetyl vs. benzoyl as applied by Schleyer et al.''l) could be a
partial explanation for the observed formation of the ortho-
ester product. Since the mannose donor applied in both this
study and in the paper by Schleyer et al.'!l was the same,
differences in protecting groups was not the only factor
determining the outcome of the reaction. Different acceptor
molecules were used in these and the previous studies and
therefore mismatching reactivities between the reaction
partners may play an important role and explain the seem-
ingly conflicting results between the present work and that of
the previous!'!l communication. The present results reveal
that a higher concentration of TMSOTf will lead to the
formation of the desired glycosidic linkage, however, the
applied higher concentration was incompatible with the use of
the rBu protecting group in the peptide template. As a
consequence, to allow efficient and selective glycosylation of
peptide templates in a reproducible way, a Lewis acid was
needed that would give satisfactory activation of the trichloro-
acetimidate donors without affecting the acid-labile protect-
ing groups that are used in peptide synthesis. Since boron
trifluoride diethyl etherate (BF;OEt,) is a milder Lewis acid
than TMSOTT and is known to be an efficient activator of
trichloroacetimidates, it was decided to use this catalyst for
the glycosylation reaction of peptides. Fortunately, this
change in Lewis acid resulted in the formation of the desired
product 4 when galactosyl donor 11 was used, without
affecting the fBu protecting groups. The best results were
obtained with the treatment of peptide 2 with donor 11
(5 equiv) at reduced temperature (0°C) for 90 min with
0.3 equiv BF;0OEt, compared with the donor. Application of
double-coupling reactions resulted in the formation of the
desired compound 4 in a high yield, as shown by MALDI-
TOF mass spectrometry LC-MS and nanoprobe MAS NMR
spectroscopy (LC-MS and nanoprobe MAS NMR data are
available in the Supporting Information).

In a report by Jensen etal.,l”l a tBu protected Tyr was
shown to be a better acceptor than an unprotected Tyr residue
in silver trifluoromethanesulfonate (AgOTT) catalysed glyco-
sylation reactions with Koenig—Knorr type donors. It was,
therefore, postulated that a rBu group could not be used for
the protection of side-chain hydroxy groups of amino acids
that were not involved in the glycosylation reactions. How-
ever, the present approach was completely compatible with
the use of rBu protecting groups in glycopeptide synthesis,
because no side products were observed during the synthesis
of 4.

Removal of the tBu protecting groups of product 4, with
50% trifluoroacetic acid (TFA) in dichloromethane, gave a
model peptide 5 that contained two possible glycosylation
sites. The use of the same glycosylation conditions as
described above resulted in the selective introduction of one
more galactose residue. Surprisingly, analysis of the reaction
product 6 by nanoprobe MAS NMR showed exclusive
glycosylation of the Tyr moiety (see section below: analysis
of resin-bound peptides and glycopeptides by nanoprobe
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MAS NMR spectroscopy; LC-MS and nanoprobe MAS NMR
data are available in the Supporting Information). This was
confirmed by amino acid sequencing of compound 6. This
analytical method showed the expected quantity of Thr, while
the quantities measured for Ser and Tyr were negligible, and
thus indicated that a modification of these two amino acids
had occurred (amino acid sequencing data is available in the
Supporting Information). Literature data on successful sol-
ution-phase glycosylations of peptide templates is scarce,
owing to solubility problems of the peptides in the organic
solvents that are necessary for the glycosylation reactions.
However, results of solution-phase glycosylations of simple
aryl moieties"® and Tyr,['> ] under Lewis acid catalysed
conditions, have demonstrated the problems involved with
this reaction. The observed preference for the solid-phase
glycosylation to occur on the Tyr instead of on the Thr in
compound 5 was, therefore, surprising. To further investigate
the unexpected reactivity order, the tBu protecting groups of 2
were removed, to afford a structure containing three possible
glycosylation sites 7. Galactosylation of 7, using BF;OEt, at
0°C, resulted in the formation of one product 6. MALDI-TOF
mass spectrometry of the released compound revealed that
the mass corresponded to the introduction of two galactose
residues. nanoprobe MAS NMR spectroscopy of the resin-
bound product showed unambiguously that within the detec-
tion limit, the Ser and Tyr residues in 6 were glycosylated
exclusively. Introduction of a third galactose residue in
compound 6, under the conditions described above, was not
possible.

Whereas the selectivity of reaction between Ser, Thr and
Tyr may in some cases be sufficient to sequentially introduce
different glycosyl donors to different sites in a single OH-
unprotected peptide, sequential quantitative glycosylation for
use in library construction requires the protection of the
hydroxy groups to be glycosylated in the second round.

To investigate if the observed reactivity order on the solid
phase was general or sequence dependent, three different
model peptides 8, 9 and 10 were synthesised and glycosylated
with a set of five different trichloroacetimidate donors (11, 12,
13, 14 and 15; Scheme 2).2

The reactions were performed in a specially designed 20-
well peptide synthesiser?!l that allowed reactions to be done
under inert conditions. Each coupling was performed with two
equivalents of trichloroacetimidate donor and 0.6 equivalents
of BF;OEt, in dichloromethane at 0 °C. The reaction products
were analysed by MALDI-TOF mass spectrometry. As the
glycosylation reactions are typically performed at the low
micromolar level, the most useful analytical tool to routinely
monitor reaction progress is MALDI-TOF mass spectrome-
try. To validate the quantification of the reactant/product ratio
by MALDI-TOF peak heights, representative glycosylations
were selected for large-scale synthesis and analysis by LC-MS.
In all cases, the reaction progress as determined by integration
of the HPLC UV chromatograms were in good agreement
with the estimates obtained by MALDI-TOF analysis. Only a
5-10% deviation was observed between the analytical
methods (data not shown). The data shown in Table 1
represent the progress of the glycosylation reactions in per-
centages, as established by MALDI-TOF mass spectrometry.
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Scheme 2. Model peptides and trichloroacetimidate donors used for the
establishment of the solid-phase reactivity order of the hydroxy functions
of Ser, Thr and Tyr.

Comparison of the glycosylation yields of each donor with
the different acceptor peptides indicated the reactivity order
of the amino acid hydroxy functions on the solid phase as
Tyr > Ser >Thr. An explanation for the observed higher
reactivity on solid phase of Tyr, relative to Ser and Thr, lies
in the inability of its hydroxy group to form a deactivating
hydrogen bond with the peptide backbone.

Comparison of the glycosylation yields of each acceptor
peptide (8, 9 or 10) with the different glycosyl donors, under
identical conditions for a fixed period of time, gave the
reactivity order of the donors used in this study. It can be
observed that the glycosylation yields with the fucose donor
(14) were the highest, while the yields obtained with the
galactose (11), glucose (12), and mannose (13) donors were

Table 1. Results of the glycosylation of three model peptides (8, 9 and 10) with different trichloroacetimidate
donors (11, 12, 13, 14 and 15) to establish reactivity order of hydroxy side-chain functions of Ser, Thr and Tyr on

solid-phase.

similar. The glucosamine donor 15 showed the lowest
reactivity.

It should be pointed out that when double glycosylations
(2 x 5 equiv donor) were applied all reactions with the fucose,
mannose, galactose and glucose donors were quantitative, as
judged from the MALDI-TOF mass spectra (an illustrative
example is shown in Figure 1). In contrast, repeated glyco-

a)
a.i.
2500 1
666.23
1500
992.30
500 ] ,1008.26
i % llr L o i
1000 m/z
b}
a.i.
25001 99230
1500+
1008.78
500 § L
MWM&M TR e sl
700 800 900 1000 m/z

Figure 1. MALDI-TOF mass spectra showing glycosylation of acceptor 8
with donor 11. a) Single glycosylation using two equivalents of donor 11.
b) Double glycosylation using each time five equivalents of donor 11.

sylations with glucosamine donor 15 gave only 40% con-
version with acceptor peptide 10, while no reaction products
were observed when acceptors 8 or 9 were used. Since it was
shown by Schleyer et al.l'!l that hydroxy functions of serine
could be efficiently glycosylated with donor 15, it may be
emphasised that the use of a milder catalyst (BF;OEt, vs.
TMSOTY) to avoid cleavage of acid-labile protecting groups
also results in reduced activation by the Lewis acid.

Analysis of resin-bound peptides and glycopeptides by
nanoprobe MAS-NMR spectroscopy: Both 1D and 2D
homonuclear nanoprobe MAS spectra were acquired for the
peptide 2a, (peptide 2 synthesised without tBu protection on
Tyr) and glycopeptides 5 and 6. The peptide 2a was
synthesised specifically for the
NMR analysis (Figures 2 and
3), in particular, to compare the
positions of tyrosine resonances

in Figure3a, b and c. Com-
pound 2a was not used for any

Donors Acceptors

8 (MW 1/ MW guna) 9 MW 1! MW iguna) 10 (MW /MW guna)
116 19% (992.66/992.3)k 15% (1006.69/1006.2) 89% (1068.76/1068.3)!
120! 47 % (992.66/991.8)k 23% (1006.69/1005.9)l! 93% (1068.76/1067.9)l!
13t 33% (992.66/992.1)k! 9% (1006.69/1006.2)1] 91% (1068.76/1068.3)!2!
140 76 % (934.66/934.4) 31% (948.69/948.4) 100% (1010.76/1010.4)k]
15lal - - 14% (1143.76/1143.1)

further synthetic studies.

As can be seen in Figure 2,
the 1D spectra of the three
samples are well resolved al-
though the compounds are res-

[a] Each glycosylation was performed with two equivalents of trichloroacetimidate donor and 0.6 equivalents of

BF,OE,.
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in bound. The introduction of
acetyl-protected galactose can
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Figure 2. Spectra showing the a) peptide 2a, b) glycopeptide 5,
c) glycopeptide 6. The acquisition parameters are given in the Exper-
imental Section.

easily be seen in the 1D spectra where new resonances appear
in the region 5.4—4.0 ppm upon glycosylation of the peptide.
Homonuclear 2D spectroscopy was needed to obtain a full
assignment of the resonances. DQF-COSY and NOESY
spectra were recorded and assigned for the peptide part
according to the procedure described by Wiithrich.?2! The
DQF-COSY spectra allowed for the identification of most of
the resonances within the individual spin systems. The
NOESY spectra were used to obtain the sequential assign-
ment pathway through the peptide backbone from H*(n)-
NH (n+1) with a break in the sequence at the site of the Pro
residue.

In all of the spectra, two sequential pathways can be traced
through most of the peptide chain, with the largest difference

in chemical shift for the two sets of resonances found at the
residues closest to the linker. This was a result of the
chiral centre present in photolabile linker, 1 (see section
below: improving the characteristics of the photolabile
linker for nanoprobe MAS-NMR analysis). From Figure 3
it can be noted that the spectra do give an indication
about the completion of each glycosylation reaction.
Although MALDI-TOF mass spectrometry of each
reaction step indicated a quantitative yield, nanoprobe
MAS NMR of the resin-bound compounds revealed the
presence of a minor amount of starting material. This is
evident from Figure 3b where, after the first round of
glycosylation, four sets of resonances can be observed. The
two dominant resonances resulted from the glycosylated
product, and the two minor resonances originated from
the TFA treated starting peptide 2a. The 2D spectra of 6
acquired after glycosylation of 7 showed an almost quantita-
tive reaction (~95% ). The presence of this small amount of
starting material did not interfere with the complete assign-
ment of all resonances. In all glycosylation reactions inves-
tigated by MAS-NMR complete anomeric selectivity was
obtained as determined by the total absence of anomeric
protons with a-glycosidic shifts from the spectra. However,
although this could be a general advantage of solid-phase
glycosylations on PEG-based resins,?! it has not been
investigated in detail for the more reactive fucosyl donor,
which could be less selective.

Assignment of the protected galactose resonances could be
obtained from the 2D spectra for the majority of the
resonances. The position of the acetyl-protected galactose
residue in compound 5 was found from spectral data that
showed the presence of a NOE from Ser H* and HF to the H-1
of the galactose residue. The spectra of the resin-bound
glycopeptide 6 indicated that the second galactose residue was
located at the tyrosine residue. As can be seen in Figure 3c,
glycosylation of the Tyr resulted in a downfield shift of about
0.2 ppm for the Tyr aromatic resonances. This downfield shift
was in agreement with results previously reported.'”] Addi-
tionally, a NOE from the Tyr aromatic protons to the H-1 of
the acetylated galactose residue can be found (Figure 4).
Owing to the chiral centre present in the photolabile linker
two NOEs were observed.

m ‘
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6.6 = -

6.8

7.0 S

7.2 ——

[ S - L . | | !
7.2 7.0 6.8 6.6 7.2 7.0

6.8 6.6 7.2 7.0 6.8 6.6

ppm

Figure 3. The Tyr aromatic area of 2D DQF-COSY spectra of a) peptide 2, b) glycopeptide 5, ¢) glycopeptide 6. The acquisition parameters are given in the

Experimental Section.
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Figure 4. Part of the NOESY spectra of glycopeptide 6, showing the area
from the Tyr aromatics to the galactose H1 resonances. The * indicates the
NOE connectivities from the Tyr aromatics to the H1 of the galactose
attached to it.

Improving the characteristics of the photolabile linker for
nanoprobe MAS-NMR analysis: In the nanoprobe MAS
NMR spectra of the resin-bound model peptides 2a, § and 6,
all signals appear as double sets of resonances. In principle,
there could be two explanations for this observation. The slow
exchange of two conformations on the NMR time scale or the
presence of the chiral centre in the photolabile linker 1. A
photolabile linker 16 that did not contain a chiral centre was
synthesised to test the second hypothesis. The synthetic route
to 16 was the same as described for 1,1'% except 4-hydroxy-3-
methoxybenzaldehyde was used as the starting compound.
A simple peptide fragment was synthesised via photolabile
linker 1 or 16 on super-permeable organic combinatorial-
chemistry (SPOCC,5y) resin,®! to obtain 17 or 18, respec-
tively (Figure 5).

Nanoprobe MAS NMR spectroscopy of the peptide frag-
ments showed (Figure 5) that the double set of signals could
be distinguished throughout the whole sequence of 17, while
in 18 only one set of signals could be observed. Therefore, it
can be concluded that the chiral centre in 1 was responsible
for the double set of signals in 2a, 5 and 6. Although the
photolytic cleavage of compounds that are resin bound
through linker 16 occurs in a slightly lower yield than with
linker 1, it still resulted in the release of plenty of material
from single beads for the analysis by MALDI-TOF MS. As a
consequence, photolabile linker 16 should be used in a library
format to facilitate unambiguous structural assignment by
nanoprobe MAS NMR spectroscopy.

In conclusion, it was demonstrated that the inert POEPOP
and SPOCC resins perform excellently in solid-phase glyco-
sylation reactions. Nearly quantitative glycosylation reactions
of Ser, Thr and Tyr amino acid side chains of peptides were
possible. It was established that the reactivity order of the
hydroxy functions of amino acid side chains on the solid phase
is Tyr > Ser > Thr. With the exception of glucosylamine donor
15, nearly quantitative glycosylation of accessible hydroxy
functions of amino acid side chains was achieved by using the
standard conditions (double couplings with 5 equiv donor,

Chem. Eur. J. 2001, 7, No. 16
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Figure 5. Use of novel photolabile linker 16 in peptide synthesis. The
splitting of the Tyr aromatics showing two sets of resonances when the
chiral photolabile linker 1 is used (a) and one set of resonances when the
photolabile linker 16 is used (b).

0.3 equiv BF;OEt, to donor, 3/2 h at 0°C) with all donors
tested. These standard conditions were demonstrated to be
compatible with the use of the /Bu protecting group, often
used in (glyco) peptide synthesis. The described standard
glycosylation conditions, together with the establishment of
nanoprobe MAS NMR on minute amounts of resin-bound
sample, have made synthesis and analysis of glycopeptide
libraries feasible in a truly solid-phase approach.

Experimental Section

Materials and general methods: All solvents were of p. a. quality, and were
distilled from appropriate drying agents when necessary. Solid-phase
peptide coupling reactions were monitored by using the Kaiser test.[?]
POEPOP, 5y, and SPOCC1500 resin were synthesised as described by Grgtli
et al.l"l and Rademann et al., respectively. Suitably protected N*-Fmoc/
Pfp amino acids and mesitylenesulfon-1-yl-3-nitro-1,2,4-triazole (MSNT)
were purchased from NovaBiochem (Switzerland), 3-hydroxy-2,3-dihydro-
4-oxobenzotriazine (Dhbt-OH) and 1-methylimidazole were purchased
from Fluka (Switzerland).

Nanoprobe MAS-NMR spectroscopy: general methods: All spectra were
recorded at 25 °C on a Varian Unity Inova 500 MHz spectrometer equipped
with a 4 mm 'H-observe Nano NMR-probe with a spin rate of approx-
imately 2 kHz for all samples. 1D spectra were acquired as one-pulse
experiments with presaturation of the main PEG signal (sweep width
6000-8500 Hz, acquisition time 1.4-2.0s, presaturation delay 1.5s,
64 scans). All 1D spectra were processed using a 0.3 Hz line broadening
and zero filled to 64 K. 2D homonuclear '"H-'H NOESY?” and DQF-
COSYP¥ spectra were acquired. All spectra were acquired on 5-10 beads,
swollen in [Dg]DMSO and the total acquisition time for the 2D spectra was
less than 18 h. The presaturation period for all the samples were divided
between PEG and residual HDO. NOESY acquisition parameters: mixing
times ranged from 150-600 ms, presaturation delay 1.3-1.5s, 64 scans,
512 increments and a sweep width of 6000 Hz. The data matrix of 512 x
4096 was zero filled to 1024 x 4096 prior to Fourier transformation by
application of a shifted sine-window function. 2D phase-sensitive double-
quantum filtered (DQF-COSY) spectra were acquired with a presaturation
delay 1.2-1.5s, sweep width of 8500 Hz, 32 scans and 914-1024 incre-

0947-6539/01/0716-3589 $ 17.50+.50/0 3589





FULL PAPER

M. Meldal et al.

ments. The data matrix of 1024 x 4096 was zero filled to 2048 x 4096 prior
to Fourier transformation by application of a shifted sine-window function.
All spectra were processed in XWINNMR Bruker version 2.1.

Mass spectrometry

General methods: MALDI-TOF mass spectra were recorded in the
positive-ion reflectron mode on a Bruker Reflex III MALDI-TOF mass
spectrometer. Spectra were obtained (1-100 pulses) using the lowest
power required to facilitate desorption and ionisation. Ions were accel-
erated toward the discrete dynode multiplier detector with an acceleration
voltage of 20 kV. The matrix a-cyano-4-hydroxycinnamic acid (CHC) was
used to analyse both peptides and glycopeptides. The matrix was prepared
by dissolving CHC (10 mg) in 30% aqueous acetonitrile. Bradykinin
(1060.2 m.u.), substance P (1347.4 m.u.) or mellitin (28846.5 m.u.) were
used as standards for external calibration of the masses.

Sample preparation: A bead, placed on the target, was irradiated for
30 min with a UV lamp (225 W) prior to measurement of the MALDI-TOF
mass spectra. The released (glyco) peptide was extracted from the bead
with 1 pLL 30 % aqueous acetonitrile, 0.5 pL of the matrix was added and the
sample was dried at 40°C.

Solid-phase synthesis of model peptides: The POEPOP,5,, or SPOCC, 5,
resin (loading 0.23 mmolg™') was washed with CH,Cl, (6 x ) then dried
under vacuum (lyophiliser) for at least 24 h before use. After the
introduction of the photolabile linker 1 or 16 (3 equiv photolabile linker
to each hydroxy function, 3 equiv MSNT and 2.3 equiv 1-methylimidazole
in dichloromethane), all manipulations of peptides and glycopeptides were
carried out in subdued light (protected from UV radiation). All peptide
syntheses were carried out in disposable syringes (2 mL) fitted with a
Teflon filter on a 61 umol scale using the Fmoc/Pfp ester methodology.
Completion of acylation was monitored by using the Kaiser test. After the
complete synthesis of each model peptide, a few beads were irradiated and
the released products were analysed by MALDI-TOF mass spectrometry.
Compound 2: mass caled: 1066.31 [M+Na]*, 1082.43 [M+K]*; mass found:
1066.0 [M+Na]t, 1082.7 [M+K]"; compound 7: mass calcd: 958.13
[M+Na]*, 974.24 [M+K]"; mass found: 957.83 [M+Na]*, 973.91 [M+K]";
compound 8: mass caled: 662.66 [M+Na]*, 678.77 [M+K]*; mass found:
662.2 [M+Na]*, 678.2 [M+K]*; compound 9: mass calcd: 676.69 [M+Na]*,
692.79 [M+K]*; mass found: 676.3 [M+Na]*, 692.3 [M+K]*; compound
10: mass calcd: 738.76 [M+Na]*, 754.87 [M+K]"; mass found: 738.2
[M+Na]*, 754.1 [M+K]*; compound 17: mass calcd: 651.77 [M+Na]*,
667.87 [M+K]*; mass found: 651.46 [M+Na]*, 667.42 [M+K]*; compound
18: mass calcd: 651.77 [M+Na]*, 667.87 [M+K]; mass found: 651.29
[M+Na]*, 667.32 [M+K]*.

Deprotection protocols: The Fmoc protecting groups were removed by the
action of a 20% piperidine/DMF solution (24 18 min). The resin was
washed with DMF (10 x ) before the next amino acid coupling was started.
The ¢Bu esters were removed by the addition of a 50% TFA/dichloro-
methane solution to the resin (2430 min). The resin was washed with
dichloromethane (10 x ) and lyophilised overnight before it was used in the
next glycosylation reaction.

Glycosylation protocol to evaluate the catalyst conditions: The glycosyla-
tions were performed with freshly distilled, dry dichloromethane under an
argon atmosphere in a syringe fitted with a dry argon flow and an injection
port. The reactions were carried out on POEPOP 5, resin using model
peptide MT(rBu)PSIY(OrBu)-Pll. The resin and the amount of tetra-O-
acetyl-a-D-galactopyranosyl trichloroacetimidate donor (4 equiv compared
with the amount of hydroxy functions) were dried overnight under high
vacuum in the syringe. The required amount of dichloromethane that
allowed complete swelling of the resin was injected, and then the syringe
kept at 20°C or cooled to 0°C. After 30 min, BF;OEt, (0.3 equiv compared
with the trichloroacetimidate donor) or TMSOTT (0.1 or 0.01 equivalents)
was injected. Reactions were performed with and without ultrasound
sonication but this had no influence on the reaction. After 90 min, suction
was applied and the resin was washed with dichloromethane (10 x ). The
resulting products were released by photolysis and analysed by high
resolution MALDI-TOF mass spectrometry. Spectra were recorded over a
range of laser attenuations to give reproducible spectra indicative of the
course of reaction. When a considerable amount of starting peptide was
present the reaction was repeated up to three times after which the reaction
was always complete. The BF;OEt,-catalysed reaction was generally
quantitative, clean and selective at only the unprotected hydroxy group
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using a single reaction, however, the TMSOTf-catalysed reactions were
difficult to control. They generally gave a range of products resulting from
either ortho-ester formation at low catalyst concentrations, as indicated by
cleavage of the glycosyl unit by weak TFA treatment, or by cleavage of fBu
protecting groups and subsequent double and triple glycosylation. By-
products were always present in TMSOTf-catalysed reactions and con-
stituted, according to MALDI-TOF-MS and HPLC analysis, varying
amounts from 10-60% depending on the conditions. Therefore the
BF;OEt,-catalysed reaction was selected for the subsequent work.

General glycosylation protocol: All glycosylations were performed in dry
dichloromethane under an argon atmosphere. The reactions were carried
out in a special 20-well peptide synthesiser?!l that allowed the addition of
solvents and catalyst under an inert atmosphere (Ar). The resin and the
required amount of trichloroacetimidate donor (5 equiv compared with the
amount of hydroxy functions) were dried overnight under high vacuum in
the peptide synthesiser. The amount of dichloromethane that allowed
complete swelling of the resin was injected, and then the synthesiser was
cooled to 0°C. After 30 min, BF;0Et, (0.3 equiv compared with trichlor-
oacetimidate donor) was injected. After 90 min, suction was applied and
the resin was washed with dichloromethane (10 x ). To achieve quantitative
reactions the described procedure was repeated. All compounds were
analysed by MALDI-TOF mass spectrometry and nanoprobe MAS NMR
spectroscopy. Compound 4: mass caled: 1396.32 [M+Na]*, 1412.43
[M+K]*; mass found: 1396.74 [M+Na]*, 1412.72 [M+K]*; compound 5:
mass caled: 1284.27 [M+Na]*, 1300.31 [M+K]"; mass found: 1284.71
[M+Na]*, 1300.69 [M+K]"; compound 6: mass calcd: 1615.11 [M+Na]*,
163121 [M+K]"; mass found: 1614.91 [M+Na]*, 1630.88 [M+K]". The
nanoprobe MAS NMR data are shown in Figure 2, 3, and 4 and the
Supporting Information.

Glycosylation protocol to establish solid-phase reactivity order of Ser, Thr
and Tyr, and the glycosyl donors: All glycosylations were performed with
freshly distilled, dry dichloromethane under an argon atmosphere. The
reactions were carried out in a special 20-well peptide synthesiser?!! that
allowed the addition of solvents and catalyst under an inert atmosphere
(Ar). The resin and the amount of trichloroacetimidate donor (2 equiv
compared with the amount of hydroxy functions) were dried overnight
under high vacuum in the peptide synthesiser. The required amount of
dichloromethane that allowed complete swelling of the resin was injected,
and then the synthesiser was cooled to 0°C. After 30 min, BF;OEt,
(0.3 equiv compared with trichloroacetimidate donor) was injected. After
90 min, suction was applied and the resin was washed with dichloro-
methane (10 x). The resulting reaction mixtures were analysed by
MALDI-TOF mass spectrometry. The results are shown in Table 1 (%
conversion is calculated as [peak height product/{peak height remaining
starting material + peak height product}] x 100 %).
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Planar 1,316%2,4-Benzodithiadiazine and Its Nonplanar 5,6,7,8-Tetrafluoro
Derivative: Gas-Phase Structures Studied by Electron Diffraction and

Ab Initio Calculations

Frank Blockhuys,/*! Sarah L. Hinchley,?! Alexander Yu. Marakov,™ Yuri V. Gatilov,™™
Andrey V. Zibarev,!! J. Derek Woollins,*! and David W. H. Rankin*!?!

Abstract: The gas-phase molecular
structures of 1,3\*6%,2,4-benzodithiadi-
azine and 5,6,78-tetrafluoro-1,30*62,2 4-
benzodithiadiazine have been investi-
gated by ab initio calculations and
electron diffraction using the SARA-

r(S—N) 1.697(5), r(C=S) 1.784(5), and
r(C—N) 1.393(6) A. For the tetrafluoro
derivative, these are (r, structure):
<r(S=N) > 1.552(3), r(S-N) 1.723(8),
HC-S)  1812(9), and r(C-N)
1.396(7) A. Furthermore, the GED ex-

periment (Gas Electron Diffraction)
quite convincingly demonstrates the
nonplanarity of the former and the
planarity of the latter in agreement with
DFT calculations; but the results contra-
dict calculations at the MP2 level. The

CEN method of structural analysis.
Important structural parameters (ry
structure) for the parent compound
were found to be: <r(S=N) > 1.546(3),

Introduction

Mixed heterocyclic—carbocyclic compounds that combine
true aromaticity in the all-carbon part (4n + 2m-electrons)
with a nonaromatic heteroatom part, which give an anti-
aromatic structure (4nm-electrons), are interesting because
they display properties, which are markedly different from
those of the corresponding benzenoid systems. One of the
representative compounds of this fairly new class is
1,30482,2, 4-benzodithiadiazine (1), combining a benzene
ring and a S,N, unit in a 12m-electron system. The present
study deals with the molecular geometries of this compound
and one of its derivatives, 5,6,78-tetrafluoro-1,31*6%,2,4-ben-
zodithiadiazine (2),) determined by gas electron diffraction.
The crystal structures of both have been described, and these
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effect of the fluorine atoms on the
conformations of the molecules is dis-
cussed.

indicate that 1 is planar in the solid phase,’l whereas the
structure of 2 deviates from planarity, and the molecule is bent
along the N11-S14 line.”) However, ab initio calculations at
the B3LYP/6-31G* level suggest that for the free molecules
the geometrical situations are reversed: 1 has a nonplanar
geometry, in which the heterocyclic ring is bent along the
N11-S14 line, and S14 lies out of the plane of the benzene
ring, while 2 is planar. At the MP2/6-31G* level, however, 2
seems to display the same deviation from planarity in its
structure as 1. These observations justify the investigation of
the gas-phase structures of both compounds.

Experimental Section

Electron scattering intensities were recorded on Kodak Electron Image
plates using the Edinburgh gas electron diffraction apparatus,* operating
at approximately 40 kV. Six plates (three from the long and three from the
short camera distance) for 1 and six (three long, three short) for 2 were
recorded and converted into digital format using a computer-controlled
PDS microdensitometer at the Royal Greenwich Observatory (Cam-
bridge) that employed a 200 um pixel size.’l Standard programs were used
for the data reduction with the scattering factors of Ross et al.l’) Sample and
nozzle temperatures, nozzle-to-plate distances, weighting functions used to
set up the off-diagonal weight matrix, correlation parameters, final scale
factors k, and electron wavelengths A for the measurements of both
compounds are collected in Table 1.

Geometry optimizations, frequency, and force-field calculations: The
calculations on 1 were performed using Gaussian98;"l those on 2 were
performed using Gaussian94.81 A graded series of calculations was
performed for each compound in order to gauge the effects of basis set
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Table 1. Experimental parameters for GED analyses of 1 and 2.

d [mm] J— Tyornel® Aslb) Smin!® swlb] sw,lPl Smax?) COIT. par. k A [pm]t
1 97.18 144 154 0.4 10.0 12.0 30.4 35.6 0.3864 0.687(33) 6.0155

249.94 141 162 0.2 2.0 4.0 13.0 15.2 0.4390 0.796(10) 6.0155
2 95.08 132 164 0.4 10.0 12.0 30.4 35.6 0.3015 0.686(21) 6.0155

250.32 126 138 0.2 2.0 4.0 13.0 15.2 0.4841 0.796(9) 6.0155

[a] In °C. [b] In A-'. [c] Determined by reference to the scattering patterns of benzene vapor.

size and electron correlation treatments on the optimized structures. For 1,
calculations were performed using standard gradient techniques at the HF
level of theory using the 3-21G**!"l and 6-31G*[">"l basis sets on all atoms,
at the B3LYP level using 6-31G* on all atoms, at the B3LYP level with
6-31G* on C and H and 6-31 + G* on N and S, at the B3LYP level with
6-31G* on C and H and 6-311 + G*['5 181 on N and S, and at the MP2 level
using 6-31G* on C and H and 6-311 + G* on N and S. The calculations for 2
were performed analogously, the more extensive basis sets were applied to
F, as well as to N and S; the calculation at the MP2/6-31G* level was
performed using the GAMESS program.!'”) Vibrational frequencies were
calculated at the B3LYP/6-311 + G* level (6-31G* on C and H) for 1 and at
the B3LYP/6-31G* level for 2. For each compound, the force field
described in Cartesian coordinates was transformed into one described in a
set of pseudosymmetry coordinates using the program ASYM40,!'8l and was
then used to calculate the amplitudes of vibration, u, after scaling (see
below). Furthermore, perpendicular amplitudes of vibration, k, were
calculated according to the methods of Sipachev,['> 2 by treating the force
field in terms of coordinates more closely approximating the true curvi-
linear motions of the atoms in the molecule.

Results and Discussion

Ab initio calculations: The molecular framework and atomic
numbering of 1 and 2 are shown in Figures1 and 2,
respectively. Force fields calculated at the HF level with the

. ;N 812
\,ﬁ 0 %,,. \‘
c5 C1 ]
S
N11 N1a

Figure 1. Molecular structure and atomic numbering of 1,3148%2,4-benzo-
dithiadiazine (1) (top) and view of 1 along the C1—C2 bond (bottom).

3-21G* and 6-31G* basis sets for compound 1 in C, symmetry
yielded one imaginary frequency, and a force-field calculation
at the B3LYP/6-311+G* (6-31G* on C and H) level
confirmed that 1 has C; symmetry. Table2 shows the
calculated geometries for 1 at the different levels of theory

Table 2. Molecular geometries [r, in A and angles in °] calculated for 1 (X =H) and 2 (X =F) by a range of ab initio methods.

1 2
Parameter B3LYP/6-31G* B3LYP/6-31 +G* B3LYP/6-311 +G* MP2/6-311 + G* B3LYP/6-31G* B3LYP/6-31 + G* B3LYP/6-311 + G* MP2/6-31G*
Cc1-C2 1.4116 1.4113 1.4117 1.4085 1.4163 1.4170 1.4171 1.4109
C2—C3 1.3873 1.3886 1.3886 1.3966 1.3774 1.3778 1.3784 1.3880
C3-C4 1.4052 1.4051 1.4053 1.4000 1.4061 1.4054 1.4071 1.3980
C4—C5 1.3894 1.3903 1.3903 1.3979 1.3812 1.3808 1.3822 1.3890
C5-C6 1.3996 1.3994 1.3996 1.3961 1.4040 1.4033 1.4051 1.3951
C6—C1 1.3979 1.3987 1.3986 1.4025 1.3965 1.3967 1.3975 1.4002
C1-N11 1.4120 1.4131 1.4114 1.4110 1.4031 1.4038 1.4018 1.4060
C2-S14 1.8134 1.8095 1.8097 1.7791 1.8201 1.8221 1.8237 1.7834
N13-S14 1.7234 1.7231 1.7208 1.7345 1.7068 1.7017 1.6987 1.7368
S12-N13 1.5743 1.5762 1.5708 1.6006 1.5706 1.5700 1.5649 1.6060
N11-S12 1.5683 1.5706 1.5665 1.5949 1.5670 1.5677 1.5638 1.5928
X 1.0862 1.0862 1.0862 1.0875 1.3365 1.3407 1.3338 1.3415
C6—C1-C2 118.7 118.8 118.8 119.4 117.9 117.9 118.0 119.0
C5—-C6—Cl1 120.9 120.8 120.8 120.1 121.9 122.0 122.0 121.0
C4—C5-C6 119.9 120.0 120.0 120.2 119.6 119.5 119.5 119.8
X10—C6—C1 117.8 117.9 117.9 1182 120.3 120.3 120.3 120.5
X9—-C5—C6 119.7 119.6 119.6 119.7 119.7 119.9 119.9 120.1
X8—C4—CS5 120.7 120.6 120.6 120.3 1212 121.1 121.0 120.3
X7—-C3—C4 119.9 120.0 120.0 120.7 118.1 117.9 118.0 117.8
N11-C1-C2 124.5 124.3 1242 123.9 125.7 125.6 125.5 124.8
S14-N13-S12 120.2 119.9 120.2 115.8 124.1 124.7 125.1 117.4
N13-S14—C2 104.2 103.5 103.4 100.7 104.2 104.1 104.0 101.7
S14—-C2—C1 1222 121.7 121.6 119.7 124.7 124.5 124.4 121.7
N11-C1-C2-S14  —9.1 -97 -97 —134 0.0 0.0 0.0 —124
S12-N13-S14-C2 —25.9 —30.0 —30.0 —44.4 0.0 0.0 0.0 -37.9
N13-S14—-C2—Cl1 27.6 31.3 31.2 46.3 0.0 0.0 0.0 39.8
S14—C2—C1-C6 175.1 174.9 175.0 174.5 180.0 180.0 180.0 176.8
Chem. Eur. J. 2001, 7, No. 16 ~ © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0716-3593 $ 17.50+.50/0 3593
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Figure 2. Molecular structure and atomic numbering of 5,6,7,8-tetrafluoro-
1,31%8?,2,4-benzodithiadiazine (2) (top) and view of 2 along the C1—C2
bond (bottom).

used in this study. There is a convincing agreement between
the DFT calculations with different basis sets: neither the
introduction of diffuse functions nor the addition of a triple-§
valence basis set seems to have much effect on the bond
lengths in the carbocycle part of 1, even though the bond
lengths in the heterocycle seem to decrease slightly when
going to the B3LYP/6-311 4+ G* level. This is reflected in the
valence angles: while the differences in CCC and HCC angles
are negligible, the largest variation in the angles of the
heterocycle can be found in N13—S14—C2, which decreases by
0.8° on increasing the basis set size. The variation in torsional
angles is most pronounced, and is more than 4° for N13—S14—
C2—Cl.

However, even this marked difference is small when
compared with the changes that occur when MP2 is intro-
duced as the method of calculation. Again the variation in the
bond lengths and valence angles of the carbocycle is small; the
variations amount to no more than 0.008 A and about 0.6°,
respectively. In contrast, the differences in the heteroatomic
section of the molecule are large: we calculated the largest
difference in bond length to be more than 0.03 A for N11-S12
and for the S14—N13—S12 angle we found a variation of 4.4°.
All of the latter differences are due to the disagreement
between DFT and MP2 on the exact conformation of the
heteroatomic six-membered ring of 1, which is most clearly
expressed in the torsional angles that define the deviation
from planarity of the structure, where the differences amount
to more than 15° in N13—S14—
C2—Cl.

In contrast, in the case of

performed with larger basis sets, all in C; symmetry. Again
the DFT calculations with different combinations of basis sets
were found to agree quite well on the various parameters in
the molecule: the bond lengths in the heteroatomic part
shortened somewhat with the incorporation of triple-§ basis
functions, and the values were similar in magnitude to those
observed for 1. The largest variation in the angles amounted
to 1.0° for the S14-N13—S12 angle.

But here, too, these differences are small when compared
with what happens when the results of the MP2 calculation
are included. Not only are larger differences observed in the
carbocycle than in the case of 1 (up to 0.01 A for the bond
lengths and 1.0° for the valence angles), but as a result of the
fact that the conformation of the heterocycle has been twisted
away from the planar arrangement (stabilizing the molecule
by 4.66 kJmol'), the values of the corresponding distances
and angles change dramatically. While the C—N distance and
the CCN angle remain virtually unaffected by the change in
conformation, the C—S distance drops by more than 0.04 A,
and the various S—N bonds elongate by an equally large
amount. Correspondingly, the CCS and the N13—S14—C2
angles shrink by 2.7° and 2.3°, respectively; the value of the
S14—N13-S12 angle decreases by 7.7°. The change in the
torsional angles is straightforward, but we do wish to
emphasize that both S14 and N11 are moved out of the plane
of the carbocycle in different directions, exactly as was
observed in 1.

We can conclude that both molecules are described differ-
ently by the two correlated methods used, and that exper-
imental determination of the gas-phase structures of both
compounds is warranted: in the end it will allow us to gauge
the accuracy of both methods in calculating geometries for
these types of compounds.

Vibrational spectra: For both 1 and 2, partial IR spectra can
be found in the literature. 3 These published frequencies
were used to scale the calculated force fields to obtain the
most realistic estimates for the amplitudes of vibration; for 2
the original data were re-examined, and the published series
of wavenumbers expanded by ten values. Table 3 lists the
experimental values for 1 as well as the scaled calculated ones;
the latter were obtained by scaling down the CH stretching
modes by 0.9, the CC stretching modes by 0.92, and the CS,
CN, and SN stretching modes by 0.98. The rms difference is
then 13 cm™, while the largest difference is 27 cm~'. Table 4
lists the corresponding data for 2; by scaling down the CC

Table 3. Observed and scaled calculated vibrational data for 1 (see text for scaling factors).

Compound 2, the force'field Cal' Vealed (Icalcd) Vexpt Vealed (Icalcd) Vexpt Vealed (Icalcd) Vexpt Vealed (Ica]cd) Vexpt
culations for the planar confor- 3060 (12) 1278 (3) 1271 w 948 (5) 937m 506 (9)

mation at the HF level with the 3051 (12) 1230 (23) 1219 s 882 (1) 452 (3)

321G* and 6-31G* basis sets 3039 (5) 3045 w 1181 (0) 1159 w 792 (15) 783 m 416 (4) 415w
vielded no imaginary frequen- %7 ) 1115 (1) 770 (55) 754 vs 363 (4)

. i 1584 (1) 1076 (51) 1097 vs 721 (2) 700 m 346 (16) 357 m
cies, and the assignment of the 1576 () 1576w 1044 (28) 1049m 676 (8) 649m 309 (4) 309 m
symmetry of 2 as C; was con- 1474 (37) 1466 vs 1020 (16) 657 (3) 656 m 241 (5) 246 w
firmed by a calculation at the 1461 (12) 1437 vs 985 (0) 596 (28) 623 m 144 (0)
B3LYP/6-31G* level. Further 2932 956 (0) 341 3) 84 (1) 8

geometry optimizations were
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[a] Wavenumbers v in cm~! and intensities / in km mol~'. w weak; m medium; s strong; vs very strong.
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Table 4. Observed and scaled calculated vibrational data for 2 (see text for scaling factors).?]

between the latter two pairs of

Veated Tcatea) Vexpt Veated Lcarea) Vexpt Veated Tcatea)

Vespt Veated Leated) Vept distances. Parameters p, to p;

1633 (25) 1632 m 1061 (43) 1051 m 573 (0)
1603 (6) 1609 m 1010 (55) 999 s 534 (2)
1513 (345) 1497 vs 909 (39) 906 s 498 (8)
1489 (307) 1471 vs 811 (21) 818 m 436 (5)
1397 (3) 1382 w 792 (7) 785 w 418 (3)
1318 (7) 1330w 647 (0) 366 (1)
1261 (11) 1282 m 639 (20) 642 m 362 (1)
1192 (72) 1176's 618 (1) 619 vw 356 (4)
1131 (141) 1110's 594 (31) 611 m 324 (14)

describe various means of and

281 (1
536 vw 279 21; differences between groups of
502 w 264 (0) CC and CN distances. From
434 w 207 (1) these independent parameters,
8w 197.(1) the eleven separate bond
166 (0)
367 vw 127 (0) lengths were calculated as de-
358 w 99 (0) pendent parameters (p,g to psg
326 m 32 (0) in Table 5).

[a] Wavenumbers v in cm~! and intensities / in km mol~!. w weak; m medium; s strong; vs very strong.

stretching modes by 0.94 and the CS, CN, and SN stretching
modes by 0.98, we obtained an rms difference of 11 cm~!, with
the largest difference of 21 cm~. The tables show that there is
reasonable agreement between the experiment and the
calculations, both in the values of the wavenumbers and in
the intensities of the signals.

In each case, the lowest-energy vibrational mode describes
the folding of the heteroatomic section of the molecule along
the N11—-S14 line, but this folding is slightly different for the
two molecules. For 2, starting from the calculated planar
conformation, the folding along the N11-S14 line can be
described by a single folding parameter, in which only N13
and S12 move (see below), while N11 and S14 remain
stationary in the plane of the carbon ring. For 1, where in the
calculated nonplanar geometry S14 and N11 are displaced out
of the plane of the carbocycle, each to a different side, the
folding motion is more complex and involves moving not only
S12 and N13 but also N11 and S14 from their original
positions. Despite these differences, it is still this “floppy”
internal motion that shows how the molecules deform from
their equilibrium structures and determines the differences
between observed conformations of both molecules in differ-
ent phases.

A. GED study of 1,31*6%2,4-benzodithiadiazine (1)

GED model: The molecular framework and atomic number-
ing of 1 are shown in Figure 1. For this compound, a model
was constructed in C; symmetry; the C¢H, fragment of the
molecule was assumed to be planar, but four torsional angles
were introduced to describe the out-of-plane movements of
the four heteroatoms. In total, 27 independent geometrical
parameters were defined, as documented in Table 5. Eleven
bond angles and the four torsional angles were introduced as
independent parameters, and the four C—H distances in 1
were replaced by one parameter (pg), which described the
average C—H distance. The rest of the bond lengths (eleven)
were recombined in eleven new independent parameters,
which are also listed in Table 5. Three parameters were found
to shape clearly the main feature of the radial distribution
curve: p, is defined as the mean of all C—C and the C—N bond
lengths, py as the mean of the C2—S14 and N13—S14 distances,
which have a similar magnitude according to the calculations
(Table 2), and p;; as the mean of the S12-N13 and N11-S12
distances, again reflecting their similarity (Table 2). Accord-
ingly, parameters p;, and p,, are defined as the differences
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GED structural refinement: In

the model described above
there is in fact one parameter more than is needed; the
distance N11—S12 is determined by other bond lengths and
angles in its ring. Both parameters in which it was used (p;;
and p;,) were therefore restrained, and the restraints were
applied to the mean and difference of r, distances. In the end,
all parameters except for p, were restrained. Parameters
relating to the carbocycle section of the molecule were
subjected to fairly tight restraints, since the different calcu-
lations provided us with fairly reliable predictions of these
values. The starting values for the distance parameters for this
part of the molecule were taken from the B3LYP calculation,
while those for the angle parameters were taken from the
MP2 calculation. More credibility was given to the B3LYP
values for the distance parameters, since the variation
between the different DFT calculations was far smaller than
between DFT and MP2. The variation in the angles between
both correlated methods was far smaller, and the MP2 values
were chosen by default. At the end of the refinement, all
experimental parameters for this section of the molecule
returned values that lay well within the boundaries set by the
restraints, except for p,, which confirmed the agreement that
exists between the two types of calculations. The calculated
values for all CCC and HCC angles at the B3LYP level fall
within one esd of the experimental values, while for the
distances, only p,q, p3;, and p;, are within one esd of the data
calculated by both methods; p,s, p3, and p;; are shorter than
expected. It is also interesting to note that the set of
alternating double —single C—C bonds, which is predicted by
the calculations, is lost in the experimental data.

The eight parameters describing distances and valence
angles in the heteroatomic ring, for which there exists an
evident disagreement between the two correlated methods,
were dealt with differently. Since it became clear early on in
the refinement that the experimental data (especially the
bond lengths) were leaning towards the B3LYP predictions,
starting values for these parameters were taken from the
B3LYP calculations alone, and the sizes of the uncertainties of
the restraints were chosen disregarding the results of the
MP2 calculation. While the refinement finally yielded values
for parameters p,, and p;, (the redefined form of the C—S and
N-S distances, see above) that lay well within the applied
restraints, p, and p;; (the redefined forms, see above) returned
values that are both about 0.02 A shorter than expected from
the B3LYP calculation. The difference between the exper-
imental value of p;;—a difference between two S—N bonds—
and the MP2 value is striking; this will be commented on later.
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Table 5. Experimental geometrical parameters from the SARACEN gas-phase study of 1,31%622.4-benzodithiadiazine (1) [r,; in A and angles in °].

For definition of parameters and details of the refinement, see text.

Parameter GED B3LYPk MP20]
Independent
D av of r(C—C) and r(C—N) 1.3911(11) 1.4008 1.4018
)2 av of r{C1-C2], r[C3—C4], r[C1—C6], and r[C1-N11] — av of r[C2—C3], r[C4—C5], and r[C5—C6] —0.009(9) 0.0139 0.0086
ps  r[C5-C6] — av. of r[C2-C3] and r[C4—C5] 0.008(6) 0.0101 ~0.0012
ps  rC2-C3] - C4—C5] ~0.003(11) ~0.0017 ~0.0013
ps  1[C1-C2] — av. of {C3—C4], {C1-C6], and {C1-N11] 0.005(6) 0.0066 0.0040
pe  rCI-N11] —av. of /{C3—C4] and [C1-C6] 0.009(6) 0.0094 0.0097
P, rC3-C4] - r[C1-C6] 0.010(12) 0.0067 ~0.0025
ps  av.r[C-H] 1.087(2) 1.0862 1.0875
ps  av.of {C2-S14] and r[N13-S14] 1.740(4) 1.7653 17568
P HC2-S14] — f[N13-S14] 0.087(6) 0.0889 0.0446
pn av.of {S12-N13] and r[S12-N11] 1.546(3) 1.5687 1.5978
p  r[S12-N13] - {S12-N11] 0.0057 fte 0.0043 0.0057
P C6-Cl-C2 119.4(6) 118.8 119.4
piu C5-C6—Cl 120.9(7) 120.8 120.1
Dis C4-C5-C6 120.1(5) 120.0 120.2
ps  H10-C6—Cl 117.8(6) 117.9 1182
py  H9-C5-C6 119.67(12) 119.64 119.67
pis  H8-C4-C5 120.4(6) 120.6 120.3
pw  HI-C3-C4 120.4(12) 120.0 120.7
pn  N11-C1-C2 123.3(7) 1242 123.9
D S14-N13-S12 119.9(5) 120.2 115.8
D» N13-S14—C2 101.5(7) 1034 100.7
p»  Sl4—C2—Cl 122.7(6) 121.6 119.7
pu  NII-C1-C2-S14 ~17(3) —97 134
pss  SI12-N13-S14-C2 —41(3) ~30.0 — 444
P2 N13-S14—C2—C1 26.2(23) 31.2 46.3
D2 $14—C2-C1-C6 174.6(12) 175.0 174.5
dependent

ps  Cl-C2 1.391(6) 14117 1.4085
pn  C2-C3 1.392(8) 1.3886 1.3966
P C3-C4 1.388(8) 1.4053 1.4000
py  C4-C5 1.395(8) 1.3903 1.3979
pn  C5-C6 1.402(7) 1.3996 1.3961
ps  C6-Cl 1.378(7) 1.3986 1.4025
pw  CI-Ni1 1.393(6) 1.4114 1.4110
P C2-Sl4 1.784(5) 1.8097 17791
P NI3-Sl4 1.697(5) 1.7208 17345
py  SI2-NI3 1.548(3) 1.5708 1.6006
pw  NI1-S12 1.543(3) 1.5665 1.5949

[a] Refers to B3LYP/6-311 + G* (6-31G* on C and H) calculation. [b] Refers to MP2/6-311 + G* (6-31G* on C and H) calculation. [c] f indicates that the

parameter was kept fixed.

The starting values for parameters p,, to p,;, which describe
the folding of the ring, were chosen as the means of the values
at the B3LYP level and those at the MP2 level, and very loose
restraints were applied in order to let these parameters take a
very wide range of values; the range meant that we did not
exclude either computational method at the outset. We should
note that during the course of the refinement these torsional
parameters varied over a wide range of values that reflect the
floppiness of this part of the molecule; the values reported in
Table 5 are those at the lowest R factor, even though the latter
did not change very much with varying torsional angles. The
values of the bond angles of this part of the molecule, which
are closely related to those of the torsional angles, seemed to
settle down more quickly and, as mentioned above, are
slightly in favor of the B3LYP results. The small difference
between results obtained by the two methods for p,, is
reflected in the fact that both are within one esd of the
experimental value; the experimental value of p,, also lies
between those of the calculations, but the values for p,; and p,;
definitely tend more to the B3LYP values. This is especially
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true for the SNS angle, for which the difference between the
methods is substantial. The CSN angle (p,,) lies the farthest
outside its restraint, but ends up between the predictions of
the two computational methods.

Ultimately, a tight restraint was applied on the C—H
distance (pg) as well, since during the course of the refine-
ment, it had reached an unrealistic value (up to 1.23(3) A).
Once the restraint had been applied, the value returned from
the experimental data lay well within the boundaries of the
restraint. Restraints were also applied to amplitudes of
vibration that could not be refined independently. Values
for the restraints were calculated directly from the scaled
force field, with uncertainty ranges of 10 % of the computed
values for single amplitudes or 5 % of the computed values for
ratios of amplitudes. With these restraints in place, all
amplitudes were refined. The final R factor for the refine-
ment was 0.073. A selection of interatomic distance and
vibrational amplitude values for the final structure is given in
Table 6, and the final radial distribution curve is shown in
Figure 3.
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The difference between the gas-phase and solid-state
geometries of 1 is striking: while in the gas phase the
nonplanarity of the compound has been well established both
by the calculations and the experiment, the solid-state
structure clearly displays a coplanar arrangement for the
carbocycle and the heteroatomic ring.’! Nevertheless, taking
into account what was discussed above concerning the
floppiness of the heteroatomic section of the molecule, this
is hardly surprising. As a result of packing effects in the crystal
(in this case a relatively short interplanar separation between
the molecules in the solid?!), the molecule will be very easily
deformed in a way that is dictated by the lowest-energy
vibrational mode, that is, the folding of the heteroatomic ring
along the N11-S14 line. This way the molecule can be
flattened without any great effort; the calculated energy
difference is just 1.17 kJ mol~! at the HF/6-31G* level.

In contrast, however, the flattening of the heteroatomic
part does not seem to have any great influence on the various
bond lengths in the compound. In the carbocycle, the
alternation of double and single C—C bonds, which was lost
in the experimental gas-phase structure, is present in the solid,
but, taking the esds in consideration, we found that the overall
differences between gas and crystal geometries are minimal.
More surprisingly, the bond lengths in the heteroatomic part

Table 6. Selected interatomic distances [r, in A] and amplitudes of
vibration [u in A] derived from the SARACEN study of 1,3)%622,4-
benzodithiadiazine (1).

Atom pair Distance Amplitude Atom pair Distance Amplitude

S14--S12 2.798(6) 0.069(5)  S12--C5  4.980(11) 0.097(8)
SI2-N11  1542(3) 0.051(4)  NI3---N11 2.548(20) 0.063(7)
N13-S12  1547(3) 0.051(4)  NI1---C6 2351(12) 0.058(7)
S14-N13  1.693(5) 0.069(7)  C4--C2  2423(12) 0.052(4)
S14-C2  1.781(5) 0.069(6)  C5--C2  2771(9) 0.067(7)
S12--Cl  2585(9) 0.065(6)  NI1---C5  3.640(13) 0.066(7)
S12--C2  3.033(12) 0.071(6)  NI13---C3  3.944(20) 0.099(12)
N11-Cl  1391(6) 0.049(3)  NI3---C6 4323(22) 0.099(9)
S12--C6  3.793(11) 0.082(8)  HI0--Cl  2.103(9) 0.109(10)
H7-C3  1.082(2) 0077(8) H8--C2  3398(15) 0.085(10)
S12--C3  4412(11)  0.094(8)

P(ryir

riA

Figure 3. Experimental and difference (experimental — theoretical) radial
distribution curves for 1,3A*9?,2,4-benzodithiadiazine (1). Before Fourier
inversion, the data were multiplied by s.exp(— 0.002s?)/(Zs — fs)(Zx — f)-
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are very similar as well, except for the C—N distance, which in
the crystal (1.423 A) is much larger than either the exper-
imental (1.393(6) A) or the calculated (1.4114 A at the B3LYP
level) gas-phase value. The experimental C—S distance
(1.796 A) suffers from a similar elongation in the solid, but
its value lies between the experimental and B3LYP calculated
gas-phase values, and the larger difference must therefore be
put in perspective. There is, however, surprisingly good
correspondence between the two phases for the various S—N
distances, all to well within one esd: the solid-state values for
N13-S14, S12-N13, and N11-S12 are 1.693 A, 1.548 A, and
1.544 A, respectively; the values reflect the differences in
bond order for that segment of the molecule, and they can be
directly compared with the gas-phase values in Table 5. This
overall agreement can again be seen as an indication of the
floppiness of the heteroatomic segment of 1; the fact that the
values for the bond lengths and orders remain virtually
unaffected by the folding reflects the small amount of energy
that is required to execute it.

In conclusion we can say that the applied DFT method
describes the gas-phase structure of 1,31%6%2,4-benzodithia-
diazine (1) more correctly than the MP2 method, and that the
differences are most markedly seen in the various S—N
distances. The fact that MP2 calculations often overestimate
the lengths of these types of bonds has been noticed
before.? 22l These observations were subsequently used in
the structural refinement of the tetrafluoro derivative of 1 by
assuming from the start of the refinement that the B3LYP
calculated values would be closer to the experimental ones.

B. GED study of 5,6,7,8-tetrafluoro-1,31.6%2,4-benzodithia-
diazine (2)

GED model: The molecular framework and atomic number-
ing of 2 are shown in Figure 2. A model was constructed for 2
in C; symmetry (allowing the heteroatomic part of the
molecule to be twisted away from the planar geometry
predicted by B3LYP). Again, the CsF, fragment was assumed
to be planar. Four torsional angles, describing the out-of-plane
movements of the four heteroatoms, and eleven bond angles
were introduced as independent parameters. The four CF
distances were assumed to be equal, since the calculated
differences between the four distances are small, and they
were replaced by a single parameter, pg, that describes the
average CF distance. Eleven new independent parameters
describe the rest of the bond lengths and are similar to the
ones defined for 1; all of these are listed in Table 7. From these
independent parameters, the eleven separate bond lengths
were calculated as dependent parameters (p,s to psg in
Table 7).

GED structural refinement: From the outset, more credibility
was given to the B3LYP structure and, in line with a planar
conformation for 2, the four parameters describing the out-of-
plane motions of the atoms in the heteroatomic segment of
the molecule, p,4, p»s, P2, and p,;, were kept fixed at 0°, 0°, 0°,
and 180°, respectively. Again, the model contained one
parameter more than is needed (the N11—-S12 distance) and in

0947-6539/01/0716-3597 $ 17.50+.50/0 3597





FULL PAPER

D. W. H. Rankin et al.

Table 7. Experimental geometrical parameters from the SARACEN gas-phase study of 5,6,7,8-tetrafluoro-1,3162,2,4-benzodithiadiazine (2) [r,; in A and
angles in °]. For definition of parameters and details of the refinement, see text.

Parameter GED B3LYPEI MP20]
Independent
D av of r[C—C] and r{C—N] 1.390(3) 1.3985 1.3982
P av of 1[C1-C2], r[C3—C4], r[C5-C6], and [C1-N11] — av of {C2-C3], r[C4—C5], and [C1—C6] 0.019(10) 0.0217 0.0101
s r[C1-C6] — av of {C2-C3], and r{C4—C5] 0.027(10) 0.0172 0.0117
Py r[C2-C3] — {C4—C5] ~0.002(5) —0.0038 —0.0010
s [C1-C2] — av of /[C3—C4], 1[C5—C6], and /[C1-N11] 0.009(9) 0.0124 0.0112
e f[C1-N11] — av of r[C3~C4] and r[C5—C6] 0.000(5) —0.0043 0.0094
Py r[C3—C4] — {C5-C6] 0.0020(11) 0.0020 0.0029
P av f[C-F] 1.330(5) 1.3338 1.3415
Po av of [C2-S14] and {N13-S14] 1.767(5) 17612 1.7601
o R[C2-S14] — /[N13-S14] 0.089(14) 0.1250 0.0466
P av of r[S12-N13] and r[S12-N11] 1.552(3) 1.5644 1.5994
pn  H[S12-N13] — /[S12-N11] 0.0011 £t 0.0011 0.0132
Pi3 C6—C1-C2 116.2(5) 118.0 119.0
Pis C5-C6—Cl 122.3(5) 122.0 121.0
Dis C4-C5-C6 119.1(6) 119.5 119.8
ps  Fl0-C6—Cl 120.2(7) 120.3 120.5
Py F9-C5-C6 119.5(8) 119.9 120.1
pis  F8-C4-C5 120.9(8) 121.0 1203
pw  F7-C3-C4 117.4(8) 118.0 117.8
pn  NI1I-CI-C2 125.4(7) 1255 124.8
P S14-N13-S12 122.8(5) 125.1 117.4
pn  NI3-814-C2 104.5(3) 104.0 101.7
pn  S14-C2-Cl 124.6(6) 124.4 1217
P N11-C1—C2-S14 0.0 0.0 —12.4
Das S12-N13—-S14—C2 0.0 0.0 -379
P2 N13-S14—C2—C10 0.0 0.0 39.8
Py $14-C2-C1-C6 180.0 180.0 176.8
dependent

ps  Cl-C2 1.405(8) 14171 1.4109
pw  C2-C3 1.370(8) 1.3784 1.3880
P C3-C4 1.397(6) 1.4071 1.3980
pn  C4C5 1.372(8) 13822 1.3890
pn  C5—C6 1.395(6) 1.4051 1.3951
ps  C6—Cl 1.398(8) 1.3975 1.4002
pw  CI-N11 1.396(7) 1.4018 1.4060
ps  C2-Sl4 1.812(9) 1.8237 17834
P N13-S14 1.723(8) 1.6987 1.7368
py  SI2-NI3 1.553(3) 1.5649 1.6060
pw  NII-SI2 1.552(3) 1.5638 1.5928

[a] Refers to B3LYP/6-311 + G* (6-31G* on C and H) calculation. [b] Refers to MP2/6-31G* calculation. [c] f indicates that the parameter was kept fixed.

exactly the same manner as discussed above for 1, parameters
pu and p,, were restrained from the outset to eliminate this
redundant degree of freedom. In this case only we were able
to refine parameters py, ps, po, and py, freely; all others were
restrained, and the uncertainties for the latter were chosen
based on the values determined in the series of B3LYP
calculations. The refined values of the parameters describing
the carbocycle were again found to compare well with those
calculated at the B3LYP level. All the angles p,, to p, are
within one esd of the calculated values, and well within the
boundaries set by the restraints. Only p,; deviates slightly
from the calculated value, but more importantly, the values of
the two angles deviating most from the ideal 120°, p,; and p,,,
are mirrored very well by the calculations. For the distance
parameters, all parameters except p; lie within one esd of the
calculated values. The experimental value of p, indicates an
overall shortening of the C—N and C—C bonds relative to the
theoretical values; in contrast, the C—F distance compares
well. Here also, the alternating single —double C—C bond
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scheme in the benzene ring, which is clear in the results of the
calculations, is less pronounced in the experimental struc-
ture.

The parameters describing the heteroatomic part of the
molecule again proved more interesting. The mean of the S—N
and S—C distances, p,, was refined to a value slightly longer
than was calculated. This is mostly due to N13—S14 being
considerably longer than the calculations predicted, so py, also
differs quite substantially from the calculated value. A similar
effect is found in p,;, but here it is due to the fact that both
S=N distances are again overestimated by the calculations.
The result is that even though a fairly tight restraint was set on
this parameter, the refined value falls well outside the
restraint. As was the case for 1, both the experimental CCN
and CCS angles correspond nicely to the predicted values, and
larger discrepancies are found for SNS and CSN; for SNS the
difference is more than 2°, even with a tight restraint in place.

Restraints were also applied to amplitudes of vibration that
could not otherwise be refined independently. Values for the
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restraints were calculated directly from the scaled force field,
with uncertainty ranges of 10% of the computed values for
single amplitudes or 5% of the computed values for ratios of
amplitudes. With these restraints in place, all amplitudes were
refined. The final R factor for the refinement of 2 in a planar
conformation was 0.084. A selection of interatomic distance
and vibrational amplitude values for the final structure is
given in Table 8, and the final radial distribution curve is given
in Figure 4.

Finally, to confirm the planarity of the molecule unequiv-
ocally, we combined the four torsional parameters describing
the out-of-plane motions of the atoms in the heteroatomic
segment of the molecule into one new parameter describing
the lowest-energy folding mode of the N=S=N—-S fragment
out of the plane of the carbocycle. This was achieved by
calculating the four torsional angles in a nonplanar confor-
mation of 2, which was obtained by deforming the planar
geometry according to the displacements of the atoms in the
computed lowest normal mode of the compound. One of the
torsional angles was chosen to represent the folding of the
N=S=N-S fragment, and the other three were linked to the
new one by their respective calculated ratios, which are 2.50,
—2.83, and —0.36, respectively. This new folding parameter

Table 8. Selected interatomic distances [r, in A] and amplitudes of
vibration [u in A] derived from the SARACEN study of 5,6,7,8-
tetrafluoro-1,31*9?,2,4-benzodithiadiazine (2).

Atom pair Distance Amplitude Atom pair Distance Amplitude
F7-C3 1.329(5)  0.046(3) S14---F8 4.99(4) 0.105(8)
S14---S12 2.848(7)  0.064(4) S12---C6  3.81(7) 0.064(6)
S12-N11  1.55(9) 0.047(4) S14---F9 5.870(10)  0.086(6)
N13-S12  1.552(3) 0.047(4) F10---C5  2.326(10) 0.061(3)
S14-N13  1.717(8)  0.056(6) S12---C3  4.362(11) 0.074(7)
S14-C2 1.806(9)  0.056(6) N11---N13  2.67(9) 0.061(7)
S12---C1  2.57(5) 0.054(5) N11---C6  2.410(9)  0.060(6)
S14---N11  3.20(5) 0.074(7) F9---F7 4.669(15) 0.073(10)
S12---F10  4.25(9) 0.094(9) C5---C3 2.400(10) 0.061(5)
F10---F9  2.660(20) 0.090(9) F7---C5 3.581(10) 0.069(4)
N11—C1 1.398(7)  0.051(4)

P(ryir

1

! |”I1]|l|l|l Hm

0 1 2 3 4 5 6 7
riA
Figure 4. Experimental and difference (experimental — theoretical)
radial distribution curves for 5,6,7,8-tetrafluoro-1,3A*8%,2,4-benzodithia-
diazine (2). Before Fourier inversion, the data were multiplied by
s.exp(—0.00252)/(Zs — f)(Zg — fr)-
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was then fixed at various nonzero values, and all remaining
parameters for the resulting structures were completely
refined. At a folding of 5° the R factor rose slightly to 0.086,
and at 10° this became 0.097; at 15° the R factor was found to
be 0.110 and at 20° 0.217, and at 30° we were no longer able to
refine the resulting structure against the experimental data.
From this we conclude that 2 is essentially planar to within
about 10°; the experimental data and the fact that the
heteroatomic part of the molecule displays a low-energy low-
frequency motion preclude the possibility of defining the
equilibrium conformation of 2 more precisely.

In any case, even though the DFT calculations cannot
completely reproduce the experimental gas-phase structure,
Table 7 clearly shows that this method is much more
satisfactory than MP2, not only for the heterocyclic part but
for the entire molecule, as was anticipated from the results of
the refinement of 1.

The difference between the gas-phase and solid-state
geometries of 2 is just as surprising as in the case of 1 but
for the opposite reason. In the gas phase, the planarity of the
compound has been predicted by the B3LYP calculations—
which we expect to be correct based on the results of the
refinement of 1—and confirmed by the experiments. On the
other hand, the solid-state structure clearly displays a slightly
non-coplanar arrangement for the carbocycle and the hetero-
atomic ring.) A folding of 5.5(1)° was found, in which the S14
and N11 atoms clearly deviated from the plane of the carbon
ring, but in this case both to the same side. In this case too, the
deformation of 2 in the solid state is easily accomplished as a
result of the floppiness of the heterocyclic segment, even more
so than in the case of 1 when the lowest vibrational wave-
numbers are considered. Again we find that the changes going
from the gas phase to the solid in the carbocycle part of 2 are
minimal. The larger differences observed in the gas phase for
P13 and py, are also found in the solid. Surprisingly, the C—N
distance (1.432(4) A) is found to be much larger in the gas
phase than in the solid here as well, while the C—S distance is
considerably shorter in the solid (1.781(5) A). In contrast to 1,
the correspondence of the S—N distances for 2 in the solid and
gas phases is much less satisfactory; while the value for S12—
N13 (1.553(4) A in the solid) is exactly the same in both
phases, the other two are considerably shorter (1.651(4) A and
1.513(3) A for N13-S14 and N11-S12, respectively).

C. Geometrical differences between 1 and 2: influence of the
fluorine atoms: Based on the information gathered above, it is
clear that the B3LYP method described the geometries of the
differently substituted benzodithiadiazines more accurately
than the MP2 method, especially with regard to the planarity
of the heteroatomic ring of the compounds. We have therefore
examined the precise influence of the fluorine atoms on the
planarity of the heteroatomic part of the compounds. We
extended our series of calculations on 1 and 2 at the B3LYP/6-
31G* level to some mono- and difluorobenzodithiadiazines,
of which the structural formulas are given in Scheme 1. Since
the parent compound (1), 6-fluoro- (5) and 6,7-difluoro-
1,3148%,2,4-benzodithiadiazine (3) proved to have nonplanar
geometries and 5,8-difluoro- (4) and 5,6,78-tetrafluoro-
1,3048%,2 4-benzodithiadiazine (2) did not, the flattening of
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Scheme 1. Structural formulas of 1,31%6%2,4-benzodithiadiazines (1),
5,6,7,8-tetrafluoro-1,31*6%2,4-benzodithiadiazine (2), 6,7-difluoro-
1,30462,2,4-benzodithiadiazine (3), 5,8-difluoro-1,31*9?%,2,4-benzodithiadi-
azine (4), 6-fluoro-1,31*9?,2,4-benzodithiadiazine (5), 5-fluoro-1,3)\*622,4-
benzodithiadiazine (6), and 8-fluoro-1,31*?,2,4-benzodithiadiazine (7); for
2,4, and 7, Cartesian coordinates and energies of the refined geometries are
given in the Supporting information.

the heteroatomic section of the molecule is clearly due to the
presence of the fluorine atoms in the 5- and 8-positions. A
further discrimination between the latter two was made by
calculations on 5- (6) and 8-fluoro-1,3A*8%2,4-benzodithiadi-
azine (7) separately. These indicated that the fluorine atom in
the 8-position (F7, i.e., the one closest to S14) is alone
responsible for the flattening of the heteroatomic ring.

The distortion of 1 away from C, symmetry, observed in the
calculations and confirmed by the experiments, reflects the
tendency of the molecule to minimize the thermodynamic
destabilization associated with antiaromaticity by means of a
pseudo-Jahn —Teller effect.[”] A quick glance at the molecular
orbital scheme for 1 allows the identification of the orbital
interactions responsible for the reduction of the molecular
symmetry from C; to C,. In C, symmetry, the molecular
ground state is a m?-state of 'A’ symmetry. The calculations
indicate that for both 1 and 1,30*6%2,4-dithiadiazine 8 the
planar structure is a transition state in the molecular bending
motion (Table 9). The transition to C, symmetry is possible
through a vibronic interaction between excited !A” states,
generated by m — o* and 0 — ¥ excitations. For 1, the lowest-
energy excitation of these types is 6a” — 20a’. The mixing of
6a” (i.e. the --HOMO) with 20a’ (i.e. the 6-LUMO, which is
the lowest virtual o* molecular orbital, closest to 7a” or the 7t-

Table 9. Summary of calculated data for 1,3A6%,2,4-benzodithiadiazine (1)
and 1,31462,2,4-dithiadiazine (8).

HF/6-31G* MP2/6-31G*
Symmetry E., [kJmol!] E. [kJmol™!]
1 C, trans. state 1.17 trans. state 10.17
C, minimum 0.00 minimum 0.00
8 C, trans. state 3.60
C, minimum 0.00
3600 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

LUMO, see Scheme 2) folds the molecule along the N11-S14
line in accordance with the results of the calculations and the
GED data. According to the contributions of the atomic
orbitals to the 6a” and 20a’ molecular orbitals, the density of
the one-electron transition under consideration is localized
mainly on S14. The energy gain on going from C; to C,
symmetry is about 1 kJmol™! at the HF level of theory; at
the MP2 level, however, this energy increases by a factor of
nine, as can be seen in Table 9.

62" (x-HOMO)

202’ (o-LUMO)

Scheme 2. Selected molecular orbital representations of 1 (see text for
details).

Obviously, the orbital interaction mentioned above should
be sensitive to the energy difference between the contributing
molecular orbitals. This allows us to explain why only the
fluorine atom located in the 8-position (F7) is responsible for
the flattening of the heterocyclic ring on going from 1 to 2.
One can easily see that the substitution of any hydrogen atom
in 1 by a fluorine atom does not affect the energy of the 20a’
(0*) orbital, which is localized on the S—N bonds (see
Scheme 2). In contrast, replacing a hydrogen atom by a
fluorine in position 8 leads to an inductive stabilization of the
6a” (t-HOMO) orbital, an effect which must be inductive,
since C3 does not contribute to this molecular orbital. In all
other cases, that is, substitution in positions 5, 6, and 7, this
effect will be compensated for to a great extent by mesomeric
destabilization due to the nonzero contributions of C4, C5,
and C6 to the 6a” molecular orbital, as can be seen in
Scheme 2. Thus, F7 enlarges the energy difference mentioned
above (and F8, F9, and F10 do not), counteracts the pseudo-
Jahn —Teller distortion of the molecule, and so allows it to
assume C, symmetry.

D. General overview of cyclic compounds containing S—N
units: As mentioned in the introduction, the class of
compounds containing an —N=S=N—S— fragment linked to a
benzene ring is fairly new, but the chemistry concerning
inorganic (anti)aromatic six-membered rings containing S—N
units is not. Many compounds have been synthesized and of
these several have had their (crystal) structures reported. One
of their most important features, and the one that interested
us in the context of this paper, is the precise conformation of
the heterocycle.

One of the basic members of this class of compounds is
1,3)\482,5,2 4-trithiadiazine (9);?* its structure is given in
Scheme 3. The molecule exhibits a chair-like (puckered
envelope) conformation in the solid: the plane though S3,
N2, and N4 and the plane through the carbon atom, S1, and S5
make angles of 4° and 48°, respectively, with the plane defined
by the S1-N2 and N4—S5 bonds. Even though the S—N=S=N—
S fragment is nearly planar, the values of the bond lengths
quite clearly demonstrate that the m-bonds are localized on
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Scheme 3. Structures of several related compounds (see text for details).

N2, S3, and N4, since N2—S3 (1.549(3) A) and S3—-N4
(1.560(3) A) are substantially shorter than S1-N2
(1.671(3) A) and N4-S5 (1.668(3) A). Similar differences in
S—N bond lengths were observed in two derivatives of 9,2
that is, the 1-oxo and the 6-(4-methoxyphenyl) derivatives.
Despite the fact that the m-bonds are localized in exactly the
same way as in 1 and 2, this cyclohexane-type conformation is
quite different from the folded structure found in 1.

In 1,1-diphenyl-1-phospha-3A*d%,5-dithia-2,4,6-triazine
(10)! a P—N unit is linked to the “N=S=N—S— fragment to
give a six-membered ring (see Scheme 3), in which all N and S
atoms are situated in a plane (to within 0.05 A), and the P
atom is positioned 0.28 A above it. In contrast to 9, the values
of the bond lengths in this molecule suggest p-orbital overlap
between the N and S atoms and thus some sort of conjugation,
which most likely is a major cause for the planarity of the
system. Disregarding the P—N bond lengths, we found the
following distances in the crystal: N2—S3 1.560(3), S3—N4
1.580(4), N4—S5 1.583(5), and S5-N6 1.575(3) A. The varia-
tion in bond lengths is obviously very much smaller than in the
case of 9, and the double bonds drawn in the structure of 10 in
Scheme 3 are to be seen as a limiting factor.

In 1-[(dicyclohexylamino)(phenyl)(1-pyrrolidinyl)-phos-
phinimino]-1,30*62,5,2 4,6-trithiatriazine?®! a completely inor-
ganic six-membered ring (see Scheme 3) is found in a
conformation, which is similar to that of 10, that is, N2, S3,
N4, S5, and N6 are all arranged in a near-planar conformation,
and S1 is positioned 0.658(6) A above the plane. However, a
close examination of the torsional angles in the S;N; ring
demonstrates that the latter is in fact slightly folded into a
chair conformation. Thus, 11 can be seen as an intermediate
between 9 and its derivatives, where the chair conformation is
readily observable, and 10, which exhibits planarity. The
differences in S—N bond lengths reflect this too; the six
distances in the S;Nj; ring can be divided into three categories:
SI-N2 (1.640(5) A) and SI-N6, (1.622(4) A), N2-S3
(1.599(5) A) and N6-S5 (1.597(5)A), and S3-N4
(1.583(6) A) and N4-S5 (1.579(6) A). The overall variation
in bond lengths here is clearly smaller than in the case of 9,
where it was found to be more than 0.1 A, but larger than in
the case of 10, where it was 0.02 A. The expectation that, for
this reason, 9 will be the least planar, 10 will be the most
planar, and 11 will be somewhere in between, is hereby
confirmed. Similar features are found in various derivatives of
11, amongst which 1-[(diphenyl)(2-pyridyl)phosphinimino]-
1,3046%,5,2,4,6-trithiatriazine is an example.’)

Chem. Eur. J. 2001, 7, No. 16
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The two compounds under investigation here clearly
separate themselves from those discussed above, since they
exhibit a noncyclohexane-like ring conformation. Moreover,
this is imposed not by endocyclic factors (such as m-electron
delocalization), but by exocyclic influences, in this case
substitution on the benzene ring. In addition, the inclusion
of two sp?-carbons in the six-membered heterocycle seems to
increase the m-electron localization even further: the differ-
ence between S—N and S=N bond lengths is considerably
larger than in 9, 10, and 11 and amounts to 0.15 and 0.17 A for
1 and 2, respectively.

Within the class of inorganic S—N rings condensed with a
benzene ring an interesting series of aromatic and antiar-
omatic compounds presents itself in 2,1,3-benzothiadiazole
(12, a 10m-electron aromatic compound), 1 (a 12w-electron
antiaromatic compound), and 1,3,5,2,4-benzotrithiadiazepine
(13, a 14m-electron aromatic compound); compounds 12 and
13 have been presented in Scheme 3. The gas-phase structure
of 12 was investigated using microwave spectroscopy, and the
molecule was found to be planar.?®l In the solid state, 13 has
C,, symmetry, and in the inorganic ring the largest deviation
from planarity is a mere 0.032 A for S1.2% The larger variation
in S—N bond lengths (1.538(3) A for N2—S3 vs. 1.609(3) A for
S1—N2) also suggests localization of mt-electrons in the apical
S—N bonds. The planarity of the compound in the solid state is
thus most likely to be a packing effect, attributable to the
small interplanar separation between the molecules.?’) The
6,7,8,9-tetrafluoro derivative of 13 was found to be planar to
within about 0.018 A in the crystal,® and the difference from
2 in the solid state is clear. The lengths of the various S—N
bonds in 6,7,8,9-tetrafluoro-(13) were found to be 1.531(5) A
for N2—-S3 and 1.604(4) A for SI-N2, and these values
indicate that fluorine substitution has only a small influence.
The same comment about planarity can also be made here.
The C-S distances in both 13 and 6,7,8,9-tetrafluoro-(13)
(1.731(3) and 1.737(4) A, respectively) are considerably short-
er than those found for 1 and 2.

Other solid-state structural data on 1 substituted with a
wide variety of substituents have recently been published. The
5-trifluoromethyl- and 6-fluoro derivatives of 1 are virtually
planar in the crystal, while the 5-methoxy and 6-methyl
derivatives show a clear folding along the N11-S14 line by
10.8(2)° and 6.9(1)°, respectively;P! in contrast, 7-methoxy-
(1) is planar.’?! These data clearly show the influence of
packing effects on the conformation of the heterocycle in the
solid state.

Conclusion

The present ab initio and GED study presents the first
structural characterization of 1,3A*9%2,4-benzodithiadiazine
and a number of its derivatives in the gas phase. The results
clearly illustrate the differences that exist between the solid-
state structure and that of the free molecule, in the absence of
packing effects. Furthermore, they give a clear indication of
the value of the results of calculations performed on both
compounds with two different correlated methods. In addi-
tion, the calculations allowed the accurate description of the
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precise effect of the introduction of a fluorine substituent in
the benzene ring on the conformation of the inorganic ring in
the molecule.
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Abstract: Several small, lipophilic rhe-
nium complexes form inclusion com-
plexes with native S-cyclodextrin (8-

otherwise insoluble corresponding li-
gands. The influence of the reaction
time and temperature on the configura-

tion of the reaction products has been
investigated in depth for one of these
complexes. Using a B-CD dimer, it

CD) and S-CD dimers. Association
constants larger than 10°mM~! were ob-
tained using dimers. The use of 5-CD
also enabled the synthesis of these
rhenium complexes in water, in excel-

. . synthesis
lent yields, through complexation of the

Introduction

Much research has been done over the last decades on the use
of technetium and rhenium for radiopharmaceutical applica-
tions,!! because of the favorable nuclear properties and easy
availability of *mTc, 18°Re, and ¥ Re. Radiopharmaceuticals,
like other drugs, usually need to be water-soluble in order to
be of practical use. Furthermore, for practical reasons,
complexes generally must be synthesized under aqueous
conditions, starting from sodium perrhenate. The required
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proved possible to specifically template
the formation of one configuration. The

radio-
: strength of the complexes of the rheni-
rhenium - supra- . . A
um complexes in cyclodextrin dimers
templated

may allow radiolabeling of biomole-
cules.

water solubility limits the applicability of lipophilic, and hence
non-water-soluble complexes as well as the choice of ligands
that can be used for complex formation.

B-Cyclodextrin (5-CD, Figure 1) and CD dimers can be
used for the complexation of a variety of guest species.”!
Usually, complexation in a cyclodextrin cavity improves the

Figure 1. Structure of S-cyclodextrin (5-CD).

solubility of hydrophobic guests in water. Among the most
interesting applications of these inclusion complexes is their
use in medicine.’* The use of cyclodextrin derivatives in drug
delivery or controlled release systems is extensively studied,”]
as they are attractive carriers due to their low toxicity and the
possibility to tune their delivery properties through chemical
modification. Although the advantageous effects of CD
complexation of certain drugs have been described exten-
sively,1% examples of their use in combination with radio-
pharmaceuticals remain scarce.['" 1

In this article native 5-CD as well as 8-CD dimers are used
to form complexes with non-water-soluble rhenium com-
plexes in order to introduce the water solubility required for
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potential use as radiopharmaceuticals. Furthermore, native
B-CD has been used to synthesize a variety of rhenium
complexes in water by forming inclusion complexes with the
precursor ligands. This novel type of cyclodextrin mediated
synthesis"®l greatly improves access to lipophilic metal com-
plexes, which may be capable of crossing the blood—brain
barrier.l !l The effects of the reaction time and temperature
on the configurational distribution of one of these complexes
have been investigated in depth. Furthermore, an unprece-
dented stereoselective templation of the formation of a
complex has been accomplished by using a S-CD dimer.
Finally, the first results in the development of a novel,
supramolecular strategy for the radiolabeling of biomolecules
are presented.

Results and Discussion
Cyclodextrin complexes of rhenium compounds

Synthesis of the rhenium complexes: Ligands 5, 10a, 10b
depicted in Schemes 1 and 2 are all lipophilic and possess
moieties that are known to be included in CD cavities, as well
as an NS-bidentate ligand part that allows them to form
bis(bidentate) complexes with rhenium. Ligand 5 was synthe-
sized in five steps, starting from 4-nitrophenol (1) in an overall
yield of 66 %. Ligands 10a and 10b were synthesized in four
steps, starting from 1-bromoadamantane (7), with overall
yields of 67 and 53 %, respectively.

Using NBu,OAc and NaOAc as bases, the ethylene glycol
functionalized amidothiol ligand 5 was treated with ReO-
(PPh;),Cl; in methanol to give complex 6 (EG,Re) in 78 %
yield (Scheme 1). Its formation was clearly proven by its
'H NMR spectrum showing the signals of the AB system
belonging to the SCH,C(O)N protons, which are anisochro-
nous due to the presence of the oxo ligand on only one side of
the complex. Using the same conditions as for the formation
of EG,Re 6, the adamantoxyethyl functionalized complex 11a

» Ry
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CI Cl
Br —m—m——— (0] HN ———
[
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Scheme 2. Synthesis of the complexes AdEt,Re 11a and AdPr,Re 11b.

(AdEt,Re) was obtained in a yield of 36%. The 'H NMR
spectrum (Figure 2) shows that the magnetic shielding aniso-
chrony, caused by the oxo ligand, did not only give rise to the
appearance of an AB system for the SCH,C(O)N protons
(a/a’ in Figure 2), but resulted in different signals for all of the
NCH,CH,O protons (b/b’ and c/c’). Analogously, the ada-
mantoxypropyl functionalized complex 11b (AdPr,Re) was
obtained in 11 % yield. The magnetic shielding anisochrony in
the "TH NMR spectrum, as observed for the complex AdEt,Re,
could also be seen here. However, the two CH,O protons no
longer exhibited different chemical shifts, due to the increased
spacer length, which puts them further from the source of the
anisochrony (i.e., the oxorhenium core).

The trans configuration of compound AdEt,Re 11a was
proven by X-ray crystal structure determination. Crystals of

1) PAIC, H,
AL or BN

O 2L O

89% —/ \—/ 2%
1
X
s K K0,
Cc| —»

AL O ”>_/ A Q >/._/ o

ReO(PPh,),Cl,
NaOAc
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H
_AS O h>_/SH
5 (o]

Scheme 1. Synthesis of the complex EG,Re 6, see Figure 5 for (#).
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50 48 46 44 42 40 38 386 3
Figure 2. Part of the 'H NMR spectrum (CDCl;) of complex AdEt,Re
11a. Inset: part of complex 11a.

T T

AdEt,Re, obtained by slow evaporation of a methanolic
solution of AdEt,Re, contain two independent AdEt,Re
moieties (see Figure 3). One of these is coordinated to a
[Mg(MeOH),]** ion through the C=0O group, while the other
accepts a hydrogen bond of one of the hydroxyl groups of the
[Mg(MeOH),]** ion.l'] Both AdEt,Re moieties clearly show

Figure 3. One of the AdEt,Re moieties in the X-ray crystal structure of
11a. Counter-ion omitted for clarity.

that the two bidentate ligands are indeed coordinated to the
oxo rhenium core in the expected fashion, that is S trans to S
and N trans to N. Due to the strong structural resemblance of
the complexes and their similar NMR spectra, it is assumed
that also in AdPr,Re 11b the ligands adopt the same
configuration. Although no crystals were obtained of the
complex EG,Re 6, an X-ray crystal structure of a similar
complex displays the trans configuration.['"! Since this com-
pound and EG,Re only differ in the length of their chains, it is
very likely that also EG,Re adopts the trans configuration.

Synthesis of f-cyclodextrin dimers: Three different 2'-con-
nected 5-CD dimers have been used (Figure 4). The dimer
that contains a benzophenone spacer (f,benz, 12) was
prepared following a strategy, which involves the use of (-
cyclodextrin, which is protected at the primary side with tert-
butyldimethylsilyl (TBDMS) groups. Reaction of 4,4"-bis-
(bromomethyl)benzophenone with deprotonated TBDMS-4-
cyclodextrin followed by deprotection using tetrabutylammo-
nium fluoride in THF yielded the desired dimer. The synthesis
of dimers containing a dipropylamine spacer ($,dpa, 13) and a
dipropylaminodansyl spacer (f,dans, 14) has been reported
previously.['®]

Complexes with native f-cyclodextrin: EG,Re 6 was designed
to form a 1:2 inclusion complex with native -CD, through

Chem. Eur. J. 2001, 7, No. 16
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Bzdpa 13

B,dans 14

Figure 4. f-CD dimers used for the complexation of small rhenium
complexes.

complexation of the two ethylene glycol tails and the
connected aromatic rings, inside the $-CD cavities. EG,Re
could be dissolved in D,O at room temperature up to a
concentration of 1.0mm. Upon the addition of 5-CD distinct
changes in the '"H NMR spectrum of EG,Re were observed.
The signals for the two sets of aromatic hydrogens, which
happen to be isochronous for EG,Re, initially shift and then
separate to show the expected AB coupling pattern as the
concentration of 3-CD increases. This indicates the formation
of an inclusion complex of 3-CD and EG,Re.

NMR titration data for the complex of 3-CD and EG,Re
could be fitted well to a 2:1 binding model with stepwise
association constants of (1.9 £0.3) x 10°m~! and (1.0 +0.3) x
103m~! for the first and the second B-CD unit, respectively
(Figure 5).'1 Not only does this confirm the formation of the

0 0002 0004 0006 0008 0010 0012
[8-CD]/ M

Figure 5. Titration curve for the determination of the stepwise association
constants for the complexation of EG,Re by -CD. (e: experimental, —:
calculated). The proton of which the shift was followed is marked in
Scheme 1 (#).

three-component inclusion complex, which could be expected
based on the design of the guest, but it also shows the
independence of the 8-CD binding sites of EG,Re.
Compounds AdEt,Re 11a and AdPr,Re 11b, each bearing
two adamantyl moieties, were also designed to form a 1:2
inclusion complex with native §-CD, but with much higher
association constants. Typical association constants for the
complexation of adamantane moieties by native -CD are
known to be in the range of 10*-10°M LI Due to the
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insolubility of AdEt,Re and AdPr,Re in water, it was not
possible to perform a titration as was done in the case of
compound EG,Re 6. Although no association constant was
obtained, 11a and 11b could be made water-soluble by the
addition of S-CD. Complexation of the two adamantane
compounds by native $-CD was proven by 'H NMR spectros-
copy (ROESY), which showed strong ROE contacts between
the protons of the adamantane moieties and the protons H-3
and H-5, at the inside of the B-CD cavity. Part of a
representative ROESY spectrum, shown in Figure 6, clearly
shows the ROE contacts observed for the inclusion complex
formed between 11a and -CD.
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F1 8

3

Ad®  Ad.protons Ad'Ad

Figure 6. Part of the ROESY spectrum of the inclusion complex of
AdEt,Re 11a and $-CD (H-3 and H-5 are inner protons of 3-CD).

Complexes with #-cyclodextrin dimers: The three different 2'-
connected (-CD dimers which have been used possess
different properties. The 5-CD dimer f,benz 12 was designed
to form complexes with large hydrophobic guests by a
cooperative effect of the two -CD moieties. The benzophe-
none (benz) spacer makes this dimer rather rigid and hence
not very capable of adjusting itself to facilitate binding of
guest species that do not exactly fit. The second $-CD dimer,
B.dpa 13, was designed for similar purposes as dimer j3,benz.
However, its more flexible dipropylamine (dpa) spacer allows
it to adjust itself in order to facilitate binding of different guest
species. Finally, dimer ,dans 14, carrying a fluorescent dansyl
moiety, allows the determination of association constants
through fluorescence titrations.') When dissolved in water,
the dansyl moiety partly resides in the combined cavities of
the B-CD dimer. Upon complexation of a suitable guest
species, the dansyl moiety experiences another polarity of the
surroundings, leading to a change in fluorescence intensity.
The complexation behavior of EG,Re 6 with the $-CD
dimer fB,benz 12 was studied in water using the continuous
variation method (Job’s plot) (Figure 7).} The change in
chemical shift of H* (marked in Figure 7) relative to the
chemical shift for S,benz, divided by the maximal chemical
shift change, multiplied by the concentration of S,benz is a
measure for the concentration of supercomplex EG,Re C
p.benz. This was plotted against the molfraction of 5-CD
dimer (fB,benz). The plot shows a maximum close to 0.5,
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Figure 7. Job’s plot to determine the stoichiometry of the inclusion
complex of EG,Re 6 with ,benz 12. The shift of the aromatic protons
ortho to the carbonyl of the benzophenone spacer of 12 was followed.

proving the expected 1:1 stoichiometry.?! The corresponding
association constant is (5.5 +£0.6) x 10°m~!, showing a weakly
cooperative binding when compared to the binding in native
B-cyclodextrin.

The most likely mode of complexation would be the
threading of the ethylene glycol tails through the S-CDs,
followed by binding of the aromatic rings inside the 5-CD.P!
Although both components show substantial changes in their
'"H NMR signals upon complexation of EG,Re by dimer
f,benz, no NOE contacts between EG,Re and S,benz could
be observed. This is probably due to a rather loose fit of
EG,Re in f,benz, as also suggested by the moderate
association constant and the weak cooperative effect. Al-
though no conclusive structural information could be ob-
tained for the superstructure of EG,Re C f,benz, the large
chemical shifts observed upon mixing of EG,Re and f,benz
and the observed 1:1 stoichiometry, strongly suggest that
complexation occurs inside the 5-CD cavities.

Due to the aforementioned insolubility of complex
AdEt,Re 11a in water, no 'H NMR titration experiments
could be performed to determine the binding constants of
AdEt,Re with $-CD dimers f,benz (12) and f,dpa (13).
However, 'TH NMR experiments showing strong NOE con-
tacts between the protons of the adamantane moieties and the
protons H-3 and H-5 on the inside of the 5-CD moieties of
both dimers, proved the formation of the supercomplexes
AdEt,Re C f,benz and AdEt,Re C f,dpa. To be able to
determine the association constant for the complexation of
AdEt,Re 11a by a -CD dimer, dimer f,dans 14 was used.
With a structure comparable to that of the dimer 5,dpa 13, the
two dimers should display similar binding behavior. The
presence of a fluorescent probe in ,dans 14 makes it possible
to determine association constants by means of a series of
fluorescence titrations. They were performed in different
water/methanol mixtures, since complex AdEt,Re 11a could
be dissolved in mixtures with up to 80% water. Similarly,
association constants were determined for AdPr,Re 11b,
which differs from AdEt,Re 11a only in the length of the
carbon chains linking the adamantane moieties to the ligating
part of the complex. The association constants found for the
complexation of the bis(adamantane) guests by the 5-CD
dimer ranged from about 10°M~! in MeOH/H,O 50:30 to
about 108M~! in MeOH/H,O 20:80.1%
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The influence of a binary solvent medium on the associa-
tion constants for binding of a guest by 5-CD has been studied
by Connors et al., who dissected the free energy change for
complex formation in contributions stemming from solvent —
solvent interactions (the general medium effect), solvent-—
solute interactions (the solvation effect), and solute —solute
interactions (the intersolute effect).?! In order to find the
association constant for the binding of the bisadamantane
guest by the CD dimer in 100 % water, an extrapolation of the
binding constants observed in the methanol/water mixtures is
needed. Of the three factors described by Connors et al., the
part describing the solvent—solvent interactions can be used
as is, since in both cases a methanol/water system is studied.
Although the system described by Connors et al. deals with
complexation of a guest by a-CD, the interactions between (-
CD (used here) and the solvents are here assumed identical.
Since the factor describing the solute —solute interactions is
considered to be independent of the medium (i.e., the AG of
complex formation in pure water), it is possible to fit a curve
to the experimental datapoints, which can be extrapolated to
give the association constant in 100 % water. Both in the case
of AdEt,Re 11a and AdPr,Re 11b, the same set of
parameters®! was used to fit the curves to the datapoints
(Figure 8).

10.07 + log KAdEt,Re exptl
....... log K AdEt,Re fit
9.09- o log KAdPr,Re exptl
2 —log KAdPr,Re fit
X’ 8.0
[=23
o
7.0
6.0 ©
5.0 T T !
o} 60

0 40
vol. % MeOH

Figure 8. Determination of the association constants for the complexation
of AdEt,Re 11a and AdPr,Re 11b, by 5-CD dimer f,dans 14.

By extrapolation of the curve, a K value of ~10°m~! for the
complexation of AdEt,Re 11a by f,dans 14 in 100 % water
(Figure 8) was found. This indeed shows that the adapted
design of the guest (i.e., the introduction of the more bulky
adamantane moieties) results in a dramatic increase in the
association constant. A determination of the association
constant for the complexation of AdPr,Re 11b by f,dans 14
in 100% water, again through extrapolation, resulted in a
higher association constant (Figure 8).%°1 From this, it is clear
that fine-tuning of the association constant is possible by
relatively small adjustments to the structure of the guest. It
was found that the association constants for guests in dimer
pB.dpa 13 are generally larger than those obtained using dimer
p,dans 14, owing to enhanced cooperativity of the cavities in
13.0%1 With binding constants of this magnitude, supercom-
plexes such as AdEt,Re C f,dpa rather than the “guest
complex” AdEt,Re 11a may be considered the actual radio-
pharmaceutical.l’]

Chem. Eur. J. 2001, 7, No. 16
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These results show that several non-water-soluble and
inherently lipophilic rhenium complexes can be made water-
soluble by the addition of $-CD, thus widening the range of
complexes that can be used in nuclear medicine. The
numerous possibilities to tune the strength of the association
complexes offer interesting opportunities for the controlled
release of radiopharmaceuticals.*]

Cyclodextrin-mediated complex formation: In nuclear med-
icine, complexes must be synthesized starting from an
aqueous solution of sodium perrhenate, as this is the sole
source of ¥8Re. Like the analogous technetium(v) gluco-
nate,”” thenium(v) gluconatel®! is often used as a precursor
for the preparation of rhenium(v) complexes. Exchange
reactions with appropriate ligands may be carried out in
aqueous or aqueous/organic solutions and the resulting Re
complexes are, as a rule, of high (radiochemical) purity.
However, the required water solubility limits the use of
lipophilic ligands. Cyclodextrins are known to mediate a
variety of organic reactions,[¥! but to the best of our knowl-
edge they have so far not been used to mediate the formation
of otherwise water insoluble metal complexes. Here we
present the cyclodextrin mediated formation of metal com-
plexes of water insoluble ligands in aqueous solution, starting
from the precursor rhenium(v) gluconate.?’)

Native CD-mediated synthesis: Being slightly water-soluble,
the NS ligand functionalized with an ethylene glycol chain §
could be used to synthesize the complex EG,Re 6 under
aqueous conditions. Hereto a rhenium gluconate solution was
adjusted to pH 10 by 1N NaOH and the ligand 5, dissolved in a
minimal amount of MeOH, was added. After 1h, one
equivalent of NBu,Cl was addedP®” and the mixture was
extracted with chloroform to give analytically pure EG,Re 6
in good yield (83%). In order to perform the reaction in the
absence of any organic solvent, the ligand 5§ was dissolved in
pure water as its 5-CD complex. Performing the complex
formation as described above (1h, RT) resulted in the
isolation of EG,Re in even higher yield (93 %). Analysis of
both products proved them identical to the ones synthesized
in organic solvents.

The more lipophilic adamantane ligand 10a could only be
dissolved in water by complexing it with 8-CD. Performing the
reaction as described above (1 h, RT) resulted in the isolation
of a mixture of two products in an overall yield of 95 %. These
products could not be separated, so analyses were done on the
mixture, rather than the pure compounds. The 'H NMR
spectrum showed that one of these products was identical to
AdEt,Re (11a) when synthesized in organic solvents. The
other product displayed very similar signals, but at different
positions.B! Both FAB-MS and elemental analysis indicated a
composition identical to AdEt,Re. This strongly suggests that
the second product is the cis configuration of complex
AdEt,Re.P2l The formation of both isomers of complex
AdEt,Re (i.e., trans-11a and cis-11a) is depicted schemati-
cally in Scheme 3. The ratio of cis-AdEt,Re:trans-AdEt,Re,
as determined by integration of their 'H NMR signals, was
15:85 (entry 1, Table 1).
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Scheme 3. -CD facilitated formation of AdEt,Re (cis and trans).

Table 1. Relative yields of cis-AdEt,Re (cis-11a) and trans-AdEt,Re
(trans-11a) for different ¢ and T (total yields for all entries > 95%).

t, [h] T, [°C] 1, [h] T, [°C] % cisl?l % trans!d)
1 1 RT - - 15 85
2 1 0 - - 51 49
3 1 0 1.5 0 22 78
4 1 0 1.5 55 6 94
5 1 55 1.5 55 <1 >99

[a] Determined by '"H NMR; error + 2%.

To investigate the time and temperature dependence of this
ratio, the same reaction was performed for different times and
at different temperatures, keeping all other conditions the
same (Table 1). For all entries the total yield of isolated
complex (cis+trans) was >95%. A comparison of entries 2
and 3 shows that an increase in reaction time results in a shift
in the ratio cis-AdEt,Re:trans-AdEt,Re in favor of the latter;
this indicates that the cis product is converted into the trans
product.

A comparison of entries 3 and 4 shows that the cis/trans
conversion proceeds faster at elevated temperatures. Finally,
entry 5 shows that when the reaction is carried out at 55 °C for
the whole 2.5 h the trans product is formed almost exclusively.
Apparently, the complex formation reaction initially gives a
mixture of the cis and trans products, followed by complete
conversion into the thermodynamically more stable trans
product. Applying the same reaction conditions (i.e., 2.5 h at
55°C) to the formation of AdPr,Re 11b in water, starting
from the ligand 10b, gave exclusively the expected trans
complex in 95 % yield.

Refluxing a chloroform solu- ¥
tion of the cis/trans mixture of /‘[— j/\
entry2 for a period of 5h N
(61°C) did not result in a
change in the ratio of cis-
AdEt,Re:trans-AdEt,Re. Re-
dissolving the same mixture in
a basic solution of B-CD and
sodium gluconate and stirring

3608
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0 this at 0°C for 1.5 h, resulted in
a cis to trans ratio of 25:75.

NS Having undergone identical re-
e action periods and times as
N s .
\ / those used for entry3 (i.e.,
o>/ 1h+1.5h at 0°C), this sample
) shows a ratio that is in good
cis-11a

agreement with the ratio ob-
served for entry 3. Redissolving
o several cis:trans mixtures in

T By aqueous solutions only contain-

N\ﬁ/s ing $-CD (i.e., no sodium gluc-

A onate and NaOH) and stirring
S

U for 24 h at room temperature,

éo never resulted in a change of

trans-11a these ratios. These results clear-

ly show that the cis/trans con-

version can only take place

under the reaction conditions
used for the complex formation and that when a mixture is
isolated and subsequently resubjected to these reaction
conditions this conversion can again continue to take place.
This strongly suggests the fast formation of a kinetic product
or product mixture that is unstable under the reaction
conditions, allowing it to be slowly interconverted to the
thermodynamic product.

P-CD dimer templated synthesis: Owing to the orientation of
the -CD cavities of the dimers, they should be capable of
preorganizing two molecules of the bidentate ligand 10a in
such a way that complex formation can only take place in a
trans fashion rather than a cis fashion (Scheme 4).7 To
investigate whether $-CD dimer f,dpa 13 could indeed
templateP* the formation of trans-AdEt,Re, trans-11a, a
reaction was performed under exactly the same conditions as
used for entry2 of Table 1, but using S-CD dimer S,dpa
instead of native 5-CD (0.55 equiv per ligand). Whereas for
entry 2 the cis to trans ratio was 51:49, the '"H NMR spectrum
of the obtained product, using the 3-CD dimer S,dpa (0°C,
1 h), showed 100% of the trans product and no detectable
signals of the cis product. The complex was obtained in 96 %
yield and the template f,dpa, used in this reaction, could be
recovered in 83 % yield by dialysis of the aqueous phase. This
excellently proves that 3-CD dimer f,dpa is an efficient and
reusable template for the formation of a metal complex. To
the best of our knowledge, this is the first example of a
stereoselective complex formation that is templated by a
supramolecular system.

K

trans-11a

N\ﬁ/_‘
%U@

o)

Scheme 4. Templated formation of trans-AdEt,Re 11a by 5-CD dimer ,dpa 13.
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In all cases described, the yields for cyclodextrin-mediated
rhenium complex formation in water are much higher than
those for the synthesis of the same complexes in organic
solvents. This clearly demonstrates cyclodextrin-mediated
synthesis to be a powerful new tool, granting easy access to
a range of lipophilic rhenium complexes that can be further
extended by using a- or y-cyclodextrin. The rapid reaction
and absence of impurities render this method interesting for
radiopharmaceutical applications, as these characteristics
reduce loss of radioactivity to a minimum. Adding to the
versatility of the method is the control over the stereo-
chemistry of the product. The trans isomer of the complex can
be obtained exclusively by performing the reaction at
elevated temperatures. If heating is prohibited because the
ligand systems used are prone to decomposition or racemi-
zation, a 8-CD dimer may be used to template the formation
of this isomer. Conversely, shorter reaction times or CD
dimers with another geometry may enable the isolation of the
cis complex.

A mixed ligand complex: Katzenellenbogen et al.?> ] have
described the preferential formation of heterodimeric bis-
(bidentate) rhenium and technetium complexes in organic
solvents. To investigate the possibility of synthesizing this type
of complexes in water, and to see whether the same
preferences could be observed when performing S-CD
facilitated rhenium complex formations, the synthesis of the
neutral heterodimeric bis(bidentate) N,S, rhenium complex
AdPr-Pyr-Re 18 was carried out.

Hereto the bidentate pyridine ligand 17 was synthesized in
two steps, starting from 2-picolyl chloride 15 (Scheme 5).

10b, ReO(PPh),Cl

\ Xy KeCOs X NaOAc (45%)
. - -
7 8% 8% NZ or: 10b, B-CD, Re(gluc),,
NaOH (79%)
15 16 17

Scheme 5. Synthesis of the neutral heterodimeric bis(bidentate) N,S, rhenium complex AdPr-Pyr-Re 18 in

organic solvents and in water.

Using equimolar amounts of the ligands 17 and 10b, the
heterodimeric bis(bidentate) rhenium complex 18 was first
synthesized in organic solvents (MeOH/CHCL;). The 'H NMR
spectrum of the crude reaction product showed that three
bis(bidentate) complexes (i.e., AdPr-Pyr-Re 18, AdPr,Re
11b, and Pyr,Re) had been formed, their ratios being about
10:1:1 (as estimated from the '"H NMR spectrum). The desired
complex AdPr-Pyr-Re 18 was obtained in 45% yield after
flash column chromatography®* 3 and its '"H NMR spectrum
(Figure 9) clearly displayed the expected two AB systems
belonging to the SCH, protons of both the adamantane and
the pyridine ligand in a 1:1 ratio. Since the pyridine ligand
only carries one negative charge, the resulting complex is
neutral, rather than mono-anionic as was the case for the
previously described N,S, complexes.

By adding $-CD, the ligands 17 and 10b could be dissolved
in water,®! making it possible to form AdPr-Pyr-Re 18 in
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Figure 9. 'H NMR spectrum in CDCl; of complex AdPr-Pyr-Re 18.

water with rhenium(v) gluconate as a precursor complex. To
avoid the formation of mixtures of cis and trans complexes,
the reaction mixture was stirred at 55°C for 5 h (see above).
The 'H NMR spectrum of the crude reaction product again
showed the formation of all three bis(bidentate) complexes in
ratios similar to those observed when performing the syn-
thesis in organic solvents. However, due to the nearly
complete absence of side products,*) the desired product
AdPr-Pyr-Re 18 could be obtained in 79 % yield after flash
column chromatography. Analysis proved it to be identical to
the complex obtained by synthesis in organic solvents.
Confirmation for the trans configuration of the complex
AdPr-Pyr-Re 18 came from its X-ray crystal structure (Fig-
ure 10). This clearly shows the orientation of the two
bidentate ligands, resulting in an N frans to N and S trans to
S arrangement around the oxo rhenium core.
Although the observed preferential formation of the
heterodimeric bis(bidentate) complex 18 was not as strong
as observed by Katzenellenbo-
gen et al. (99 % formation of the

] heterodimeric  bis(bidentate)

N complex),?>31 a strong prefer-

(/NI ence can still be observed. Per-
I . o

s N i\ forming the reaction in water

apparently does not change the
general preference to form the
mixed ligand complex.

AdPr-Pyr-Re 18

Supramolecular labeling of biomolecules: The known bene-
ficial properties of cyclodextrins for pharmaceutical applica-
tions have prompted research efforts to go one step further. In
combination with other carrier materials cyclodextrins may
offer the possibility to deliver drugs to a targeted site. Several
large biologically active peptides have been coupled to

Figure 10. One of the independent AdPr-Pyr-Re molecules in the X-ray
crystal structure of the heterodimeric bis(bidentate) rhenium complex 18.
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cyclodextrins.*!l If a spacer is
introduced, neither the interac-
tion of the peptide with its
receptor nor the guest binding
ability of the cyclodextrin are
influenced substantially.[*] In
nuclear medicine, target-specif-
ic radiopharmaceuticals are
synthesized through both pre-
and postlabeling of biomole-
cules.™ Although widely used,
both methods have the inherent
disadvantage, that a certain de-
gree of radiolysis of the biomo-
lecules will occur since both
radioisotope and biomolecule
will be present in relatively high
concentrations for an extended
period of time (i.e., the time =,
required for the conjugation or g
chelation step, respectively).

The results presented here so
far may offer the possibility of a
novel, supramolecular ap-
proach toward the radiolabel-
ing of biomolecules. Hereto a
cavity-containing moiety, that is
a CD containing functionality (Scheme 6) is first linked to a
biomolecule. The actual labeling step is now the complexation
of a small radioisotope complex, which can be synthesized
separately. As the complexation will take place almost

not to scale).

chelation o
»

inclusion

Ia_beling

conjugation
A -
>

Scheme 6. Supramolecular labeling approach.

instantaneously, this approach has the potential to decrease
damage to the biomolecule to an absolute minimum. In order
for this approach to be successful, a strong complex between
the cavity-containing molecule and the radiopharmaceutical
is necessary to prevent rapid dissociation of the complex.

Bioconjugation of a f-CD dimer: Biomolecules are often
coupled through the reaction between a thiol and a malei-
mide,*! usually after coupling of these moieties to free amino
groups of lysine residues. Thus, the amino group of dimer
P.dpa 13 was functionalized with a thiol group by reaction
with the N-hydroxysuccinimide ester of S-acetylthioacetic
acid (SATA), followed by basic hydrolysis of the thioester,
using NH,OH, to give 19 (Scheme 7).[4]

Cytochrome C (Cyt C), although not a protein used in drug
targeting, was used as a model biomolecule because of the
high purity in which it is commercially available. The bifunc-
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Scheme 7. Synthesis of the cytochrome C/$-CD dimer conjugate, Cyt C/f,dpa 21 (schematical representation,
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Gyt &/ fidpa 21

tional reagent succinimidyl 6-(N-maleimido)-n-hexanoate
(MHS) was linked to Cyt C by reaction with free lysine NH,
moieties.* After reaction with an excess of MHS, the Cyt C
was purified using a PD-10 desalting column packed with
Sephadex G-25. Subsequently, the thiol-functionalized 5-CD
dimer 19 was treated with the maleimide-functionalized
Cyt C, followed by dialysis (cutoff My, ~10000) to give the
dimer functionalized Cyt C 20.

The MALDI-TOF spectrum showed a large cluster of
signals around m/z 13301, belonging to Cyt C functionalized
with an average of five maleimide moieties. A smaller signal
cluster around m/z 15868 corresponds to Cyt C with five
maleimide moieties and one 5-CD dimer (calcd mass 15858);
this indicates that the strategy to functionalize Cyt C was
indeed successful. Microcalorimetric titrations showed that
the first additions of a known ditopic guest for cyclodextrin
(sodium deoxycholate) to the mixture obtained caused larger
exothermic heat effects than the reference experiments,
strongly suggesting inclusion of the guest by the cyclodextrin
dimer. Although binding constants could not be obtained due
to the unknown ratio of functionalized to non-functionalized
Cyt C, this proves the principle of the supramolecular labeling
of radiopharmaceuticals.

Conclusion

Several small rhenium complexes, synthesized in organic
solvents, have been shown to form inclusion complexes with
native f-CD, thus becoming water-soluble. Several (-CD
dimers form 1:1 inclusion complexes with these rhenium
complexes, with association constants >10°M~! for the super-
complex AdPr,Re C f5,dans.
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Water-solubilizing only the ligands has been shown to be a
powerful new tool for the synthesis of very lipophilic rhenium
complexes, affording high yields without the need for tedious
purification steps. Through cyclodextrin mediated synthesis,
homo- as well as heterodimeric bis(bidentate) rhenium
complexes could be synthesized, as was proven by their
X-ray crystal structures. Variation of reaction time, reaction
temperature, or the cyclodextrin derivative used provided
excellent control over the configuration of the rhenium
complex obtained. Using a cyclodextrin dimer afforded the
first example of a stereoselective formation of a metal
complex that is templated by a supramolecular system. The
high degree of configurational control might make this an
interesting new tool not only in pharmacology, but also in the
field of coordination chemistry in general. The use of different
ligands and of a- and y-CD can further widen the scope of this
approach.

Finally, the use of very strong supercomplexes such as those
presented here could be the basis for a novel, supramolecular
method for the labeling of biomolecules.

Experimental Section

General information: NMR experiments were performed using a Varian
Unity 400 WB NMR spectrometer operating at 400 and 100 MHz for the
'H and *C nuclei, respectively. All spectra were recorded in CDCl;. 'H,
BC, COSY,“! clean-TOCSY (MLEV17),#l NOESY,® and HMQCH)!
experiments were used for the assignment of the 'H and “C NMR
resonances. All 2D spectra were collected as 2D hyper-complex data.[>!
After weighting with shifted sine-bell functions, the COSY data were
Fourier transformed in the absolute value mode while the clean-TOCSY
(MLEV17) and HMQC data were transformed in the phase-sensitive
mode. All data processing was performed using standard Varian VnmrS/
VnmrX software packages. COSY and TOCSY spectra were accumulated
typically with 256 increments and 32 scans per increment. In the clean-
TOCSY experiments the mixing time of the MLEV17-pulse was arrayed
between 30 and 100 ms; in the NOESY experiments mixing times of 30 to
90 ms were applied. Routine experiments were recorded on a Varian Inova
NMR spectrometer operating at 300 and 75.5 MHz for 'H and C,
respectively. All spectra were recorded in CDCl; unless otherwise stated.
Residual solvent protons were used as internal standard and chemical shifts
are given in ppm relative to tetramethylsilane (TMS). Fast atom bombard-
ment (FAB) mass spectra were measured on a Finnigan MAT 90
spectrometer using m-nitrobenzyl alcohol (NBA) as a matrix. Identifica-
tion of the Cyt C compounds was performed by matrix assisted laser
desorption ionization (MALDI) time-of-flight (TOF) mass spectrome-
tryl-3 using a PerSeptive Biosystems Voyager-DE-RP MALDI-TOF
mass spectrometer (PerSeptive Biosystems, Inc., Framingham, MA, USA)
equipped with delayed extraction.™ A 337nm UV Nitrogen laser
producing 3 ns pulses was used and the mass spectra were obtained both
in the linear and reflectron mode. Mass assignments were performed with
unmanipulated spectra (no smoothing or centering, etc.) for an optimal
correlation between observed and calculated masses.

All solvents were purified by standard procedures. All other chemicals
were analytically pure and were used without further purification. All
reactions were carried out under an inert argon atmosphere. The presence
of solvent in the analytical samples was confirmed by 'H NMR spectro-
scopy. Melting points (uncorrected) of all compounds were obtained on a
Reichert melting point apparatus. The synthesis of compounds 13 (5,dpa)
and 14 (B,dans) was published elsewhere.['%! 4 4'-Bis(bromomethyl)benzo-
phenonel® and TBDMS-protected S-cyclodextrin®® were prepared by
literature procedures.

EG-NO, (2):5"l A mixture of nitrophenol (5.60 g, 40 mmol), 2-bromoethyl-
ethyl ether (12.24 g, 80 mmol), and potassium carbonate (11.04 g, 80 mmol)
in CH;CN (200 mL) was heated under reflux overnight, after which the
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solvent was evaporated. The remaining solid was taken up in CH,Cl,
(500 mL) and 1nx HCI (500 mL). The organic layer was washed with IN
HCI (2 x 250 mL), water (250 mL), and brine (250 mL). After evaporation
of the solvent, the remaining solid was recrystallized from CH,Cl,/hexane
to give 2 as light gray needles (7.5 g,89 % ). M.p. 156-158°C; 'HNMR: d =
821 (d, J=8.7 Hz, 2H; ArH), 6.98 (d, J=8.7 Hz, 2H; ArH), 421 (t, /=
5.1 Hz, 2H; OCH,), 3.80 (t,/ = 5.1 Hz, 2H; CH,0), 3.62 (q,/ = 6.9 Hz, 2H;
CH,CH,), 1.25 (t, J=6.8 Hz, 3H; CH,); *C NMR: 6 =165.1, 142.0, 125.9,
114.2, 69.2, 677, 66.7, 15.1; FAB-MS: m/z (%): 211.2 (100) [M]*; elemental
analysis calcd (%) for C;(H;3NO, (211.1): C 56.87, H 6.20, N 6.63; found: C
57.03, H 6.35, N 6.49.

EG-CI (3): A suspension of 10% Pd/C (200 mg) in CH,Cl, (200 mL) was
stirred for 30 min under a H, atmosphere. A solution of 2 (2.11¢g,
10.0 mmol) in CH,Cl, (50 mL) was added and the reaction was stirred
under a H, atmosphere at RT for 12 h. Subsequently, Et;N (1.21g,
12.0 mmol) was added, and a solution of chloroacetyl chloride (1.34 g,
12.0 mmol) in CH,Cl, (50 mL) was added dropwise, and stirring was
continued under a H, atmosphere for another 12 h. The suspension was
filtered over Celite and the filtrate was washed with 1N HCI (2 x 150 mL),
water (150 mL), and brine (150 mL), after which it was dried using MgSO,.
Evaporation of the solvent gave crude 4, which was purified by column
chromatography (silica gel, CH,Cl,/MeOH 99:1) to give analytically pure 3
as a light brown solid (2.7 g, 82 %, based on 2). M.p. 132-134°C; 'H NMR:
0=8.19 (brs, 1H; NH), 742 (d, J=8.8 Hz, 2H; ArH), 6.91 (d, /=8.8 Hz,
2H; ArH), 4.16 (s, 2H; CH,Cl), 4.11 (t, /=5.1 Hz, 2H; OCH,), 3.78 (t,/ =
5.1 Hz, 2H; CH,0), 3.61 (q, J=6.9 Hz, 2H; CH,CH3;), 1.24 (t, /= 6.8 Hz,
3H; CH;); "C NMR: 6 =163.7, 156.3, 129.9, 121.9, 115.0, 68.8, 67.7, 66.8,
42.8, 15.1; FAB-MS: m/z (%): 2574 (100) [M]*; elemental analysis calcd
(%) for C;,H;4CINO; (257.1): C 55.93, H 6.26, N 5.43; found: C 55.78, H
6.21, N 5.40.

EG-SC(O)CH; (4): A solution of 3 (2.00 g, 7.78 mmol) in DMF (50 mL)
was added dropwise to a suspension of potassium thioacetate (1.05 g,
9.34 mmol) in DMF (10 mL). The solution was stirred overnight in the
dark, after which time CH,Cl, (250 mL) was added. The solution was
washed with 1N HCI solution (5 x 200 mL), water (200 mL), and brine
(200 mL). After drying with MgSO,, the solvent was removed in vacuo, to
afford pure 4 as a light brown oil (2.2 g,95%). '"HNMR: 6 =7.83 (brs, 1H;
NH), 7.39 (d, J=8.7 Hz, 2H; ArH), 6.96 (d, J=8.7 Hz, 2H; ArH), 4.09 (t,
J=5.1Hz,2H; OCH,), 3.77 (t,/=5.1 Hz, 2H; CH,0), 3.60 (q, /= 6.9 Hz,
2H; CH,CH,), 3.52 (s, 2H; CH,S), 2.29 (s, 3H; CH3;), 1.22 (t, J=6.8 Hz,
3H; CH;); BC NMR: d =195.0, 166.5, 155.8, 129.7, 121.7, 114.9, 68.9, 67.6,
66.8, 42.7, 32.6, 15.2; FAB-MS: m/z (%): caled for C,;H;()NO,S: 297.1,
found: 297.3 (100) [M]*.

EG-SH (5): A solution of 4 (1.00 g, 3.37 mmol) in MeOH (50 mL) was
added to a solution of potassium carbonate (2.07 g, 15 mmol) in water
(25 mL). N, gas was bubbled through the mixture for 20 min, after which
time the solution was heated under reflux for 20 min. After the solution had
cooled down to RT, 2x HCl solution (200 mL) was added, and the solution
was extracted with CH,Cl, (2 x 100 mL). After washing the combined
organic layers with water (100 mL) and brine (100 mL), they were dried
with MgSO, and evaporated to dryness in vacuo, to give 5 as a brown solid,
which was used immediately, without any further purification (0.82 g,
95%). 'THNMR: 0 =7.54 (brs, 1H; NH), 741 (d,/ =8.7 Hz, 2H; ArH), 6.91
(d,J=8.7Hz,2H; ArH),4.10 (t,/ =5.1 Hz,2H; OCH,), 3.80 (t,/ = 5.1 Hz,
2H; CH,0), 3.59 (q, /=6.9 Hz, 2H; CH,CH,), 3.28 (d, /=8.7 Hz, 2H;
CH,S), 1.92 (t, J=8.7 Hz, 1H; SH), 1.23 (t, /= 6.9 Hz, 3H; CHj;).

EG;Re (6)

i) in organic solvents: N, gas was bubbled through a mixture of 5 (0.53 g,
2.00 mmol), NBu,OAc (0.27 g, 0.90 mmol), and NaOAc (0.32 g, 4.00 mmol)
in MeOH (50 mL) for 20 min, after which time the solution was heated
under reflux for 15 min. ReO(PPh;),Cl; (0.76 g, 0.90 mmol) was added,
together with CHCIl; (50 mL), and the solution was again heated under
reflux for 5 h. After addition of CHCl; (250 mL), the mixture was washed
with IN HCI (250 mL), water (250 mL), and brine (250 mL). Column
chromatography (silica gel, CH,Cl,/MeOH 9:1) gave 6 as a brown-red oil
(0.67 g, 78%). '"H NMR (CDCly): 6 =7.15/6.91 (2d, J=8.6 Hz, 2 x4H;
ArH), 4.13 (t, J=5.0 Hz, 4H; ArOCH,), 3.83/3.69 (ABq, J=17.7Hz, 2 x
2H; CH,S), 3.86 (m, 4H; ArOCH,CH,), 3.60 (q, /J=70Hz, 4H;
OCH,CH;), 2.94 (m, 8H; NCH,), 1.47 (m, 8H; NCH,CH,), 1.34 (m, 8H;
CH,CH;), 124 (t, J=6.9Hz, 6H; OCH,CH,), 0.97 (t, J=73Hz, 12H;
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CH,CH,); 'H NMR (400 MHz, D,0, 30°C): 6 =708 (m, 8H; ArH), 4.17
(m, 4H; ArOCH,), 3.86/3.74 (ABq, %oz = 15.2 Hz, 2 x 2H; CH,S), 3.82 (m,
4H; ArOCH,CH,), 3.61 (q, J=6.8 Hz, 4H; OCH,CH;,), 321 (m, 8H;
NCH,), 1.57 (m, 8H; NCH,CH,), 1.25 (m, 8H; CH,CHS,), 1.13 (t,/ = 6.8 Hz,
6H; OCH,CH), 0.85 (m, 12H; CH,CH,); *C NMR: 6 = 195.7, 155.9, 1475,
129.6, 113.5, 69.1, 67.5, 66.8, 58.6, 39.0, 23.8, 19.7, 15.2, 13.6; FAB-MS: m/z
['®"Re, correct isotope pattern], (%): 709.5 (100) (negative mode, [M —
NBu,]"), 242.1 (100) (positive mode, [NBuy]*).

ii) in water: A NaRe(gluc), solution (2.8 mL, 0.19 mmol), adjusted to
pH 10 by the addition of 1N NaOH (aq), was added to a nitrogen flushed
solution of 5 (0.10 g, 0.38 mmol) in water (100 mL). The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 1 h at
RT. NBu,OAc (0.06 g, 0.19 mmol) was added and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined extracts were washed
with water (150 mL) and brine (150 mL) and dried using MgSO,. The
solvent was removed under reduced pressure, giving 6 as a brown-red oil
(0.15 g, 83 % ). Characterization proved it to be identical to 6 synthesized in
organic solvents.

iii) in water with native f-CD: A NaRe(gluc), solution (14.84 mL,
0.66 mmol), adjusted to pH 10 by the addition of 1IN NaOH (aq), was
added to a nitrogen flushed solution of S-cyclodextrin (2.90 g, 2.55 mmol)
and 5 (0.54 g, 2.04 mmol) in water (200 mL). The resulting mixture was
flushed with nitrogen for an additional 5 min and then stirred for 1 h at RT.
NBu,OAc (0.20 g, 0.67 mmol) was added and the mixture was extracted
with CH,Cl, (3 x 100 mL). The combined extracts were washed with water
(250 mL) and brine (250 mL) and dried using MgSO,. The solvent was
removed under reduced pressure, giving 6 as a brown-red oil (0.58 g, 93 %.
Characterization proved it to be identical to 6 synthesized in organic
solvents.

AdEt-Cl (8a): According to a literature procedure,” 1-bromoadamantane
(7) and 2-aminoethanol were combined. The exclusive substitution
described on oxygen rather than nitrogen was not observed. Instead, a
3:1 mixture was obtained. To this mixture (0.5 g, 2.56 mmol) and Et;N
(0.51 g, 5.13 mmol) in CH,Cl, (25 mL) was added dropwise a solution of
chloroacetyl chloride (0.76 g, 6.66 mmol) in CH,Cl, (25 mL). After stirring
overnight at RT, the solution was washed with 2x HCI solution (3 x
100 mL), water (100 mL), and brine (100 mL). After drying with MgSO,,
the solvent was removed in vacuo, to afford a mixture of products which
was separated by column chromatography (silica gel, CH,Cl,/MeOH
97.5:2.5) to give 8a as a colorless oil (0.94 g, 71%; max yield: 75%);
'H NMR: 6="706 (brs, 1H; NH), 4.05 (s, 2H; CH,Cl), 3.52 (m, 2H;
OCH,),3.43 (m,2H; CH,N), 2.15 (brs,3H; Ad), 1.73 (m, 6 H; Ad), 1.62 (m,
6H; Ad); *C NMR: 6 =165.6, 72.3, 58.1, 42.5, 41.3, 40.0, 36.2, 30.3; FAB-
MS: m/z (%): caled for C,4H,,CINO,: 271.1, found: 272.2 (100) [M+H]*.

AdPr-ClI (8b): A solution of 1-bromoadamantane (7,2.00 g, 9.30 mmol) and
triethylamine (3 mL, 21.60 mmol) in 3-amino-1-propanol (30 mL) was
heated under reflux overnight. After cooling down to RT, CH,Cl, (150 mL)
was added to the mixture, and the resulting solution was washed with 0.1N
NaOH solution (5 x 100 mL) and with a mixture of brine/IN NaOH (3:1,
100 mL). After drying the solution with Na,SO,, the solvent was
evaporated under reduced pressure to give a crude reaction mixture
(1.74 g, 6.09 mmol) which was used without purification. The 'H NMR
spectrum of the crude reaction mixture showed that 70 % of the mixture
was the desired product of substitution on the oxygen, the other 30 % being
the secondary amine. Compound 8b was synthesized from this mixture
according to the procedure described for compound 8a. The crude product
was purified by column chromatography (silica gel, CH,Cl,/MeOH 99:1) to
give 8b as an orange-red oil (0.97 g, 56 %, max yield: 70%); 'H NMR: 6 =
7.50 (brs, 1H; NH), 4.00 (s, 2H; CH,Cl), 3.55 (t, /=5.5 Hz, 2H; OCH,),
3.40 (m, 2H; CH,N), 2.12 (m, 3H; Ad), 1.73 (m, 6H; Ad), 1.73 (m, 2H;
OCH,CH,), 1.59 (m, 6H; Ad); *C NMR: 6 =165.6, 72.4, 59.5, 45.2, 41.4,
39.5, 36.3, 30.4, 28.9; FAB-MS: m/z (%): calcd for C;sH,,CINO,: 285.1,
found: 286.1 (100) [M + H]*.

AdEt-SC(O)CH; (9a): A solution of 8a (0.30 g, 1.10 mmol) in DMF
(10 mL) was added dropwise to a suspension of potassium thioacetate
(0.15 g, 1.33 mmol) in DMF (10 mL). The solution was stirred overnight in
the dark, after which CH,Cl, (100 mL) was added. The solution was washed
with 1n HCI solution (5 x 100 mL), water (100 mL), and brine (100 mL).
After drying with MgSO,, the solvent was removed in vacuo, to afford
analytically pure 9a as a light brown oil (0.33 g, 99%). 'H NMR: 6 =6.62
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(brs, 1H; NH), 3.48 (s, 2H; CH,S), 3.38 (m, 2H; OCH,), 3.27 (m, 2H;
CH,N), 2.32 (s, 3H; CHj;), 2.08 (brs, 3H; Ad), 1.63 (m, 6H; Ad), 1.55 (m,
6H; Ad); BC NMR: 0=194.7, 166.9, 71.8, 58.7, 41.2, 38.7, 36.2, 33.0, 30.3,
30.2; FAB-MS: m/z (%): caled for C;(H,sNOsS: 311.2, found: 312.3 (100)
[M+H]".

AdPr-SC(0O)CH; (9b): Compound 9b was synthesized using compound 8b
according to the procedure described for compound 9a. The product was
obtained as a light brown solid (0.33 g, 95%). M.p. 85-89°C; 'H NMR:
0=06.82 (brs, 1H;NH), 3.51 (s,2H; CH,S), 3.46 (t,/ =5.9 Hz, 2H; OCH,),
3.29 (m, 2H; CH,N), 2.35 (s, 3H; CHj), 2.11 (m, 3H; Ad), 1.70 (m, 6H;
Ad), 1.66 (m, 2H; OCH,CH,), 1.57 (m, 6H; Ad); C NMR: d =194.6,
167.3, 72.1, 58.6, 41.4, 38.8, 36.3, 32.9, 30.3, 30.1, 29.2; FAB-MS: m/z (%):
326.1 (100) [M+H]"; elemental analysis (%) calcd for C,;H,NO,S-
0.5H,0 (334.2): C 61.05, H 8.44, N 4.19, S 9.59; found: C 61.10, H 8.36, N
4.25,89.77.

AdEt-SH (10a): A solution of 9a (0.31 g, 1.00 mmol) in MeOH (40 mL)
was added to a solution of potassium carbonate (0.69 g, 5 mmol) in water
(20 mL). N, gas was bubbled through the mixture for 20 min, after which it
was heated under reflux for 20 min. After the solution had cooled down to
RT, 2~ HCI solution (200 mL) was added, whereupon the solution was
extracted with CH,Cl, (2 x 100 mL). After washing the combined organic
layers with water (100 mL) and brine (100 mL), they were dried with
MgSO, and evaporated in vacuo, to give 10a as a brown solid, which was
used immediately, without any further purification (0.27 g, 95 % ). '"H NMR:
6=7.10 (brs, 1H; NH), 3.54 (m, 2H; OCH,), 3.42 (m, 2H; CH,N), 3.25 (d,
J=8.8 Hz,2H; CH,S), 2.16 (brs,3H; Ad), 1.90 (t,/ =8.7 Hz, 1H; SH), 1.73
(m, 6H; Ad), 1.65 (m, 6H; Ad).

AdPr-SH (10b): Compound 10b was synthesized using compound 9b
according to the procedure described for compound 10a. The product was
obtained as a colorless oil, which was used immediately, without any further
purification (0.30 g, 99%). '"H NMR: 6 =7.36 (brs, 1H; NH), 3.50 (t, /=
5.5Hz, 2H; OCH,), 3.33 (m, 2H; CH,N), 3.16 (d, J=9.2 Hz, 2H; CH,S),
2.10 (m, 3H; Ad), 1.84 (t, /=92 Hz, 1H; SH), 1.70 (m, 6 H; Ad), 1.68 (m,
2H; OCH,CH,), 1.56 (m, 6H; Ad).

trans-AdEt,Re (trans-11a)

i) in organic solvents: N, gas was bubbled through a mixture of 10a (0.22 g,
0.82 mmol), NBu,OAc (0.11 g, 0.37 mmol), and NaOAc (0.13 g, 1.64 mmol)
in MeOH (15 mL) for 20 min, after which it was heated under reflux for
15 min. ReO(PPh;),Cl; (0.31 g, 0.37 mmol) was added, together with
CHCl; (10 mL), and the solution was again heated under reflux for 5 h.
After addition of CHCl; (100 mL), the mixture was washed with 1N HCI
(100 mL), water (100 mL), and brine (100 mL). After drying with MgSO,
the solvent was evaporated under reduced pressure to give a brown-red oil.
Flash column chromatography (silica gel, CH,ClL,/MeOH 96:4, slowly
increasing to 90:10) gave 11a as a brown-red oil (0.13 g, 36 % ). 'H NMR:
0=4.86/4.23 (2m, 2 x 2H; NCH,), 3.94/3.58 (ABq, 2/, =175 Hz, 2 x 2H;,
CH,S), 3.70/3.58 (2m, 2 x 2H; CH,0), 3.17 (m, 8H; NCH,), 2.12 (brs, 6 H;
Ad), 176 (brs, 12H; Ad), 1.61 (m, 20H; Ad/NCH,CH,), 1.43 (m, 8H;
CH,CHj;), 1.02 (t, J=7.3 Hz, 12H; CHj;); C NMR: 6 =196.0, 72.0, 58.6,
58.5,54.1,41.7,41.1,41.1,38.8, 36.4, 30.5, 23.8, 21.1, 19.6, 13.5; FAB-MS: m/z
[*¥"Re, correct isotope pattern], (%): 737.5 (100) (negative mode, [M —
NBu,] ), 242.1 (100) (positive mode, [NBu,]*).

ii) in water with native $-CD (entry 5, Table 1): A solution of 10a (0.30 g,
1.12 mmol) dissolved in a minimal amount of THF was added to a nitrogen
flushed solution of S-cyclodextrin (1.58 g, 1.40 mmol) in water (100 mL).
The resulting mixture was flushed with nitrogen for 5 min, after which time
NaRe(gluc), solution (8.0 mL, 0.56 mmol), adjusted to pH 10 by the
addition of 1N NaOH (aq), was added to the mixture. The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 2.5 h
at 55°C. NBuyOAc (0.17 g, 0.56 mmol) was added and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined extracts were washed
with water (150 mL) and brine (150 mL) and dried using MgSO,. The
solvent was removed under reduced pressure, giving 11a as a brown-red oil
(0.52 g, 96%). The 'H NMR spectrum was identical to that of 11a
synthesized in organic solvents, showing only trace amounts of the
corresponding cis product. Further characterization proved it to be
identical to 11a synthesized in organic solvents.

iii) in water with -CD dimer f,dpa (13): This reaction was performed
according to ii), using 10a (10 mg, 8.4 umol), NaRe(gluc), solution
(0.22 mL, 4.2 umol) and using 5-CD dimer fS,dpa (13) (40 mg, 16.9 pmol)
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instead of native S-CD. Yield: 96%. Characterization proved it to be
identical to 11a synthesized in organic solvents.

The -CD dimer ,dpa (13) was recovered in 83 % yield through dialysis of
the aqueous phase (Sigma-D7884, benzoylated cellulose tubing, cutoff ca.
1200 Da; 3 d). 'H NMR spectroscopy and FAB-MS proved it to be identical
to the starting material.

cis-AdEt,Re (cis-11a)

in water with native $-CD (entry 2, Table 1): This reaction was carried out
according to the synthesis of compound 11a, method ii), however, the
reaction was performed for only 1 h at 0°C. The 'H NMR spectrum showed
a51:49 (+ 2 %) mixture of frans-11a and cis-11a in an overall yield of 95 %.
By comparison of the spectrum to the one belonging to pure trans-11a, the
signals belonging to cis-11a were identified. 'H NMR: 6 =4.80/4.20 (2m,
2 x 2H; NCH,), 4.38/4.09 (ABq, ¥/ =14.2 Hz, 2 x 2H; CH,S), 3.65/3.57
(2m, 2 x 2H; CH,0), 3.17 (m, 8H; NCH,), 2.12 (brs, 6H; Ad), 1.76 (brs,
12H; Ad), 1.61 (m, 20H; Ad and NCH,CH,), 1.43 (m, 8H; CH,CH3;), 1.02
(t, /=73 Hz, 12H; CH,).

AdPr,Re (11b)

i) in organic solvents: Compound 11b was synthesized according to the
procedure described for compound 11 a, instead using compound 10b. The
crude product was purified by column chromatography (silica gel, CH,Cl,/
MeOH 97:3) to give 11b as an orange-red oil (0.041 g, 11%). 'HNMR: 6 =
4.82/4.05 (2m, 2 x2H; CH,N), 3.90/3.54 (ABq, J\g=17.6 Hz, 2 x 2H;
CH.,S), 3.50 (t, /=70 Hz, 4H; OCH,), 3.12 (m, 8H; NCH,), 2.11 (m, 6 H;
Ad), 1.94/1.87 (2m, 2 x 1H; OCH,CH,), 1.73 (m, 12H; Ad), 1.59 (m, 20 H;
Ad and NCH,CH,), 1.41 (m, 8H; CH,CH,), 1.01 (t,J=7.3 Hz, 12H; CH,);
BC NMR: 0 =195.4, 71.6, 58.7, 58.4, 50.3, 41.3, 38.9, 36.3, 31.4, 30.4, 23.8,
19.6, 13.5; FAB-MS: m/z ["¥'Re, correct isotope pattern], (% ): 765.6 (100)
(negative mode, [M — NBu,]~), 242.2 (100) (positive mode, [NBu,]*).

ii) in water with native f-CD: A solution of 10b (0.38 g, 1.34 mmol)
dissolved in a minimal amount of methanol was added to a nitrogen flushed
solution of S-cyclodextrin (1.90 g, 1.68 mmol) in water (150 mL). The
resulting mixture was flushed with nitrogen for 5 min, after which time
NaRe(gluc), solution (9.6 mL, 0.66 mmol), adjusted to pH 10 by the
addition of 1N NaOH (aq), was added to the mixture. The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 5 h at
55°C. NBu,OAc (0.20 g, 0.67 mmol) was added and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined extracts were washed
with water (150 mL) and brine (150 mL) and dried with MgSO,. The
solvent was removed under reduced pressure, giving 11b as a orange-red oil
(0.63 g, 95 %). Characterization proved it to be identical to 11b synthesized
in organic solvents.

TBDMS-protected f,(benz) (12a): NaH (60 % dispersion in oil, 84 mg,
2.1 mmol) was added to a solution of dried (100°C, 0.1 mbar, 5 h) TBDMS-
protected S-cyclodextrin (4.0 g, 2.1 mmol) in THF (100 mL). The mixture
was stirred for 1 h at RT and then for 2 h at reflux. After addition of 4,4'-
bis(bromomethyl)benzophenone (100 mg, 0.27 mmol) reflux was contin-
ued for 5 d. The solvent was removed in vacuo and chloroform was added.
The solution was washed with 1m HCI, water, and brine, and dried
(MgSO,). After removal of the solvent and purification by column
chromatography (silica gel, ethyl acetate/ethanol/water 100:2:1) the
product was obtained as a colorless powder (0.099¢g, 9%). 'H NMR
(300 MHz, CDCly/CD;0D, 25°C): 6 =780 (d, 4H, J=7.7 Hz; Ar-H), 7.52
(d, 4H, J=77 Hz; Ar-H), 5.07-4.84 (m, 14H; H-1), 4.34-3.15 (m, 88H;
H-2, H-3, H-4, H-5, H-6, Ar-CH,), 0.95-0.81 (m, 126 H; CH,-C), 0.11-0.00
(m, 84 H; CH;-Si); MS (FAB) m/z: calcd for C g3H34407,Si,4: 4075.1, found:
4099.1 [M+Na]*.

Pr(benz) (12): TBDMS-protected f,(benz) (80 mg, 0.020 mmol) was
dissolved in THF (5 mL). After addition of a 1m solution of tetrabutyl-
ammonium fluoride in THF (0.7 mL) the solution was stirred overnight at
ambient temperature. The solvent was removed in vacuo and the residue
dissolved in water. After three washings with hexane, salts were removed
over Amberlite MB-3A ion-exchange resin. After freeze-drying the dimer
was obtained as a colorless powder (0.035 g, 70%). '"H NMR (300 MHz,
D,0,25°C): 6=17.62 (d, 4H, /=78 Hz; Ar-H), 746 (d, 4H, /=79 Hz; Ar-
H), 4.91-4.86 (m, 14H; H-1),3.96-3.15 (m, 88 H; H-2, H-3, H-4, H-5, H-6,
Ar-CH,); MS (FAB) m/z: caled for CyH;5,0;: 2474.7, found: 2476.8
[M+H]".

Thioacetic acid S-pyridin-2-ylmethyl ester (16):*) A suspension of
potassium thioacetate (2.51 g, 22.00 mmol), K,CO; (5.5 g, 40.00 mmol),
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and 15-HCI (3.28 g, 20.00 mmol) in DMF (50 mL) was stirred overnight in
the dark, after which CH,Cl, was added (500 mL). The solution was washed
with 0.5N HCl solution (5 x 500 mL), water (500 mL), and brine (500 mL).
After drying with MgSO,, the solvent was removed in vacuo, removing
trace amounts of DMF by repeated azeotropic distillation with toluene to
afford 16 as a light brown oil (2.8 g,85%). 'HNMR: 6 =8.53 (d,/ =5.8 Hz,
1H; PyrH), 7.62 (t, J=7.7 Hz, 1H; PyrH), 7.34 (d, J=7.7 Hz, 1 H; PyrH),
716 (t, J=6.4Hz, 1H; PyrH), 4.26 (s, 2H; CH,S), 2.36 (s, 3H; CH,);
3C NMR: 6 =194.8, 149.4, 136.7, 123.1, 122.2, 122.1, 35.3, 30.2; FAB-MS:
m/z [glycerol] (%): caled for CgHyNOS: 167.0, found: 168.1 (100) [M+H]*.

Pyridin-2-yl-methanethiol (17):! A solution of 16 (1.00 g, 6.00 mmol) in
MeOH (40 mL) was added to a solution of potassium carbonate (1.25 g,
9.00 mmol) in water (20 mL). N, gas was bubbled through the mixture for
20 min, after which it was heated under reflux for 30 min. After the solution
had cooled to RT, 1N HCI solution (200 mL) was added, and the solution
was extracted with CH,Cl, (2 x 100 mL). After washing the combined
organic layers with water (100 mL) and brine (100 mL), they were dried
with MgSO, and evaporated in vacuo, to give 10a as a brown solid (0.62 g,
82%), which was used immediately, without any further purification.
'"HNMR: 6 =8.56 (m, 1 H; PyrH), 7.66 (m, 1 H; PyrH), 7.35 (m, 1H; PyrH),
7.16 (m, 1H; PyrH), 3.86 (d, /=77 Hz, 2H; CH,S), 2.02 (t, /=77 Hz, 1H;
SH).

AdPr-Pyr-Re (18)

i) in organic solvents: A suspension of ReO(PPh;),Cl; (1.53 g, 1.83 mmol)
in CHCl; (10 mL) was added to a solution of 17 (0.23 g, 1.83 mmol) and 10b
(0.52 g, 1.83 mmol) in 1IN NaOAc/MeOH (20 mL). The mixture was stirred
at 75°C for 30 min, after which time it was partitioned between water and
CH,Cl, (200 mL each). The organic layer was washed with water (200 mL)
and brine (3 x 200 mL) after which it was dried using MgSO,. Removal of
the solvent in vacuo gave a solid which was purified by flash column
chromatography (silica gel, CH,Cl,, slowly increasing to CH,Cl,/MeOH
98.5:1.5) to give 18 as a purple oil (0.50 g, 45%). '"H NMR: 6 =9.68 (d,J =
5.8 Hz, 1H; PyrH), 8.16 (dt, /=77, 1.2 Hz, 1H; PyrH), 8.04 (d, /=7.7 Hz,
1H; PyrH), 7.65 (t, J=6.4 Hz, 1 H; PyrH), 5.34/4.12 (2m, 2 x 1H; CH,N),
5.32/423 (ABq, J=19.6Hz, 2x1H; PyrCH,S), 4.07/3.66 [ABq, J=
175 Hz, 2 x 1H; C(O)CH,S], 3.53 (m, 2H; CH,0), 2.15 (m, 3H; Ad),
1.93 (m, 2H; OCH,CH,), 1.78 (brs, 6 H; Ad), 1.63 (m, 6H; Ad); *C NMR:
0=172.6, 156.2, 142.1, 125.2, 122.3, 58.0, 54.9, 52.2, 41.6, 38.1, 36.6, 31.1,
30.6; FAB-MS: m/z ['""Re, correct isotope pattern], (%): calcd for
C, H;N,O58,Re: 608.1, found: 609.1 (100) [M+H]*.

ii) in water with native #-CD: A solution of 17 (0.11 g, 0.89 mmol) and 10b
(0.25 g, 0.89 mmol) in a minimal amount of THF was added to a nitrogen
flushed solution of S-cyclodextrin (2.12 g, 1.87 mmol) in water (175 mL).
The resulting mixture was flushed with nitrogen for 5 min, after which time
NaRe(gluc), solution (12.9 mL, 0.89 mmol), adjusted to pH 10 by the
addition of 1N NaOH (aq), was added to the mixture. The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 5 h at
55°C, after which time the mixture was extracted with CH,Cl, (3 x
100 mL). The combined extracts were washed with water (250 mL) and
brine (250 mL) and dried with MgSO,. The solvent was removed under
reduced pressure, giving an oil which was purified by flash column
chromatography (silica gel, CH,Cl,, slowly increasing to CH,Cl,/MeOH
98.5:1.5) to give 18 as a purple oil (0.43 g, 79 % ). Characterization proved it
to be identical to 18 synthesized in organic solvents.

Cyclodextrin-modified cytochrome C (21): A solution of N-succinimidyl S-
acetylthioacetate (2 mg, 8.4 umol) in DMF (50 pL) was added to a solution
of cyclodextrin-dimer 13 (10 mg, 4.2 umol) in aqueous phosphate buffer
(0.05M, pH 7.5, 1 mL). After 10 min at RT, the modified dimer was purified
using a PD-10 column. To the cyclodextrin-containing fractions, a solution
of NH,OH - HCI (300 pL, 0.5M) in phosphate buffer pH 7.5 was added and
allowed to react for 1 h to obtain the free thiol 19.

While the reaction vessel was vortexed, a solution of N-succinimidyl-6-
maleimidocaproate (0.9 mg, 3 umol) in DMF (10 uL) was added to a
solution of cytochrome C (9 mg, 0.7 umol) in phosphate buffer pH 8
(0.5 mL). After vortexing 5 min at RT, phosphate buffer pH 6 (0.5 mL) was
added and the product 20 was purified over a PD-10 column that had
previously been equilibrated at pH 6. At RT, the solution of the thiol-
containing cyclodextrin dimer was slowly added to the solution of the
modified cyctochrome C and allowed to react for 2 h. After dialysis against
phosphate buffer pH 6.9 (2 x 2.5 L, 24 h) and purified water (2.5 L, 24 h),
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lyophilization yielded a mixture of products as a red powder (6 mg, 67 % ).
MALDI-MS: m/z: calcd for [Cyt C+5 x maleimide+19] = 15868, found:
15868, 13301 [Cyt C+5 x maleimide], 6652 [Cyt C+5 x maleimide]**, 7934
[Cyt C+5 x maleimide+19]**, 26728  (~2x13301), and 29196
(~13301415868). The last two values are minor peaks, probably caused
by formation of disulfide bonds between two cytochrome C molecules.

Determination of the association constants by fluorescence titrations:
Fluorescence measurements were performed on an Edinburgh SF 900
spectrometer. Sample solutions were prepared using a phosphate buffer
(pH 7, I=0.02m) in pure water (Millipore Q2).

AdEt,Re 11a or AdPr,Re 11b, with ,dans 14: Aliquots of guest (11a or
11b) (4.7 x 1075, 1.3 x 10~*M, respectively) in MeOH were added in a given
MeOH/water mixture to a solution of ,dans 14 (7.2 x 1077, 7.0 x 1077 m,
respectively). A correction for the MeOH addition was done by performing
the same titration using pure MeOH and subtracting these values from the
values obtained for the methanolic solution of the guest (4., =335 nm).

Crystal structure determinations

trans-AdEt,Re (11a): CeoH, oMgN,O,Re,S, -2 C,xHy,N,O5ReS, «
MgC¢H,,04-2CH,O, M,=3413.07, red-brown, plate-shaped crystal
(0.05 x 0.10 x 0.25 mm), monoclinic, space group P2,/c (no. 14) with a=
26.866(2), b="7.2780(6), c =36.369(3) A, f=98.880(6)°, V="7026.0(1) A3,
Z =2, p,=1.613 gcm=3, F(000) = 3480, u(Mog,) =3.83mm"". Where rele-
vant, the contribution of the disordered counterions and solvent molecules
has been included in the reported data (see below). 107528 Reflections
measured, 12725 independent reflections, R;, = 0.1234, (1.6° <60 < 25.25°,
T=150 K, Moy, radiation, graphite monochromator, 1 =0.71073 A). Data
were collected on an Enraf —Nonius KappaCCD area detector on rotating
anode and corrected for absorption by a multi-scan method (PLATON/
MULABS).°"l The structure was solved by direct methods SHELXS-97,%
and refined on F? using SHELXL-97-2.1] The unit cell contains two
symmetry-related cavities (438 A> each), filled with disordered
Mg(MeOH)* counterions and solvent molecules, probably methanol.
No satisfactory model could be refined. This disordered density was taken
into account with the squeeze procedure, as implemented in PLATON.[!]
Hydrogen atoms were included in the refinement on calculated positions
riding on their carrier atoms. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were refined with a
fixed isotropic displacement parameter related to the value of the
equivalent isotropic displacement parameter of their carrier atoms. Final
WR2=0.0989, w=1/[c*(F?)+(0.0407 P)>+7.94P], where P = (max(F;,
0)+2F2)/3, R1=0.0518 (for 10541 I > 20(l)), S=1.110, 727 refined
parameters, —1.09 < Ap < 0.84 e A3,

AdPr-Pyr-Re (18): C,;HyN,O;ReS,, M,=607.81, purple, block-shaped
crystal (0.20 x 0.25 x 0.30 mm), monoclinic, space group P2,/c (no. 14) with
a=14.7391(15), b =16.9273(12), ¢ =18.5105(18) A, f=110.283(12)°, V=
43319(8) A3, Z=8, p,=1864gcm=3, F(000)=2400, u(Mog,)=
5.828mm~'. 33132 Reflections measured, 9868 independent reflections,
R;,,=0.0586, (1.6° <6< 2748°, T=150K, Mok, radiation, graphite
monochromator, 4 =0.71073 A). Data were collected on an Enraf-No-
nius KappaCCD area detector on rotating anode and corrected for
absorption by a multi-scan method (PLATON/MULABS).°l The struc-
ture was solved by direct methods (SHELXS86)[*l and refined on F? using
SHELXL-97-2.1l The adamantoyl moiety of one of the independent
molecules is disordered over two positions. A disorder model was
introduced; the occupancy of the major component refined to 0.566(6).
Mild distance restraints were introduced to ensure reasonable geometries
of the major and minor components. Hydrogen atoms were included in the
refinement on calculated positions riding on their carrier atoms. All
ordered non-hydrogen atoms were refined with anisotropic displacement
parameters; the disordered atoms were refined isotropically. Hydrogen
atoms were refined with a fixed isotropic displacement parameter related
to the value of the equivalent isotropic displacement parameter of their
carrier atoms. Final wR2=0.0985, w=1/[c*(F?)+(0.0322P)*+9.96 P],
where P=(max(F2 0)+2F2)/3, R1=0.0387 (for 6689 I > 20(I)), S=
1.039, 501 refined parameters, —2.05 < Ap < 1.88 ¢ A3

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-157763
(11a) and CCDC 157764 (18). Copies of the data can be obtained free of
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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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Scandium(ir) Coordination Polymers Containing Capsules Based
on Two p-Sulfonatocalix[4]arenes

Helen R. Webb,!?! Michaele J. Hardie,'?! and Colin L. Raston*?!

Abstract: Reactions of sodium p-sulfo-
natocalix[4]arene and scandium(it) tris-
triflate in the presence, and absence, of
[18]crown-6 give the crystalline com-
plexes [Sc;(u-OH),(H,0),0]{Na,(H,0)s-
[calix[4]arene(SO3)4],} - 13H,0 and
{[Sc,(u-OH),(H,0)s][Sc(HO), o[ calix[4]-
arene(SO;)-H*],([18]crown-6)} - 16 H,O.

ciation of calixarenes. A linear array of
capsules associated with an infinite
chain of aquo-bridged sodium ions, and
an aquated hydroxy-bridged scandiu-
m() dimer, [Sc,(u-OH),(H,0),,]**, are
found in the absence of the crown ether.
In the presence of [18]crown-6 both
hydrated scandium monomers and dim-

ers bridge between calixarenes in a two-
dimensional coordination network. The
crown ethers reside in cavities created
by two calixarenes from adjacent poly-
meric sheets via a variety of supramo-
lecular interactions(hydrogen-bonding,
shape complementarity), and effectively
add a third dimension to the network.

Both complexes involve novel coordina-
tion polymers with calixarene units
linked through sodium or scandium
centers and also feature capsule assem-
blies through to the head-to-head asso-

tion polymers -
- scandium

Introduction

Calixarenes are potentially versatile synthons for the forma-
tion of coordination polymers. They can be designed with sites
available for metal binding on the upper and lower rim, as
well as at the linker positions, and are available in a range of
ring sizes and conformations that could be used to influence
the topology and function of networks formed.l' As the bowl-
shaped calixarenes have well-documented inclusion proper-
ties, coordination polymers formed from them may lead to the
development of useful chemoselective materials. Despite this,
there are only a few examples in which calixarenes of any sort
participate in coordination polymers. These include Ag™ ions
linking substituted calix[4]arenes in the 1,3-alternate confor-
mation in a one dimensional array,” and Cu?* coordination
linking a cone-shaped calix[4]arene in a linear array.!
Similarly, metal ions such as those of Ti, Nb, Al, Zn, Mo,
and Eu can bridge two cone-shaped calixarenes to form
ditopic receptor molecules or koilands. These are suitable for
binding a range of guests which are then used to build up
linear host — guest networks.™l
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The extended structure of both of these
polymers is highly porous, and resem-

coordina- .
bles a bilayer.

Despite their interesting electronic and magnetic properties
and high coordination numbersP! there are relatively few
examples of rare-earth cations used in coordination polymers.
For the smallest rare-earth ion, scandium, there are a few
examples based on relatively simple oxygen donor ligands.[!
Previous studies have shown that p-sulfonatocalixarenes are
able to compete with water molecules to ligate to the
hydrophilic rare-earth ions. As a result a number of discrete
supramolecular assemblies that incorporate the rare earth
cations and p-sulfonatocalix[4] and -[S]arenes have been
isolated,l”'% some of which feature head-to-head dimerization
of the calixarenes to form a capsule assembly. The formation
of such capsules usually occurs with the calixarenes shrouding
a guest molecule, such as the [18]crown-6,®! with numerous
supramolecular interactions such as hydrogen bonding and a
complementarity of curvature between components of the
capsule. The extended structure of rare-earth metal:calix-
arene assemblies often conforms to a claylike bilayer in which
the calixarenes pack in an up/down fashion to form alternat-
ing hydrophilic/hydrophobic seams.’! Notable exceptions
include the complexes formed in the presence of pyridine
N-oxide, and the AI** keggin ion.['% 11

The interaction between scandium and p-sulfonatocalix-
arenes has remained unexplored. In the present study, the
assembly of Sc** and p-sulfonatocalix[4]arene as its sodium
salt was explored in the presence, and absence, of [18]crown-6.
When the rare-earth reacts with the calixarene, a one-
dimensional coordination array results within the complex 1.

[Sex(u-OH),(H,0),]{Na,(H;0);calix[4]arene(SOs),) - 13H,0 1
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In 1, seams of calixarenes are linked by an infinite chain of
aquo-bridged sodium ions to create an array of capsules. A
scandium dimer [Sc,(u-OH),(H,0),,]** lies in water-laden
channels between these arrays. In the structure acquired in the
presence of [18]crown-6, scandium cations are bonded
directly to the sulfonate and hydroxy groups of the calix-
arenes. The cations exist as both monomers and dimers, and
link in two directions resulting in a two dimensional coordi-
nation polymer in the complex 2. Unmetalated [18]crown-6
molecules are included in the cavities created by two
calixarenes from different polymeric sheets. Thus host-
guest interplay results in adding an extra dimension to the
coordination framework as well as forming a capsule motif.

{[Sc,(u-OH),(H,0);][Sc(H,0),],[calix[4]arene(SO;),-H*[,([18]crown-6)} - 16 H,O

2

Results and Discussion

The complexes 1 and 2 crystallize from acidic aqueous
solutions of sodium p-sulfonatocalix[4]arene, and scandi-
um(n) tris-triflate (pH 3.0), or sodium p-sulfonatocalix[4]-
arene, scandium(i) tris-triflate and [18]crown-6 (pH 3.25),
respectively, over several weeks (Scheme 1). More absorp-
tions than are usually caused by equivalent sulfonate
groups!'? were observed in the 1400-1000 cm™! range in the
IR spectrum, which suggests that there are several different
metal —sulfonate coordination environments in each struc-
ture. Whilst four absorptions are usually clearly visible in this
region of the spectra (1193 vs, 1122's, 1105 s, 1048 vscm™!),
seven absorptions are apparent in the spectrum acquired from
complex 1 (1306 w, 1267 m, 1244 m, 1211 s, 1168 vs, 1122 s,
1046 vscm™') and five absorptions are present in the spectrum
of complex 2 (1266 m, 1211 m, 1151 s, 1107 s, 1039 vscm™).
The presence of more absorptions in the spectrum of 1 with a
one dimensional polymer indicates that it is of lower
symmetry than the two-dimensional polymer of 2. The
structures were determined by single-crystal x-ray diffraction.

Details of the structure of 1 are shown in Figure 1 and
Figure 2. There are three crystallographically distinct sodium
ions present, all of which are octahedrally coordinated and
bind to oxygen atoms at distances ranging from 2.337(2) to
2.587(4) A (Figure 1). These distances are typical for Na—O
coordination bonds.['¥! One type of sodium ion resides at the
center of two calixarene molecules that form a capsule
assembly and bridges to two crystallographically identical
sodium ions on either side through bridging water molecules.
These each bind another three bridging water molecules, and
coordinate to one sulfonate group of an upper calixarene and
one of a lower calixarene in a trans arrangement. The overall
assembly is a calixarene capsule with a central aquo-bridged
sodium trimer. The peripheral sodium atoms form a link to
the third type of Na* ion through a water bridge, which hinges
four different calixarenes belonging to two different capsules
through sulfonate linkages, resulting in an infinite one-
dimensional array of sodium ions and capsules (Figure 1).
The molecular cavity of each calixarene on either side of the
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Scheme 1. Synthesis of 1 and 2.

Figure 1. Crystal structure 1. Section of the one-dimensional coordination
polymer formed by calixarenes and aquo-bridged sodium cations. Three
monomer units, consisting of a bis-calixarene capsule around a central
aquo-bridged sodium trimer, are shown, linked by aquo and sulfonato
coordination to a further sodium cation.

sodium array includes a single water molecule; the oxygen to
arene centroid distances range from 3.46 to 3.72 A, which is
consistent with non-classical hydrogen bonding with the &
electrons of the arene rings.' Whilst structures involving
sodium ions linked by oxygen-based bridges are not uncom-
mon, these are usually in the form of oligiomeric clusters![**! or
steplike polymeric arrays.'®l The only structurally authenti-
cated example of a sodium cluster interacting with a
calixarene is within a biological pore mimic constructed from
an oxacalix[3]arene.l'! In the present structure there are two
Na' ions per calixarene, which are in the 4 — state. The charge
on the capsules is balanced by a dimeric hydroxide-bridged
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scandium counterion, [Sc,(u-OH),(H,0),]*, in the crystal
lattice. Each metal center in the scandium counterion is seven-
coordinate with two wu-hydroxy bridges and five terminal
water ligands. The bond lengths and angles are consistent with
those previously reported for [Sc,(u-OH),(H,0),,]*" as its
benzene sulfonate salt.'*] The scandium dimers in the present
structure are held in hydrophilic seams of alternating hydro-
philic—hydrophobic bilayers, which are defined by protruding
sulfonate and hydroxide groups from the calixarenes (Fig-
ure 2). Numerous water molecules of solvation also exist in
this seam.

ol Uy i N

B
'.ak-;-r .-."

L b
i,

#b‘“ ] ﬂ

Figure 2. Packing diagram for 1, illustrating s stacking between calix-
arenes of adjacent coordination polymers and the scandium dimers
[Sc(OH),(H,O);]* occupying the hydrophilic seam between the calixar-
enes. Solvent water molecules are also present in this seam but have been
omitted for clarity.

Details of the structure of 2 are shown in Figure 3 and
Figure 4. Though the structure of 2 also contains the bis-
calix[4]arene capsule motif and coordination polymers, they
are constructed in a very different manner to those in the
previously described linear array. The coordination polymer
in 2 features calixarene ligands linked through scandium
cations, and the structure is two-dimensional due to the
presence of scandium cations in two distinct coordination
environments (Figure 3). The first scandium cation is ligated
in an octahedral manner; four terminal water ligands occur at
Na—O distances ranging from 2.110(7) to 2.162(7) A, in
addition, the metal ion binds a sulfonate group of one
calixarene (Sc—OSO, 2.074(7) A), as well as a phenolate
group of an adjacent calixarene cis to the sulfonate group
(Sc—OH 1.995(7) A). Each calixarene binds to a scandium ion
through one phenolic oxygen, indicating a single phenolic
deprotonation per calixarene, giving it a 5 — charge. This is
consistent with other solid-state and solution studies which
show that the first phenolic proton is removed at pH 3.2 -
3.5.° The second type of scandium cation is a scandium
dimer. As with the dimer seen in complex 1, it consists of two
seven-coordinate Sc** ions linked by two u-hydroxy bridges

3618
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Figure 3. Section of the crystal structure of 2, illustrating the coordination
of scandium cations to calixarenes to create a two-dimensional coordina-
tion polymer. The monomeric scandium species coordinates to phenolic
and sulfonato groups of adjacent calixarenes in a cis arrangement, while the
scandium trimer bridges between two calixarenes in a trans fashion.

(Sc—OH 2.067(6) and 2.097(7) A). However, in this case each
metal ion is ligated by four terminal water molecules (Sc—OH,
2.142(7)-2.253(7) A), and a sulfonate group of a calixarene
through an oxygen atom (Sc-OSO, 2.154(7) A). Hence the
hydroxy-bridged scandium dimer acts as a bridge between two
calixarenes.

Each calixarene is linked to three other crystallographically
equivalent calixarenes to form a two-dimensional coordina-
tion polymer. The network can be described as chains of
calixarenes in the familiar up/down bilayer arrangement,
cross-linked by the scandium dimer to form a grid. Within the
bilayer chains, the calixarenes are joined through the cis RO-
Sc-O-S-O linkage, and also show m—m interactions, with
arene-centroid separations of 3.76 A. This parallels the
combination of m-stacking and R-OH::--O-S-O hydrogen
bonding that is often observed within the p-sulfonatocalix[4]-
arene bilayer packing.l®! Collectively they form channels in
which numerous water molecules of solvation are also
present. Sheets of this two-dimensional coordination polymer
pack together in a wavelike contour through hydrogen
bonding and host-guest interactions (Figure 4a). The
[18]crown-6 molecules lie between these undulous layers
and effectively contribute a third dimension to the coordina-
tion polymer. Whilst host—guest chemistry has previously
been used to construct one-dimensional molecular networks
from calixarenes,! this is the first time it has been exploited to
append a third dimension to a two-dimensional coordination
polymer. The crown ether is sandwiched by an 'up’ and a
‘down’ calixarene from two neighboring sheets to create a
capsule held together by a variety of supramolecular inter-
actions (Figure 4b). In addition to favorable van der Waals
forces associated with complementary curvature, there is
hydrogen-bonding between aquo ligands of the Sc dimer and
crown ether oxygen atoms at O---O distances ranging from
2.75t02.99 A, as well as between hydroxy and aquo ligands of
the scandium dimer and calixarene sulfonato groups on
adjacent coordination polymers (O --- O distances of 2.65 to
3.09 A). Interestingly, the cavity of the crown ether remains
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Figure 4. Crystal structure of 2. a) Packing diagram showing two polymeric
sheets packing in a wavelike contour around molecules of guest [18]crown-
6. One coordination polymer is shown in blue, another in pink. Solvent
waters are omitted for clarity. b) Detail of the capsule assembly around a
crown ether molecule as shown in a; numerous intermolecular contacts
consistent with hydrogen bond formation are shown as dotted lines.

void despite the presence of Na* ions in the reaction solution.
Whilst Na* ions have proved to be of appropriate size for
inclusion into the cavity of [18]crown-6,?% they have not
played a role in any of the assemblies obtained by reaction of
the rare-earth trications, [18]crown-6 and sodium p-sulfona-
tocalix[4]arene.l” 8 This may be because the excess of crown
ether used in these reactions lowers the concentration of free
sodium ions. Alternatively, the strength of the supramolecular
forces holding the crown in the assembly may effectively
compete against binding of sodium ions. Whatever the case,
the result is a highly porous polymeric material studded with
inclusion-ready cavities.

Conclusion

The coordination properties of the scandium trication and
degree of acidity of the reaction solutions have provided

Chem. Eur. J. 2001, 7, No. 16
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access to two unusual coordination polymers of different
dimensionality. In each, two water-soluble p-sulfonatoca-
lix[4]arenes come together to form a capsule motif, the
claylike bilayer is maintained in the extended structure, and
the resulting polymers are highly porous. This latter feature
suggests possible functions for the coordination polymers, and
future efforts will be directed at exploring their inclusion
ability.

Experimental Section

Synthesis of  [Sc,(#-OH),(H,0),,]{Na,(H,0)s[calix[4]arene(SO;),],} -
13H,0 (1): Scandium trifluoromethanesulfonate nonahydrate (10 mg,
15 umol) and sodium p-sulfonatocalix[4]arene (8 mg, 9.6 umol) were
dissolved in water (250 uL; pH 3). After several weeks, colorless crystals
of 1 grew (3 mg, 25%). Electron microprobe analysis of 1 revealed the
presence of scandium and sulfur in the ratio of 1:4. IR: sulfonate
absorptions: 7=1306w, 1267m, 1244 m, 12115, 1168 vs, 11225, 1046 vscm™!;
elemental analysis (% ) caled for CsgH;0,045Na,SsSc,: C 29.8, H 4.6, Na 4.1;
found: C 30.2, H 3.4, Na 3.8.

Synthesis of {[Sc,(#-OH),(H,0);][Sc(H,0)4];[ calix[4]arene(SO;)
H*],([18]crown-6)} - 16 H,O (2): [18]crown-6 (8 mg, 30 umol) and sodium
p-sulfonatocalix[4]arene (8 mg, 9.6 umol) were dissolved in water (1 mL),
then scandium trifluoromethanesulfonate nonahydrate (10 mg, 15 pmol)
was added to the reaction solution (pH 3.25). After several weeks, colorless
crystals of 2 grew (4.2 mg, 35 % ), which were highly sensitive to solvent loss.
Electron microprobe analysis of 2 revealed the presence of sulfur and
scandium in a ratio of 2:1. The IR spectrum indicates that structure 2 is of
higher symmetry than structure 1. IR: sulfonate absorptions: 7= 1266m,
1211m, 1151s, 1107s, 1039 vs cm ™.

Crystal structure determinations: X-ray data for 1 and 2 were collected at
123(1) K on an Enraf-Nonius KappaCCD single-crystal diffractometer
with Moy, radiation (1 =0.71073 A). The structures were solved by direct
methods using SHELXS-97 and refined by full-matrix least-squares on
|F?| using SHELXL-97 by the X-Seed interface. The C—H hydrogen
atoms were fixed at geometrically estimated positions. All non-hydrogen
atoms were refined anisotropically with the exception of several oxygens
belonging to disordered water molecules in structure 2. Summaries of
crystal data and refinements are given in Table 1. The x-ray powder

Table 1. Crystal structure data and details of structure refinements for 1
and 2.

1 2
formula C14H601625Na;S,5¢ 5 C34HgyO365.5¢,
M, [gmol™!] 563.94 1267.01
crystal system monoclinic monoclinic
space group C2/m P2i/n
a[A] 18.4317(4) 11.6002(2)
b [A] 26.0293(6) 29.7736(6)
c[A] 10.9047(2) 15.3681(3)
p 121.001(1) 95.165(1)
VI[A3, Z 4484.4(2), 8 5286.3(2), 4
Peatcd [gem™] 1.671 1.592

crystal description
crystal size [mm]

petal-shaped
0.30 x 0.25 x 0.025

rectangular
0.25 x 0.125 x 0.025

u [mm~!] 0.48 0.518
F(000) 2348 2648
T [K] 123(1) 123(1)
260 max [°] 56.58 50.00
reflections collected 33811 64563
unique reflections 5679 9300
Riy 0.047 0.106
observed data I >20(I) 4623 7028
parameters 322 692
R, (obs data) 0.0643 0.1201
WR, (all data) 0.1774 0.3440
N 1.037 1.120
max shift/error 0.00 0.00
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patterns of the bulk material coincided with the Lazy-pulverix powder
patterns generated from the crystal structures. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication nos. CCDC-151314 (1) and CCDC-151315 (2).
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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