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CONCEPTS

Zwitterionic Metallocenes

Warren E. Piers*

@ )

Abstract: Ion pairing in cationic metallocenes capable of
the polymerization of olefins affects the activity of these
catalysts. One strategy for minimizing ion —ion contacts is
the preparation of zwitterionic analogues of the catalysts
in which the counterion is affixed covalently to the
ancillary or reactive ligand structure of the molecule. The
concepts behind the varied synthetic approaches taken to
three families of zwitterionic metallocenes, classified by
the location of the counterion in the molecular structure,
are discussed.

Keywords: homogeneous catalysis - metallocenes -
kolefins - polymerizations - zwitterionic states )

Introduction

Over the past 20 years, the resources devoted to research into
homogeneous olefin polymerization catalysts based on orga-
nometallic compounds of the early transition metals have
been substantial, and the field remains one of the most active
in modern organometallic chemistry. The bulk of the research
to date has been carried out using compounds in which the
metal is stabilized by two anionic cyclopentadienyl-type
donors, the bent metallocene family of catalysts. Although
emphasis is now shifting to alternative ligand arrays, catalyst
designs based on this stalwart ancillary ligand set are still
receiving attention because it is still the best in terms of
catalyst performance and furthermore is the most industrially
relevant.

The level of knowledge concerning the chemical mode of
operation of these catalyst systems is relatively sophisticat-
ed.l As shown (albeit simplistically) in Scheme 1, it is
generally accepted that the catalyst precursors, neutral metal-
locene dichloride or dimethyl derivatives, combine with a
strong Lewis acid cocatalyst (usually aluminum- or boron-
based) in a chemical process which results in an active,
formally 14-electron, cationic alkyl species. In the presence of
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Scheme 1. a) Alkylating agent, e.g. CH;Li, or -[(CH;)Al-O],-, MAO;
b) strong Lewis acid, e.g. MAO, B(C¢Fs);, or [Ph;C][B(C¢Fs),]; c) excess
C,H,.

ethylene, this electrophilic center knits together the olefin
monomers into polymer chains through successive insertions
of C=C into the metal —carbon bond.

To attain the high polymerization activity levels
(>10°gPEmol~!Zratm'h™') required for an industrially
viable catalyst, this metallocene cation must be as base-free
as possible. While donors such as PMe; or THF can be
excluded, such cations are never totally base-free in con-
densed media, and the Lewis acidity of the metal cation is
quenched through intramolecular agostic interactions or ion—
ion contacts with the counteranion. Thus, one of the goals in
developing new catalyst systems is to minimize these inter-
actions through the use of weakly coordinating counteranions
while maintaining a stable catalyst species.

Another strategy for controlling ion pairing is through
catalysts which incorporate the counterion chemically into the
structure of the ligands of the metallocene, that is, zwitterionic
metallocene catalysts. Sequestering the counterion covalently
in some region of the molecule away from the metal center
should attenuate ion pairing through enforced physical
separation. Moreover, zwitterionic catalysts offer at least
two other foreseeable advantages. First, such compounds
might be expected to exhibit higher solubilities in the
hydrocarbon media in which olefin polymerization processes
are performed. Second, unlike the traditional two-component
systems (Scheme 1), stable zwitterions are preactivated, well-
defined single-component catalysts. In other words, an
activation step is not required, offering advantages from a
process engineering perspective. Although single-component
catalysts based on Group3 and lanthanide metals are
available,’] productivity levels do not approach those found
in cationic Group 4 systems. Group 4 metal-based zwitter-
ionic metallocenes offer the prospect of the advantages
associated with single-component systems combined with
the necessary activity levels. Offsetting these benefits are the
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significant synthetic difficulties which zwitterionic catalysts
present. For synthetic chemists who enjoy such challenges this
is not necessarily discouraging, but to be industrially practical,
zwitterionic catalysts must also be conveniently prepared to
be cost-effective in an economic sense.

Discussion

There are in principle three regions of the bent metallocene
molecule in which the counterion might be situated (I).
Several examples exist where the counterion is attached
either to the alkyl group in the reactive girdle of the molecule
or to one of the cyclopentadienyl rings. These are really two
distinct classes of zwitterionic catalysts since, in principle, the
girdle-type does not remain zwitterionic for long under typical
polymerization conditions,
while in the ring-type cat-
alysts, the zwitterionic
character should be main-
tained throughout the en-
chainment process. A third
possibility is related to the
ring-type in terms of zwit-
terion longevity and in-
volves incorporation of the counterion into the backbone
linker of an ansa-metallocene. There are no examples of this
class of zwitterions, at least in the open literature; however,
recent progress in synthetic methodology suggests that they
should be accessible. Below we consider the diverse synthetic
approaches which have been taken to these three types of
zwitterionic catalysts.

SR- girdle

Girdle zwitterions: The first zwitterionic metallocene cata-
lysts reported were those discovered serendipitously by
Hlatky and Turner upon reaction of [Cp*,ZrMe,] with
[BusNH]*[B(CsH,R)]~(Scheme 2).¥1 The initially formed

e

Scheme 2. Hlatky and Turner’s zwitterions. a) [Bu;NH]|*[B(C{H,R),]-,
R=H, Me, Et; —Bu;N, —CH,; b) —CH,.

ﬁ

B (CsHaR)a

-
St
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nonzwitterionic monomethyl cations are prone to sigma-bond
metathesis reactions with a C;,.—H bond of the tetraphenyl-
borate counterions, producing girdle zwitterions 1. The
driving force for this process, in addition to a stronger Zr—
Cpnenyt bond, is the added stabilization provided by an ortho
C-H agostic interaction. Since compounds 1 proved to be
good olefin polymerization catalysts, this report stimulated
others to begin thinking about similar zwitterionic catalysts
and what advantages such systems could offer.

The high reactivity of aryl C—H bonds towards electrophilic
organometallics and the (relatively) electron-rich nature of

14— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

B(CeHaR)3

aryl groups prompted an evolution away from conventional
tetraarylborates towards even more weakly coordinating
perfluorinated analogues. For obvious reasons, the sigma
bond metathesis chemistry described above cannot be ex-
tended to include the more desirable perfluorinated borate
counterions and new methodologies were required. In 1991,
Marks and co-workers introduced tris-pentafluorophenylbo-
rane, B(C4Fs);,5 as a Lewis acid strong enough to abstract
methide groups from dimethyl zirconocene derivatives, pro-
ducing cationic complexes.! This prompted other groups to
explore reactions of this borane with more exotic hydrocarbyl
zirconocenes. For several of these precursors, particularly
those which are metallacyclic in character, reaction with
B(C4Fs); results in girdle-type zwitterionic metallocenes.
Scheme 3 illustrates some of the chemistry associated with a
zwitterionic catalyst system derived from [Cp,Zr(n*buta-

@ < @ p
Zr” \/ Zr'VU R Zr*\)/\/

. i ;
fe %CHZB(CG%
< . [Ty
C%:;CHZB_(CGFS)3<7 @
@ \Zr+\§
(characterized by NMR @

spectroscopy) - -

B- (C6F5)2

CH2B(CgFs)3

Scheme 3. Erker’s [Cp,Zr(butadiene)/B(CyFs);]-derived girdle zwitterion.
a) B(C4Fs);; b) C,Hy, 1 equiv; c) C,H,, excess.

diene)] and B(CyFs);.["" The butadiene complex reacts with
B(C.Fs); through the metallacyclopentenyl Zr'V 6-m reso-
nance structure, the borane abstracting one of the terminal
butadiene methylene groups. The cationic allyl product of this
reaction is isolable because of a stabilizing interaction
between one of the ortho C-F groups and the zirconium
center.’ This is a common structural motif in metallocene-
based zwitterions and is based on a weak donor interaction;
such compounds readily dissociate in solution, as evidenced
by the dynamic behavior often observed in their ’F NMR
spectra. Thus, compound 2 equilibrates in solution with
coordinatively unsaturated isomers, enabling 2 to serve as
an effective olefin polymerization catalyst.

The Erker group’s careful study of this chemistry revealed
two important features of the polymerization catalysis ini-
tiated by this family of compounds. First, through reaction of 2
with one equivalent of ethylene, an observable monoinsertion
product is generated.I® This requires that the next insertion is
much slower and implies, therefore, that at early stages of the
polymerization the charges remain in close proximity. The
data support a cation —anion contact involving the methylene
group attached to the borate ion (Scheme 3). If this is a
general phenomenon associated with girdle zwitterions, it
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should be reflected in the molecular weight distributions of
polymers produced by these catalysts. A second feature was
demonstrated conclusively by an elegant laser desorption
ionization MS analysis of polymer samples generated at short
reaction times:? girdle zwitterions are shortlived under
catalytic conditions (Scheme 4). After several insertions,

Cpazr? X~ CH2B(CeFs)s
CHyCHy)

==

conventional _ 2 [CpZZr"\ ][:? ,X‘CHZB'(Ceps)s]
polymerization Et CH2CHz)n_l
Scheme 4. The fate of girdle zwitterions. a) C,H,, excess; b) -hydrogen
transfer.

a
.
CP221" y _ CH,B(CoFs)s

X=X

termination occurs to produce a conventional, nonzwitter-
ionic active site, albeit with unusual counterions. Questions
remain concerning the effects that this collection of counter-
ions have on the catalyst system in comparison with conven-
tional borate anions such as H;CB~(C¢Fs); or B-(CFs),.

We have shown that highly electrophilic boranes also attack
the coordinated olefins in phosphine-stabilized zirconocenes
of general formula [Cp,Zr(PPh,Me)(#>-RCH=CH,)] (R =H,
Et, C¢Hs). For example, bis(pentafluorophenyl)borane,
HB(C(F5), .’ adds across a Zr—C bond of the metallacyclo-
propane form of the coordinated olefin to give compounds 4
(Scheme 5). Charge separation in the zwitterionic products

<

\  .«PPhyMe \ _.PPh,Me
zrV. - Zr”\
&Y <& ¢
R R

la,b
<

&

Scheme 5. Reaction of zirconocene olefin complexes with HB(C¢Fs),.
a) HB(C,Fs),; b) Ph,MeP - BH(C(Fs),.

of these reactions is sharply attenuated by relatively strong
hydrido —alkylborate interactions with the zirconium center.
This is borne out in the poor performance of these compounds
as olefin polymerization mediators. As might be expected by
analogy to the chemistry of Scheme 3, treatment of the olefin
complexes with B(C¢Fs); results in much more active girdle
zwitterions.'"]

Chem. Eur. J. 1998, 4, No. 1
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Erker’s group has also demonstrated that girdle zwitterions
can be formed from nonmetallacyclic precursors. When B(C¢Fs);
abstracts an acetylide group from [Cp,Zr(C=CCHs,),], the
borate alkyne of the initial nonzwitterionic product inserts
into the remaining zirconium acetylide bond, yielding the
girdle zwitterion 5 (Scheme 6)."1 Although the olefin chem-

CpoZr

A

B(CgFs)a

==—B(C¢Fs)a

s

dl

CpaZrt( c .
b Cpozr* W B'(CeFs)3

B'(CgFs)a

Scheme 6. Erker’s [Cp,Zr(alkynyl),/B(C4Fs);]-derived girdle zwitterion.
a) B(CFs);; b) 2RN=C.

CpozZt* == \
i’[ p%" vy ]—>Cp22r+ 2

Z2-1

-
p=d

istry of this zwitterion has not been reported, it does react with
nitriles'? and isonitriles!'!! (as illustrated in Scheme 6)
through the less thermodynamically stable 6, which forms by
a second intramolecular insertion of the alkyne function into
the zirconium —carbon bond.

As these examples have illustrated, electrophilic attack of
certain zirconocene hydrocarbyl girdle ligands is a viable
general strategy to attain this class of zwitterions. Given that
the covalent connection between cation and anion is only a
termination step away from severance, this type of zwitter-
ionic catalyst delivers only the advantage of being a single-
component olefin polymerization initiator. It would be
desirable to achieve more permanent attenuation of tight
ion pairing; ring-type zwitterions provide better prospects in
this regard, since they should remain zwitterions throughout
the polymerization process.

Ring zwitterions: Zwitterionic structures with a borate anion
attached covalently to a Cp donor are accessible by a number
of synthetic approaches. In fact, different routes were used for
each of the handful of ring-type zwitterions that have been
reported to date. It is clear from the examples known that the
means by which the borate is tethered to the ring has a
significant impact on the properties of the zwitterion. In
particular, the length of the tether connecting the ring with the
borate is crucial in determining both the stability of the
compound as a zwitterion and the nature of intramolecular
ion—ion contacts.

Illustrative of this notion are the results of our initial
approach to ring-type zwitterions, which involved the hydro-
boration of allyl groups attached to a Cp ring using the
reagent HB(C(F5),.["l Side reactions of the borane with
zirconium carbon bonds complicate the chemistry,'¥ but in a
case where clean hydroboration occurs, the initially formed
zwitterion undergoes a rearrangement to a nonzwitterionic
product 7, presumably by the pathway depicted in Scheme 7.
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The facility of this entropically driven process illustrates that a
three-carbon tether is too long to sustain ring-type zwitter-
ionic structures.

W B(CeFs)2
- \ a .
/'SI < /ZT\:CHZCGHS — /"SI < /Zr\ “CH,CgHs

N CH,CgHs N CH,CgHs

N zp §:6|:5<7 Si Zr

B N
CHy-B-=CéFs CHzCeHs

\
CH2CgHs

Scheme 7. Hydroboration of a pendant allyl group with HB(CFs),.
a) HB(C¢Fs),; b) alkyl exchange; c) benzyl abstraction.

CeHsCH2B(CoFs)2

In light of these results, we chose to explore the reactions of
so-called tuck-in metallocenes with the boranes HB(C¢Fs),
and B(C4Fs);, reactions designed to produce ring zwitterions
with a short linker of only one carbon. One family of tuck-in
metallocenes contain a metallated pentamethylcyclopentadienyl
donor;**! abstraction of the metallated methylene group by
the aforementioned boranes leads directly to zwitterions.

We have characterized a number of these compounds
extensively, several crystallographically.'”! In the solid state,
two types of intramolecular ion —ion contacts occur in tuck-in/
B(C4Fs);-generated zwitterions. The factors which differen-
tiate between the preferred mode of stabilization are subtle,
as illustrated by the chemistry of the tuck-in phenyl/B(C¢Fs);
system (Scheme 8). When the two reagents are mixed

CeFs
d _=CgFs

S

%&%Q.

phenyl b
CeFs

d ‘C6F5 B (C6F5)3

JQQ ﬁg@ﬁl

Scheme 8. Tuck-in zirconocene/B(C4Fs);-derived zwitterions. a) B(C¢Fs)s,
hexanes; b) benzene or 50°C; ¢) H,.

together in hexanes, a yellow kinetic product 8 precipitates
from solution. In the solid-state structure of this species there
is a short contact between an ortho fluorine atom and the
cationic zirconium center, reminiscent of Erker’s observations
concerning girdle zwitterion 2. This weak interaction is the
most common ion —ion association in the tuck-in derived ring
zwitterions; however, when the other ligand in the wedge is of

16 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

moderate steric bulk, the Zr"---F-C interaction is disfa-
vored. Consequently, the kinetic product 8 converts under
mild conditions to an orange thermodynamic product 9, in
which the zirconium center is satiated by the negative charge
built up on the carbon attached to the borate boron atom.
Stabilization in this manner allows the bulky trio of C4F;
groups to swing away from the metal center and relieve steric
interaction with the phenyl ligand. Upon conversion to a
zwitterionic hydrido complex, the complex reverts to the Zr+
--F—C mode of stabilization, suggesting that the nature of
ion—ion interactions may be variable during the course of a
polymerization reaction.

Both Zr*---F-C and Zr* --- CH,B~(C¢F5); motifs have also
been observed in nonzwitterionicl”l compounds. Although
further quantitative work is required, there is evidence!'®! that
the interactions in the ring zwitterions are weaker than those
measured for conventional metallocenes.'s! Zwitterion 9 is a
highly active single-component ethylene polymerization cat-
alyst, comparable to its closest nonzwitterionic analogue.['’]
More sophisticated polymerization experiments are required to
arrive at an absolute comparison of the two types of catalyst.

Examples of ring-type zwitterions in which the borate is
directly attached to the ring (i.e., with a zero-carbon linker)
have also been reported.'” Rather than introducing the
borane at a late juncture of the zwitterion synthesis, Boch-
mann and co-workers incorporated the counterion at the
beginning of their synthetic scheme, working with anionic
compounds throughout (Scheme 9).2 This tactic cleverly

a, b
B(CeFs)3 > (CoFs)3B @

B(CeFs)3 [Li(thf)4]"

_-B(CgFs)s [Li(thf)4]
~CH; ) \CI
i%lsiMeg %SIMeg

Me3Si Me3Si M = Zr, Hf

[Li(thf)a]2

_- B (CeFs)s [NEts]* B (CeFs)3
\ f.g \ s
..... CHj : «CHg
M e M ~Al
~CHs ~CH:ON
QQ&snweg @smg CHa

MesSi MesSi

Scheme 9. Bochmann'’s anionic and zwitterionic metallocenes. a) CsH;Li;
b) BuLi; c) [{CsH;(SiMe;),)MCL]; d) 2MeLi; e) [NEt][BF,]; f) M=
HI; [Ph;C][B(CeFs)a], 0.5ALMeg; g) —Ph;CMe, — [NEG]*[B(CeFs)l] -

avoids the synthetic problems associated with the presence of
an electrophilic borane center by masking it as a borate. A
hafnocene zwitterion is generated from the anionic dimethyl
precursor 10 by treatment with the trityl activator
[Ph;C][B(C¢Fs),] and trapping with AlMe;.

No solid-state structural data was reported for the above
zero-carbon linker ring-type zwitterion, so there is no
information concerning the nature of the interaction, if any,
between the positive and negative charges in the molecule.
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Since the cationic center is complexed by a trimethylalumi-
num fragment, the charges are likely well separated. Without
the alkyl aluminum stabilizer, the metal center is again
bolstered by ortho-fluorine coordination, as Erker et al. found
in a related zirconocene zwitterion.?!! In the reaction of 1,1-
bis(cyclopentadienyl)-2,3,4,5-tetramethylzirconacyclopenta-
diene with B(C¢Fs);, the borane surprisingly attacks one of the
Cp rings rather than a 6 bond of the girdle ligand (Scheme 10).
Endo-proton transfer from the ring to a vinylic carbon o-
bonded to zirconium yields zwitterion 11.

B"(CeFs)3 CGFSCBFS

ﬂH C>re F
iﬁ Zr+>/\ — \\,ZrlFQF
H<’ 7 F F

11

Scheme 10. Ring zwitterions from electrophilic attack on Cp by B(C¢Fs);.
a) B(CgFs);.

Electrophilic attack of Cp may prove a general route to ring
zwitterions for zirconocenes in which the Zr—C bonds in the
girdle are sterically protected and difficult for the borane to
access. We have observed this type of reactivity in, for
example, the reaction of the alkyne complex [Cp,Zr(n?-
EtC=CEt)(PMe;)] and HB(CFs),.?? Judged by NMR spec-
troscopy, the product is the chelating borate zwitterion 12
shown in Scheme 11. This reaction shows promise for
producing a range of intriguing zwitterionic compounds;
further exploration is required.

= @>
\ _~PMe; B-=CeFs
Zr Zr\
=
@ EtI
Et

Scheme 11. Ring zwitterions from electrophilic attack on Cp by
HB(C4Fs),. a) 2HB(C4Fs),; b) — MesP - BH(C4Fs),.

ab

Bridge zwitterions: Incorporation of the counterion into the
linker backbone of an ansa metallocene is the most syntheti-
cally challenging—but perhaps the most aesthetically pleas-
ing—option of the three classes of zwitterions given in L
Bridge-type zwitterions elegantly achieve enforced charge
separation while taking advantage of the many attractive
features of ansa-metallocenes. Though other structural types
may be envisioned, published attempts at such compounds
have so far focused on metallocenes with one boron atom
bridging the two Cp ligands, generally
depicted in II, as targets. While the
requisite ligands are accessible by a
X, \ couple of routes, ligand attachment re-
actions tend to give products in which the
ligand bridges two metal centers rather
than engaging in the desired chelating
I bonding mode of structure II. Bochmann

Chem. Eur. J. 1998, 4, No. 1
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et al. found that when lithium biscyclopentadienylbispenta-
fluorophenyl borate reacts with tetrabenzyl zirconium, tol-
uene elimination leads to the dinuclear anionic complex 13
rather than a borylidene-bridged ansa-metallocene
(Scheme 12).1 Similarly, Shapiro and co-workers reported

Q | [Li(Et20)a]
>

\ " CeFs
H CeFs

lb

CeFs Zr(CHzPh);| [Li(thf)4]*

ést

dinuclear

BFB(C6F5)2 >

|
(F’hCHz)ng

Scheme 12. Bochmann’s  borate-bridged metallocene.

a) 2CsH,Li; b) [Zr(CH,Ph),].

that the reaction of neutral bis[ (trimethylsilyl)cyclopentadie-
nyl]phenyl borane (14) with TiCl, gives a binuclear complex
with loss of Me;SiCl (Scheme 13).123]

Q T.C|3
MegSi™"
4>
O/ SlMe3 C|3T|
CeHs

Scheme 13. Shapiro’s boryl-bridged dinuclear metallocene. a) 2TiCl,,
2Me;SiCl.

This phenomenon is presumably attributable to the small
size of the boron atom linker. Recently, however, Rufanov et
al. showed that, under the right conditions, boron-bridged
ansa-metallocenes can be favored. Remarkably, simply sub-
stituting the trimethylsilyl groups in Shapiro’s compound 14
with trimethylstannyl substituents and using ZrCl, instead of
TiCl, leads preferentially to the boron-bridged ansa-zircono-
cene 15 (Scheme 14).24 Clearly, this compound is close to a
bridge-type zwitterion, and strongly suggests that structures
akin to II are viable synthetic targets.?)

Megsn™”
B.
<. C5H5
SnMe;.;

boryl-bridged

@ x

Scheme 14. Rufanov’s ansa-metallocene.  a) ZrCly,

—Me;SnCl.

Conclusions
Progress on development of zwitterionic metallocenes has
been substantial since Hlatky and Turner’s seminal report.[

Much work remains to be done to assess whether or not
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zwitterions are better than their nonzwitterionic analogues in
terms of the projected advantages outlined in the Introduc-
tion. Many are indeed single-component mediators of olefin
polymerization, and at least rival conventional catalysts with
respect to productivity; more careful studies are required to
address this point. Given the broad interest in olefin polymer-
ization catalysts, research in this chemically intriguing sub-
genre of metallocene chemistry is sure to continue.
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Molecular Architecture: Coordination as the Motif in the Rational Design
and Assembly of Discrete Supramolecular Species—Self-Assembly
of Metallacyclic Polygons and Polyhedra

Peter J. Stang*
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Abstract: A simple, general systematic strategy has been
developed for the rational design by self-assembly of
diverse metallacyclic polygons and polyhedra using
coordination as the motif. The methodology is illustrated
by the self-assembly of various molecular squares,
molecular hexagons, and 3D species, new members of
the family of abiotic supramolecular entities. The design
features and some advantages of the coordination motif
are discussed.

Keywords: chirality - coordination - metallacycles -
self-assembly - supramolecular chemistr
\ y p y /

Introduction

Supramolecular chemistry and self-assembly are at the
frontiers of the molecular sciences, as evidenced by the
intense interest and the near-exponential growth of publica-
tions in this area in just the last decade.l'l Although
contemporary supramolecular chemistry has its roots in the
classical covalent macrocycles such as crown ethers, cyclo-
phanes, cyclodextrins, calixarenes, cryptands, spherands, and
so on, it is currently heavily dominated by the biomimetic
motif of weak interactions, amongst others hydrogen bonding,
hydrophilic—hydrophobic interactions, wt—m-stacking, elec-
trostatic, and Van der Waals forces. The great versatility and
power of this bio-derived motif is illustrated by the recent,
elegant investigation of nanoporous molecular sandwiches by
Ward et al.,?! the synthesis of self-organized nanostructures
by Stupp and coworkers,®! the rosette aggregates!'sl and the
two- and three-dimensional self-assembly of mesoscale ob-
jects by Whitesides and coworkers,¥! the three-dimensional
tennis-ball-like capsules of Rebek,! the ordered hydrogen-
bonded arrays of Hamilton® and Zimmerman,” the dipyr-
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Department of Chemistry, The University of Utah
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idine-based aggregates of Wuest,[® the cagelike hydrogen-
bonded dimers of Lehn®! and Gokel,'” and many others.

A completely different approach to the formation of abiotic
supramolecular species, by spontaneous self-assembly of
precursor building blocks under appropriate conditions,
involves the coordination motif, that is, the use of transition
metals, multidentate ligands and dative bonding to drive and
direct the self-assembly process. Although this methodology
has been successfully and fairly extensively employed in the
formation of metal helicates,'!l oligomeric chains,'? step-
ladders,['? grids,"l some rings and cages,'” and most recently
dendrimers,'¥ it has not been systematically used in the
construction of discrete, predesigned, metallacyclic polygons
and polyhedra with well-defined shapes and sizes.

Discussion

Concepts, principles, and strategy: The precoding associated
with the preferred coordination numbers and geometries of
transition metal complexes as well as the shapes and geom-
etries of di- and polydentate ligands and considerations of
topology and symmetry is inherent in the coordination-based
motif for the construction of supramolecular metallacyclic
convex polygons and canonical polyhedra. In other words, the
appropriate subunits are programmed with the information
required for proper error-free self-assembly, at least in
principle, into the desired supramolecular structure with
correct shape, size, stereochemistry, symmetry, and so on.
Any convex polygon or canonical polyhedron can be
constructed with just two simple types of building blocks:
1) linear units (L) containing reactive sites with a 180°
orientation relative to each other and 2) various angular units
(A) possessing binding sites with other desirable (required)
angular orientations, as illustrated in Figures 1 and 2. The
shape of any individual two-dimensional polygon is solely
determined by the value of the turning angles within its
angular components. Thus, a triangle requires the engineering
of three 60° turns, a square the engineering of four 90° turns, a
pentagon 108° and a hexagon 120° turns. Hence, a simple
system of descriptors can be easily devised to both describe
and design any molecular polygon, as illustrated in Figure 1.
For example, a planar molecular triangle requires three 60°
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Figure 1. Some of the possible combinations of the two types of building blocks necessary for construction of convex polygons or canonical polyhedra, linear

units L and various angular units A.

bidentate angular binding units (A3}) and three bidentate
linear linking units (L3); the combination of four bidentate 90°
units (A%) with four bidentate linear linkers (L3) gives a
molecular square and so on. In other words the designator A
indicates an appropriate angular binding unit, the superscript
the denticity of the unit and the subscript the number required
of a particular angular building block for the design of a
specific polygon; likewise for the linear linker units L. From
topological considerations it is obvious that there are varia-
tions on this theme, as illustrated for the different squares (B,
C, D), parallelogram (E), as well as hexagons (G, H) in
Figure 1. Of course, for proper self-assembly to occur, the
building units must follow each other in proper, incommen-
surate order and remain multidentate (i.e., they cannot be
capped) in order to form the desired predesigned metal-
lacyclic molecular polygon.

The design and formation of three-dimensional canonical
polyhedra are somewhat more complex: they require at least
one type of linker that has more than two coordination
binding sites. For example, the combination of three bidentate
linear linkers (L3) with two tridentate angular binding units
(A3) should yield a trigonal prism, whereas eight tridentate
angular components (A}) in combination with twelve linear
bidentate linkers (L?,) will result in a cube, as illustrated in
Figure 2J and L. Likewise, in this simple notation an AjL?,
system with planar tridentate linkers is a cuboctahedron, an
Archimedean semiregular polyhedron (M in Figure 2). Sim-
ilarly, twenty tridentate tetrahedral (109°) angular binding
units (A3;) in combination with thirty bidentate linear linkers
(L%)) describe a dodecahedron.

Preparation of angular (A) and linear (L) building units: For
any self-assembly process to be efficient and convergent it is
important to have easily available preprogrammed building

20 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Figure 2. Three-dimensional combinations of A and L units.
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units. From the concepts and strategy described above it is
obvious that both the angular (A) as well the linear (L)
binding units may be either di- or polydentate nitrogen or
other appropriate lone-pair-bearing organic ligands or appro-
priately functionalized organometallic complexes. Simple,
commercially available angular as well as linear units include

compounds 1-5. Others, such as 3 (n=1,2) and 6-10 are
4 Q
1

=0 OO0

2 3:n=0,1,2
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readily made in a couple of easy steps by standard organic
protocols such as cross-coupling methodologies [for 3
(n=12), 6, 7] or other well-established procedures.
Organometallic angular (A) or linear (L) binding units can
be easily madel" from readily available halides by a double
oxidative addition, metathesis, process as illustrated in
Scheme 1.

3

toluene PRy PR 2 AgOTf
u 1
x<Oy—x  +22(RsP)M T X'R@F?"X 2AgX
|-3R3 PR3 '
o CH,Cl,
11: X=Br, | 12: M=Pd, Pt 13: M=Pd, Pt
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~O~O-x +12 OO Fox o=
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15: X=Br, | 16: M=Pd, Pt
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o
+12 tOluzne RSP:PI' /PR3 2AgOTf
X X X g

X T2AgX,
CH,Cl,

PR3
18: X=Br, |
19: M=Pd, Pt

Self-assembly of molecular squares: As depicted in Figure 1,
the design and assembly of molecular squares require 90°
angular binding units in conjunction with bidentate linear
building blocks. The square-planar Group 10 metals cis-
tetracoordinated by two adjacent weakly coordinating reac-
tive ligands, such as triflates, and two ancillary ligands (21)
together with linear linkers like 3, 4, 5, and 8 are ideal building
units, preprogrammed for self-assembly into molecular
squares. Indeed, simple mixing of 21 with 4,4’-bipyridine
[bipy, 3 (n=0)] in CH,Cl, at room temperature affords, in a
matter of minutes, the desired molecular squares 22 in near-
quantitative isolated yields,'! as summarized in Scheme 2.

\ e
L-M -NO>—<ON-I\|/I -L
L oTf N N
/ < // CcH,Cl, O O
[\ * N@—@N —_— 8OTf
= OTf RT O O
21. M=Pd, Pt 3:n=0 N N
L=V/2 dppp, EtsP L—I\:A-NQ}—{QN—I\:A-L
L L

22. M=Pd, Pt
L=Et3P, L,=dppp

Scheme 2. Self-assembly of squares containing square-planar metal com-
plexes.

Likewise, simple mixing of 4, 5, and 8 with 21 (in the case of
4 and 5 M = Pd only) gives the appropriate molecular squares
in excellent isolated yields.'’d Similar results were first
reported by Fujita, Ogura and coworkers,'®) who used the
water-soluble [(cis-en)M(ONO,),] and bipy (3) as building
units for self-assembly in water. In fact, Fujita and Ogura’s
water-soluble molecular squares and related supramolecular
systems['”l nicely complement our own supramolecular as-
semblies, soluble in organic solvents (CH,Cl,, CHCI;,
CH;NO,, CH;0H, acetone). More recently, a luminescent,
mixed Re/Pd square was prepared employing the same
methodology by Hupp and coworkers.!'$]

Use of the pseudotrigonal
bipyramidal T-shaped bis(het-
eroaryl)iodonium triflate 23 or
the cis-Pt unit 24, two differ-

Scheme 1. Double oxidative addition metathesis to yield organometallic A or L binding units.
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PR3 PR3
Tfo_ﬁt@.}%’t_o‘rf ent types of angular building
PR;  PR; units, in conjunction with 21
14: M=Pd, Pt afforded the hybrid molecular
R=Et, CeHs squares 2501 and the mixed
PR, PR, neutral/chlarged sqglga‘)r/es 261,[201
2 ! respectively, in >95 % isolat-
e T;t ?Rjﬁ ed yields, as summarized in
17 M=Pd, Pt Scheme 3. These molecular
ReEL Catls squares  are Vanagts .of
’ squares illustrated in Fig-
o ure 1 B. Likewise, the titano-
ReP on c§ne-based square 28?1 made
\Pt o’ 3 via 27, represents an interest-
T “pr, R “oTf ing A} system with four bi-
dentate self-complementary
20: M=Pd, Pt angular building units
(Scheme 4). Mixed Ti/Pt mo-
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Scheme 3. Two possible reactions of 21 with angular building units, bis(heteroaryl)iodonium triflate 23 or the cis-Pt unit 24.

@ @
:
ON T| @
CpaTi 4©_©N AgOTf
| aoetone
cl
27 RT, 5h
T| NO T|—-
@
4 OTf3

28

Scheme 4. Synthesis of the titanocene-based square 28.

PPh

lecular squares are also accessible by this self-assembly
protocol.?2

The versatility and power of this coordination motif is
illustrated by the ability to vary size from squares with cavities
of a few angstroms to ones with nm-size cavities as illustrated
in Scheme 5.3

The shapes and molecular dimensions determined from
X-ray datal5®1%202 of some of these molecular squares are
summarized in Figure 3, along with space-filling models based
upon the structural data. Squares 22 and 26 are near-perfect
squares, although 22 is not planar but puckered in order to
accommodate the 84° turn angles as opposed to the ideal 90°
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Scheme 5. Squares with nm-size cavities.
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of a perfect planar square. Species 25 is a rhomboid rather
than a square.

This simple methodology also allows the marriage of
classical covalent macrocycles with molecular squares. For
example, molecular squares containing both metallacrowns
(30 and 31) and metallacalixarenes (32 and 33) have been
prepared by self-assembly using this methodology.?Y Like-
wise, ferrocene chemistry can be combined with molecular
squares, as exemplified by 34.°

Chiral molecular squares: Chirality is one of the unique
features of both macroscopic and microscopic objects.
Chirality is essential for life as we know it and hence per-
vades biological systems. The ability to readily incorporate
chirality into nonbiological supramolecular species and an
understanding of chiral self-assembly processes is a critical
aspect of this developing field.

Chem. Eur. J. 1998, 4, No. 1
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22

Figure 3. Crystallographic data
(left) and space-filling models
(right) of molecular squares 22,
25, and 26.

There are at least five different ways of rationally designing
and preparing chiral supramolecular species by spontaneous
self-assembly of building units comprising transition metal
complexes and organic multidentate ligands as part of the
coordination motif. These are:

1) use of an appropriate metal complex bearing a chiral
ancillary ligand;

2) use of an inherently chiral octahedral metal complex;

3) use of an optically active atropisomeric diazaheterocycle
(such as properly substituted 4,4'-bipyridine, bisquinolines
etc.) as linker ligands;

4) helicity or twist as a consequence of diaza linker ligands
that lack rotational symmetry about the bis linkage axis;

5) combinations of any of these four methods.

As chiral auxiliaries are more readily available than either
chiral atropisomeric bidentate ligands or inherently chiral
optically active metal complexes, a logical place to start was
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approach 1) and use of a commercially available chiral
auxiliary. The results are summarized in Scheme 6 and
Figure 4. Specifically, interaction of either bisheteroaryliodo-
nium units 23 or 35 with the BINAP/bistriflate complexes 38
gave chiral molecular squares 36 and 37, where the optical
activity is solely due to the chiral auxiliary BINAP ligands.??!
In contrast, squares 40 and 42 illustrate both helicity (twist)
and the use of a chiral auxiliary. In particular, the interaction
of either of the diazaligands diazaanthracene (39, DAA) or
diazaanthracenedione (41, DAD) lacking rotational symme-
try about their linkage axis with a chiral metal complex such
as 38 can, in principle, result in six possible diastereoisomers
due to twist (helicity), as illustrated in Figure 4. In fact, with
DAD with Pt-38 an 84 % de was observed, while with Pd-38
the de was 79 % . In other words, there is asymmetric induction
by the chiral auxiliary that preferentially selects for one major
diastereomer out of the six possible ones. Even more
interesting, only a single diastereoisomer, again out of the
six possible, was observed in the reaction of 38 with DAA
(39), according to P NMR.P This is a truly remarkable

24 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Self-assembly of molecular hexagons:
As stated at the outset, the self-assem-
bly methodology using coordination as
the motif and appropriate angular
(A) and linear (L) polydentate build-
ing units is in principle complete-
ly general for the formation of poly-
gons and polyhedra. The brief descrip-
tion of the diverse molecular squares
investigated to date amply illustrates
both the versatility and depth of this
approach. To further illustrate the
generality of this methodology for the
self-assembly of discrete supramolecu-
lar species we next examined the for-
[ t-Bu mation of molecular hexagons and 3D
O 1 assemblies.

In our simple descriptive system
(Figures 1 and 2) a molecular hexagon
is a AZL? species with six 120° angular
and six linear units properly joined
together. Indeed, as summarized in
Scheme 7, two isoelectronic isostructur-
al molecular hexagons 42 and 43, each
with a M, of 12433 Da, readily form in
high isolated yields by simple mixing of
the appropriate precursors.’”! This is a
rather remarkable reaction, as twelve
individual units have to come together
in an incommensurate correct order. A
molecular pentagon can likewise be
formed by spontaneous self-assembly
of 10 with 17.2%

N“ph,

8 "OTf

3D Assemblies: To date, two discrete, related polyhedra, both
octahedra of the AZA3 type, obtained by the coordination of
self-assembly strategy, have been reported. Using their water-
soluble [ (en)Pd(ONOQO,),] building unit (44) and the tridentate
ligand 45 Fujita, Ogura and coworkers?’! assembled the
octahedron 46 (Scheme 8) and examined its host—guest
chemistry with adamantane carboxylate as well as adaman-
tane itself. With 47 as the requisite tridentate binding ligand,
Stang and Olenyuk®” recently reported the related optically
active octahedral assembly 48 (Scheme 9). A unique feature
of these chiral 3D metallacyclic polyhedra is that they belong
to the 7-symmetry point group, which has so far only been
observed in a very few covalent organic molecules.

Design features and some advantages of the coordination
motif: It is evident that the coordination motif offers some
unique design features and advantages for the construction by
spontaneous self-assembly of discrete metallamacrocyclic
polygons and polyhedra, new members of the family of
supramolecular species. These include:
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1) high rational design predictability based upon two simple
types of building units, angular (A) and linear (L) building
units;

2) predictable and considerable variation of shape and size by
simple variation of the size of the building units;

3) large number and diversity of possible transition metal
complexes and multidentate binding units;

4) bond energies in the range of 15-30kcalmol™! per
interaction that fall between those of the strong covalent
bonds in classical macrocycles and the weak interactions
(hydrogen bonding, - mn-stacking, electrostatic and Van
der Waals interactions, etc.);

5) excellent product yields inherent in the self-assembly
process;

6) ready control of the oxidation and charge states of the
desired macrocycles;

7) easy access to chiral metallamacrocyclic supramolecular
systems with controlled stereochemistry;

Chem. Eur. J. 1998, 4, No. 1
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squares.

8) ability to create both organic- or water-soluble aggregates,
and so on, and so on.

Conclusions

A simple system has been devised, developed, and exploited
for the creation of a new class of abiotic supramolecular
species, namely metallacyclic polygons and polyhedra. The
methodology employs coordination as the motif and takes
advantage of dative bonding between transition metal com-
plexes and di- and polydentate binding ligands to drive and
direct the self-assembly process. It is important to state that
the emphasis on molecular squares is only a start but clearly
illustrative of the generality, diversity, and power of this
simple methodology. In this brief description emphasis was
placed on concepts and principles as well as illustrative
examples. In fact the real challenges, as in all of contemporary
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Figure 4. Chiral supramolecular squares.

supramolecular chemistry, are the proper characterization
and structure determination of the species observed. This
challenge increases with the complexity of the supramolecular
species, from simple polygons (triangles and squares) to
complex polyhedra (cuboctahedron, dodecahedron, etc.).

It is evident that the coordination motif can be combined
with classical covalent macrocycles, as already illustrated, as

PPh;
1

o :
Pth\Pt r\@/\@)\n Pt’PPh3 CD,Cl, RT  PPhs

+ o+ @ 15 min.
PhaP, PPhy PhsP @ PPhg
Pt

Scheme 8. Self-assembly of the octahedron 46 (Fujita, Ogura et al.).

well as the hydrogen-bonding motif for the design of even
more elaborate, complex and sophisticated supramolecular
species with well-defined shapes, form and size. In architec-
tural terms the development of the coordination motif is only
in the Romanesque period, with the Gothic, Baroque, Rococo
and modern periods yet to come. The beauty, elegance, and
sophistication of synthetic supramolecular entities is limited
only by the boundless imagination of chemists—the modern
equivalent of architects—and the practical considerations of
the available techniques for the proper characterization and
structure determination of the resulting products. Further-
more, as in nature, use and function will derive and follow
from structure. The next century is likely to see hitherto
unthinkable nanoscale devices and molecular machinery, as

PPhy
A

TI0-Pt{O—O) Pt-0Tt o
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Pt Pt
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e Qe
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o ' “PPhy Phsp” " "o 0 O " bPhy Php’ QL0
5 5 oge!
PhaPa pr+ *5¢ = PPhs PhaPe et = PPhy
g'/Pphs phgp L PPhg PhsP
% 2
PhaPe i 4= PPN Ph P_Q ﬁ;‘ PPh
\PPhs PP NO—ON = P ppny phgpr LTS
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o ON __PPhg PhSFi_ fo) 0min o K 3 PhsP o
Pt : : PE +Pt
/

ey e) Tt0”
o

PPhs 1501t

42

Scheme 7. Formation of the isoelectronic molecular hexagons 42 and 43.
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Scheme 9. Self-assembly of the octahedron 48 (Stang and Olenyuk).

well as many new materials with unique unfamiliar properties.
We hope that the concepts and ideas expressed herein will
ultimately play some small role in facilitating these develop-
ments.B!
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Structure and Bonding Analysis of Some Xenophilic Transition Metal Clusters

Zhitao Xu and Zhenyang Lin*

Abstract: Ab initio quantum chemical calculations have been used to study the
metal —metal interactions in a new emerging class of transition metal clusters. These
xenophilic clusters consist of two entirely different types of metal complex fragments
in terms of the ligand accepting and donating properties. Simple bonding models
based on a local metal frontier orbital approach are proposed to account for their
electronic and magnetic behavior. Through our detailed analyses, we find that the
paramagnetic properties of these clusters are determined by the coupling among
those metal centers bonded to m-donating ligands.

Keywords: ab initio calculations -
bond theory - clusters - electronic
structure - iron - manganese

Introduction 0 lthf 9 / - o0°
In a recent highlight article,['! Gade pointed out that the way oc_ | /thf, IIVIn\\ _ €0 i‘fmn 672
we teach transition metal cluster chemistry is based on its oc /Ft \M;l \./Fe\CO MR Fe
partition into two paradigms of metal — metal bonded systems, S I thf & 112.8° 2.617A
one containing mainly m-acceptor ligands such as carbonyls, o Dy
nitrosyls, phosphines, and/or cyclopentadienyl groups, and the thi
other containing mainly m-donor ligands such as halides, 1
oxides, chalcogenides, etc. The former type of clusters
comprises transition metal centers with zero or even negative o poQ 2.756A
formal oxidation states, while the latter contains transition oc /C Py / \ 65.7°
. .. . . 23 ~ —TFe co Fe Fe
metals in low positive oxidation states.[>?] /Fe—< 7\ =F" \(
Another new type of transition metal cluster is emerging in oc” | Fe‘P// ~co 114.3° Fe 2 539A Fe
which metal complex fragments of the two totally different & / Y g ’ D ’
regimes are directly bonded to each other.*71 Harakas and by h
Whittlesey proposed the term xenophilic for this class of 2
clusters to characterize the nature of the combination of
different types of metal complex fragments.”! Some typical
clusters of this emerging third type highlighted by Gade are 9 0 thf thf 9
shown in structures 1-4.[ Unlike the majority of carbonyl \ /C/Mn\ //CO Mo 2.73A
clusters, these clusters have open-shell electronic structures. oc—Mn Mo o M= N —Mn
For example, magnetic moment measurements show that 2 c/ \C o¢ c/ 122.0°
has a triplet ground state while 1 appears to have a quintet 6 o © C,
ground state. To account for the electronic structures of these
clusters, a more detailed theoretical study into their metal — 3
metal bonding is required. In this paper, we attempt to
provide qualitative metal —metal bonding pictures® for these
clusters with the aid of ab initio calculations® to rationalize 2.785A
their magnetic and electronic behavior. o ? (trxl}[?—z—-—(rgl?“ thf - 124 5° (tll\l/lfn)}LMn 115.0°
:Mn/ ’Mné -- }Mn/ Mn%l\‘/{n{;g/[:
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Results and Discussion

[{(thf);MnFe(CO),),] (1) and [{(py),FeFe(CO),}] (2): Exam-
ining the structure of [{(thf),MnFe(CO),},], one can see that
the cluster consists of two Mn(thf), and two Fe(CO), frag-
ments.l Fe(CO), has m-acceptor ligands while Mn(thf),
contains hard donor ligands. Metal complexes containing -
acceptor ligands normally conform to the 18-electron rule.l'"]
Assuming that the two Fe centers satisfy the 18-electron rule,
one can immediately conclude that each Fe uses two valence
electrons to form two formal covalent o bonds with the two
Mn centers. In other words, each Fe center can be viewed as
an octahedral complex with a d® electronic configuration
when the two Fe—Mn bonds are considered as two metal—
ligand bonds. Since these two Fe centers have a noble-gas-like
electronic configuration, one would expect that the d°
electrons would be relatively inactive due to the presence of
carbonyl ligands and would not contribute anything to the
cluster’s paramagnetic property. As there are four Fe—Mn o
bonds, each Mn atom has to contribute two electrons to form
two Fe —Mn o bonds, and consequently retains five d electrons
for the Mn—Mn interaction, a d°—d’ interaction, which then
gives the resulting quintet ground state. A schematic bonding
model is illustrated in Scheme 1. Here, we employ classical

(+d%)

% / i G

(+d)

Scheme 1. Schematic Lewis dot bonding model for 1.

Lewis dot electronic structures!'”) to represent the relevant
bonding model. This kind of representation is only for the
purpose of clarity and simplicity. It should be noted that
Harakas and Whittlesey gave a similar covalent model to
account for the cluster’s magnetic behavior.’]

The question here is how these two Mn d’ centers in 1
interact with each other. Figure 1 illustrates the relevant d—d
orbital interaction between these two Mn centers. For the
sake of clarity, we do not depict those d —d molecular orbitals
based on Fe centers, which are quite low-lying due to the
stabilization effect from the n* orbitals of carbonyl ligands. In
the figure, the d,, fragment orbital of each Mn center has been
used to form Mn-Fe o bonds (the Cartesian coordinate
system is depicted in Figure 1). Our ab initio results indicate
that this is indeed the situation. Therefore, the d° electrons
available for the Mn-Mn interaction have to occupy the
remaining four d orbitals. In these four d orbitals, d,, is the
lowest in energy, since it has zero overlap with all the metal —
ligand (Mn —thf) and metal - metal (Mn -Fe) o bonds. The d,,
orbital is the highest in energy because it overlaps with the
ligand’s o orbitals, resulting in its antibonding character.

Chem. Eur. J. 1998, 4, No. 1
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form Mn-Fe bond
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Figure 1. The d—d orbital interaction diagram derived for the two Mn
centers of [{(thf),MnFe(CO),},]. The molecular orbitals derived from the
available Fe d orbitals are low-lying and omitted from the figure for the
sake of clarity.

Now we come to consider the orbital interaction between
the two Mn centers. The d,,—d,, orbital interaction gives rise
to both 1b,, and la, molecular orbitals, which are approx-
imately nonbonding due to the nature of their ¢ overlap. The
interaction between the d,._y» and d,» orbitals from both Mn
centers results in one strongly o-bonding (1a,), two roughly
nonbonding (1b,, and 2a,), and one strongly antibonding
(2b,,) molecular orbitals (Figure 1). The d,,—d,, orbital
interaction gives rise to one weakly bonding (1b,,) and one
weakly antibonding (1b;,) orbital due to their m-overlap
nature. It is the two roughly nonbonding (1b,, and 2a,) and the
two d,,—d,, orbitals (1b,, and 1b5,) that are singly occupied,
giving a quintet ground state. The energy-level ordering of
these four singly occupied orbitals shown in Figure 1 is only
qualitative. One would expect that their orbital energies are
close to each other.

Our ab initio calculation results show that the ground state
of a [{(H,0),MnFe(CO),},] model cluster is indeed a quintet
state (°A,) in which the four singly occupied orbitals are by,
by, a, and bj,, consistent with the qualitative orbital pattern
shown in Figure 1. Figure 2 shows the spatial plotsl®! of these
four singly occupied molecular orbitals derived from our HF
calculations. The two molecular orbitals (15, and 1a,) derived
from the linear combinations of d,, bases are found in
orbitals 119 and 120 in our calculations. The 1a, bonding
molecular orbital is found in orbital 123. These three molec-
ular orbitals, which are doubly occupied (see Figure 1), are
plotted in Figure 3.

The Mulliken spin density analysis (Table 1) reveals that
the spin density of each Mn atom is 1.93. This result indicates

0947-6539/98/0401-0029 $ 17.50+.25/0 — 29
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Figure 2. Spatial plots of the four singly occupied molecular orbitals of
[{(H,O),MnFe(CO),},] derived from ab initio calculation at the HF level.
The orbital symmetry labels of these molecular orbitals are those of
Figure 1.

Figure 3. Spatial plots of the three doubly occupied molecular orbitals of [{(H,O),MnFe-
(CO),},] derived from the d,, and d,._,. bases (see also Figure 1 for the symmetry labels).

that the four unpaired electrons are almost exclusively
localized on the two Mn centers. This result also provides
strong support for our assumption that the d°® electrons on
each Fe center are inactive. The atomic charges on Mn and Fe
atoms are + 1.08 and + 0.62, respectively. A less positive Fe
center is reasonable because of its noble-gas-like electronic
configuration. Table 1 shows that the positive charges carried
by the metal atoms are counterbalanced almost exclusively by
the eight carbonyl ligands. The atomic charges are mainly
dictated by the metal —carbonyl bond polarity.

Cluster [{(py),FeFe(CO),},]® (2) is isostructural with the
[{(thf),MnFe(CO),},] (1) cluster. One would expect the

molecular orbital pattern of 2 to be similar to that of 1. The
former cluster has two more valence electrons than the latter.
Therefore, a triplet ground state is expected for 2. Our ab
initio calculation on the [{(NHj;),FeFe(CO),},] model cluster
gives a ’B,, ground state, corresponding to the (b,,)'(bs,)"
electronic configuration. Earlier extended Hiickel molecular
orbital calculations did not give a similar electronic config-
uration.P! The two singly occupied orbitals are derived from
the in-phase and out-of-phase linear combinations of the d,
bases (see Figure 1) that have metal-ligand antibonding
character. The Mulliken analysis (Table 1) gives a spin density
of 0.96 on each Fe center of the two Fe(NH;), fragments.
Once again, the result implies that the two unpaired electrons
are localized on the two Fe centers bonded to the N
containing ligands. The atomic charges for the iron atoms in
the Fe(NHj;), fragments are also greater than those in the
Fe(CO), fragments. The carbonyls carry the most negative
charges, approximately — 0.4 each (see Table 1).

[Mn;(thf),(CO)4,] (3): This cluster consists of one
Mn(thf), and two Mn(CO); fragments.] Here,
one can easily assume that the two terminal Mn
centers conform to the 18-electron rule. In other
words, two Mn—-Mn o bonds can be assumed for
the trinuclear V-shape cluster. If one considers the
two Mn—-Mn o bonds as two Mn-L bonds, the
two terminal Mn centers can once again be viewed
as normal octahedral complexes with a d° elec-
tronic configuration. Due to their noble-gas-like
electronic configuration and the presence of
strong 7 accepting ligands, the d° electrons are
inactive, as seen in the two rhombic clusters discussed above.

For the Mn(thf), fragment, the Mn center has to contribute
two valence electrons to form the two Mn-Mn ¢ bonds
mentioned above. The remaining five d electrons should be
localized on the central Mn center. From our analysis of the
Mn(thf), fragment above, we can immediately deduce that
the remaining five electrons will occupy four metal d orbitals,
as one of the five d orbitals in the metal center has been
utilized for the Mn —Mn bonding.

The orbital pattern of the Mn(thf), fragment should be
similar to that presented in Figure 1. Although no magnetic
and spectroscopic properties are available for this cluster, we

Table 1. The average atomic charges and spin densities derived from Mulliken analyses at the HF(BLYP) level.

Average atomic charge

[{(H,O),MnFe(CO),},] Mn Fe O(H,0) H C (@)
+1.08 +0.62 —-0.92 +0.47 0.00 —-043
[{(NH;),FeFe(CO),},] Fe Fe(co) N H C O
+1.00 +0.48 —1.07 +0.37 +0.06 —0.44
(+0.86) (+0.61) (—0.96) (+0.35) (-0.15) (—0.26)
[Mn;(H,0),(CO),] Mn Mnco) O(H,0) H C O
+1.46 +0.50 —0.94 +0.48 +0.15 —0.40
(+1.24) (+0.67) (—0.80) (+0.41) (—0.04) (-0.22)
Atomic spin density [a]
[{(H,0),MnFe(CO),},| [{(NH;),FeFe(CO),},] [Mn;(H,0),(CO),]
Mn Fe Fe Fe(co) Mn Mn o,
1.93 0.01 0.96 0.00 2.96 0.00
(0.84) (0.03) (2.59) (0.07)

[a] The spin densities for all ligand atoms are almost zero.
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predict that it has an S =3/, ground state. Detailed ab initio
calculations show that the ground state is a quartet *B (based
on the C, point group), corresponding to the occupation of the
three singly occupied fragment orbitals shown in the left-hand
side of Figure 1. The total spin density (see Table 1) on the
central Mn atom is 2.96, indicating the almost exclusive
localization of the three unpaired electrons. The central Mn
atom has an atomic charge of + 1.46. The atomic charge of
each terminal Mn atom is + 0.50. These results suggest that
the Mn—Mn bonds are highly polarized. This property might
explain the experimental observation that the cluster is
partially decomposed in solution.[! Again, the atomic charges
are mainly dictated by the metal —carbonyl bond polarity (see
Table 1).

[Mn,(thf)((CO),]- (4): This heptanuclear planar cluster
contains one uncoordinated Mn, three Mn(CO),, and three
Mn(thf), fragments.[ If we again assume that each Mn center
of three Mn(CO), fragments satisfies the 18-electron rule, we
can immediately propose the formal bonding description
shown in Figure 4. Each Mn atom in the three Mn(CO),

Mn(thf), fragments

(+dh
(+d% (th) (CO)4 -
Mn—s<—Mn —I

+d9C0),Mn

,
,
,
,
’

sy Mn—e*—Mn
SERNGTHR

(CO)4
(+d%)
. ~ dyy used to form
d, Mn-Mn ¢ bonds
WV E—

A
dy, dy, -44- +

dxz_y: d

l—>y

X

used to form
Mn-Mn © bonds

Xy

Figure 4. Schematic bonding model for [Mn;(thf);(CO),,]".

fragments uses 3 valence electrons to form 3 Mn —Mn o bonds
with its adjacent Mn atoms. Indeed, one can see that these
three Mn(central) —Mn bonds are shorter than the other three
Mn(central)—Mn bonds. The Mn centers of Mn(CO), are
analogous to pentagonal-bipyramidal d* transition metal
complexes if the three Mn-Mn o bonds are viewed as
equivalent to three M—L bonds. Since the Mn centers in the
three Mn(thf), fragments have coordination environments
similar to those discussed for 1 and 3, we expect that they have
similar fragment orbital patterns. For convenience, these
fragment orbitals are again shown in Figure 4. The central Mn
atom contributes three electrons using s, d,._,» and d,, atomic
orbitals to form three Mn-Mn o bonds with the three
Mn(CO), fragments. The remaining five d electrons occupy
dy, dy, and d,. orbitals (see Figure 4). Here, we tentatively
assign the extra electron from the negative molecular charge
to the central Mn atom for convenience.

Chem. Eur. J. 1998, 4, No. 1
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In addition to the formal valence bond picture illustrated in
Figure 4, the metal —metal interaction of this cluster can be
derived by consideration of the orbital interaction among the
frontier fragment orbitals of the central Mn and the Mn(thf),
fragments. Here, the d electrons in the Mn(CO), units are
again assumed to be inactive. The magnetic behavior of the
cluster depends on how the spin—spin coupling occurs among
the three S =3/, centers and the S =1/, uncoordinated central
atom.

Detailed and accurate molecular orbital calculations must
be performed in order to obtain the ground-state electronic
structure of this cluster. It is not feasible to do ab initio
calculations for such a large cluster given the capacity of our
current computer resources. We can only present some
qualitative analyses here. One would expect that the three
sets of d. » and d,. orbitals (see Figure 4) from the three
Mn(thf), fragments would interact with the central Mn’s d,.,
Py and p, orbitals. This interaction may lead to three weakly
bonding molecular orbitals accommodating 6 metal electrons,
and therefore leaving an unpaired electron. If this is the case,
one expects a quintet ground state (S =2) with four unpaired
electrons in which the other three unpaired electrons come
from the three sets of the singly occupied d,, orbital. One can
conclude that the heptanuclear cluster should have a ground
state between §=2 and §=5.

Summary

The structure and bonding in this new type of xenophilic
transition metal cluster can be understood in terms of a simple
molecular orbital approach. In this simple approach, one first
assumes that metal centers bonded to m-accepting ligands
conform to the 18-electron rule. By doing so, one can easily
determine the number of metal —metal o bonds in the cluster
and, consequently, the number of electrons required to form
these metal-metal o bonds from the metal centers. The
remaining available electrons on those metal centers bonded
to m-donor ligands are then considered to contribute to the
magnetic behavior for a given cluster. A similar approach,
called the local metal frontier orbital approach,l’?l has been
used in analyzing metal-metal interactions in transition
metal clusters with s-donor ligands. Using this approach, we
have successfully explained the magnetic properties of
clusters 1 and 2. We also predict that cluster 3 should have a
quartet ground state and that cluster 4 has a ground state
between S=2 and §=35. Through our detailed analyses, we
find that the paramagnetic properties of these clusters (1-4)
are determined from the coupling among those metal centers
bonded to w-donating ligands.

Calculation Details

Molecular orbital calculations for clusters 1-3 were carried out at the HF
level by the Gaussian 94 program packagel® on Silicon Graphics work-
stations. For clusters 2 and 3, density functional theory calculations at the
BLYP level were also performed. Both the HF and BLYP results were
qualitatively consistent with each other. Therefore, no additional BLYP
calculation was carried out for 1. Owing to the large size of these clusters,
the capacity of our computers prevented us from performing geometry
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optimization calculations. Since we only focus on the bonding analyses for
these new clusters, single-point molecular orbital calculations should be
acceptable in obtaining the details of their electronic structures. The
standard 6-311 G basis set, available within the Gaussian 94 package, was
used for all atoms in our calculations. The use of the triple- basis set was
good enough to produce accurate molecular orbitals for analyses.

Clusters 1-3 were modeled by replacing THF with H,O and Py with NH;
for theoretical simplicity. The O—H bond length was fixed at 0.96 A and
N-H at 1.0 A. The tetrahedral angle was used for both H,O and NH;. In
the calculations, D,, symmetry was used for both 1 and 2, and C, for 3.
Average bond lengths of experimental data are used for both metal —metal
and metal - ligand bonds. The metal —metal bond lengths and related bond
angles are shown in 1-4. The detailed metal —ligand bond parameters used
for calculations are given in the following paragraph.

For cluster 1, the average Mn-O and Fe-C distances were 2.100 and
1.747 A, respectively. Within the Mn(thf), fragments, the average O-Mn-O
bond angle was 91.4°. Within the Fe(CO), fragments, the average OC-Fe-
CO bond angles were 103.5° and 141.6° (the axial carbonyls bend away
from the equatorial ones). The C—O distance in the carbonyls was fixed at
1.15 A. For cluster 2, the average Fe—N and Fe—CO bond lengths were
2.14 A and 1.71 A, respectively. The N-Fe-N bond angle was 90.0°, while
the average OC-Fe-CO bond angles were 99.6° and 148°. For cluster 3, the
Mn-CO bond length was 1.818 A. The OC(axial)-Mn-CO(equatorial)
bond angle was 92.5 A and the OC(eq)-Mn-CO(eq) angle was fixed at 90.0°.

The molecular orbitals (Figures 2 and 3) obtained from HF results were
plotted using the Molden v3.2 program written by G. Schaftenaar.['!]
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Total Synthesis of Combretastatins D

Elias A. Couladouros,* Ioanna C. Soufli, Vassilios I. Moutsos, and Raj K. Chadha

Abstract: The 15-membered caffrane
ring of the natural product group of
combretastatins D is synthesized in high
yield with suitably functionalized satu-
rated seco acids. The key step is a
Mitsunobu-type macrolactonization. A
common synthon is used for the con-
struction of both combretastatins. The

metric epoxide of combretastatin D-1 is
constructed in two separate operations:
one asymmetric center is fixed at an
early stage of the synthetic route by
Sharpless AD of a trans-styrene deriva-

Keywords: asymmetric synthesis -

tive, inducing the intramolecular forma-
tion of the asymmetric epoxide at the
final stages. The synthesis of the title
compounds is accomplished in high
overall yields (37% for D-1 and 41%
for D-2, 9steps in both cases). X-ray
crystallographic analysis of the (S)-(+)-
acetylmandelic ester of (—)-combreta-

combretastatins -
macrocycles - natural products -

synthesis of combretastatin D-2 is com-
pleted by the use of Sammuelson’s

total thesi
dehydroxylation protocol. The asym- otal synthests

Introduction

Combretastatins A and B (1-3; Figure 1) are biosynthetically
related stilbene and dihydrostilbene secondary metabolites
isolated from the South African folk medical tree Combretum
caffrum.l" They inhibit both the growth of the murine P-388
lymphocytic leukemia cell line (PS system) and tubulin
polymerization.?! Structure —activity-relationship and molec-
ular modeling studies have shown that their mode of action is
closely related to that of colchicine 4, podophyllotoxins 5, and
steganacins 6 (Figure 1).! The structural simplicity of com-
bretastatins A and B and their important biological activity
make them very attractive leads for the development of new
drugs. Recently, a further series of biaryl derivatives with
significant activity against the PS system was isolated in trace
amounts from the same tree:P! combretastatin D-1 (7, 2.3 x
104%, EDs, 3.3 ygmL!) and combretastatin D-2 (8, 7.5 x
10°%, EDs, 5.2 ugmL~"). The most prominent structural
feature of combretastatins D is the caffrane ring, a 15-member
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Tera Odos 75, Athens 118.55 (Greece)
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lactones - . R .
statin D-1 verified its revised structure.

r'0 X~y

R?0
OMe
1: Combretastatins A
2: Combretastatins B
3: Combretastatin 5
R R} ‘\R4
[o}

ST
[o}

5: Podophyllotoxins

MeO
1

6: Steganacins

OR
OH OH
o o
o; ]}o o_ |
) )

7: Combretastatin D-1

8: Combretastatin D-2

Figure 1. Some naturally occurring biaryl tubulin polymerization inhib-
itors. 1: X, Y= CH,; R, R2=H, Me, -CH,O-; R?}, R*=H, OH, OMe; R°=
H, Me. 2: X, Y=CH=CH; R', R?=H, Me, -CH,0-; R*>, R*=H, OH, OMe;
RS=H, Me. 3: X, Y=H, OH: R', R>, R"=Me; R*=H, R*=OH. 5: R' =
H, Me; RZ=H, OH; R? R*=H, OH, glycoside; 6: R!, R>=H, OAc, -O-.

biaryl ether macrolactone. The relative spatial arrangement of
the aromatic rings in caffranes is similar to that of their carbon
analogues 1-6. Moreover, their characteristic meta- and
paracyclophane subunits are reminiscent of a growing class of
potent antitumor antibiotics including bouvardins,® RA
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-1V, K-13,81 OF-4949, and piperazinomycin.'” Conse-
quently, because of their interesting structure, important
biological activity, and scarcity in nature, caffranes have been
popular synthetic targets in recent years.['!]

We would like to present herein a convergent and efficient
total synthesis of both combretastatin D-1 and combretasta-
tin D-2 by a common synthetic pathway. This work led to the
unambiguous confirmation of the revised absolute configu-
ration of (—)-combretastatin D-1.

The main synthetic obstacles associated with the construc-
tion of the caffrane ring are formation of the biaryl ether and
the 15-member macrocyclic ring. Many methodologies for the
formation of biaryl ethers have been developed,['? especially
after the isolation of the vancomycin and ristocetin families of
antibiotics. However, the classic Ullman procedure remains
popular because it utilizes less elaborate precursors.'3l Thus,
Boger et al.l'"?] succeeded in solving both synthetic problems
in one step by applying a modified Ullman protocol to
intermediate 9 to prepare 10 (Scheme 1). On the other hand,
Desphande and Gokhalel'"! opted for a more conservative
approach towards 10: working with seco acid 11, prepared
from an Ullman coupling of the two aromatic subunits, they
achieved a Mitsunobu-type!* macrolactonization (Scheme 1)
under very dilute conditions.'"! Both strategies were low-
yielding, requiring carefully controlled reaction conditions.
We attributed this to the extra strain associated with an
unsaturated vs. saturated medium-size ring. Indeed, after
Monte Carlo minimization'®! the calculated torsion energies
for macrocycles 14 and 10 were found to be 17 and
45 kJmol~!, respectively. Therefore, we opted to work with
monosubstituted saturated ring precursors like 12 or 13, which
should lead to macrolide intermediates 14 and 15 by a less

Abstract in Greek:

O 15-peMig  xappovikdg — daktOhlog TV
KopmpeTaotativiv D, covtifeton oe vyni arddoon pe
™V ¥PNoN KOTEAANAC VITOKOTECTNUEVAV KEKOPEOUEVWV
seco  OoEEwv. To «piowwo o1ado eivan 7
pokpohaxtovoroinen katd Mitsunobu. H rwopoaockevn
QUEOTEPWV TV KOUMPETACTOTIVOV EMTUYYOVETOL UE TNV
¥PNon  evOg Kowov  EVOLOUECOU. H obdvBeon g
Koumpetootativig D-2 okokknpdveton pe TNV €Qapuroyn
™m¢ pebddov amoddpoévriimong xatd Sammuelson. To
aovppetpo  emofeidlo  tng  kopmpetaoctativiig  D-1
owkodopeiton oe Vo Eexmpiotée depyaciec.  To éva
acOUUETPO KEVIpo Tomobeteiton oTA TPOTO GTAS TNG
ovvleorc, pe spappoyn g nebddov AD tov Sharpless oe
éva mopdywyo Irans OTVPEVIOD, TO OMOI0, OTO TEAKA
otédia, emdyel TOV  EVOOUOPIOKO  OYNUOTICUO  TOL
acvppeTpov emoéedion. H odvbeon apgotépov tmv
QLOIKGAV TPOIOVIWV OAOKATIPAOVETOL OE VYNAEC OMKEC
anoddoeg (37% - 9 otédw - v v D-1 wxou 41% - 9
otédia - v v D-2). H xpootodloypoaguki] avddveT pe
aktiveg X 100  povdeMkod  eotépa NG (—)-
xopmpetaotativiic D-1 emBefoucdver v avabewpnpuévn
TG dou.
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OMe 1 OMe
OH CuMe, pyridine 0
—_—
o reflux ]
37% o
o Z
9 0 10

[Ca!cd torsion energy 45 kJ/moIel

DEAD, PPhg, 8h
slow addition

I
OMe X, Y = CH=CH OMe
o 20% o
x = R'
HO Y o R?
COOH o

lCalcd torsion energy 17 kJ/mole

11:X,Y = CH=CH
12: X, Y = CH,, CHOTBS
13: X, Y = CH,, CHSPh

14:R'=H, R?®=0TBS
15:R'=SPh, R?=H

Scheme 1. Synthetic and retrosynthetic approaches to macrolactone 10.

energy-demanding cyclization. Consequently, macrolactoni-
zation will precede double-bond formation (in the case of
combretastatin D-2) or epoxide formation (in the case of
combretastatin D-1).

Results and Discussion

In order to explore the feasibility of our strategy we planned
to synthesize several seco acids bearing a saturated side chain
suitably substituted to allow eventual formation of the double
bond. Two such precursors were envisioned: a) benzylsulfide
26 (Scheme 2), which after macrolactonization and oxidation
should readily eliminate in an E, fashion; and b) the
hydroxylated analogue 29 (Scheme 3), which should also tend
to eliminate easily after macrolactonization and deprotection.
Both pathways should lead to the styrene moiety of target
compound 8. This approach towards the total synthesis of
combretastatin D-2 is depicted in detail in Schemes 2 and 3.

The Wittig-type elongation of commercially available p-
bromobenzaldehyde 16 by means of Ph;P=CHCOOEt af-
forded conjugated ester 17. DIBAL (diisobutyl aluminium)
reduction of this ester furnished allylic alcohol 18, which was
protected either as a silyl ether 19, a benzyl ether 20, or a
pivaloate ester 21. Epoxidation of 20 using m-CPBA (3-
chloroperoxybenzoic acid) and regioselective ring opening
with DIBAL[I7! afforded, after silylation with TBSCI, the
desired oxygenated synthon 22. We were now ready to
prepare the designed seco acids and try our strategy. Ullman-
type coupling of arylbromide 19 with phenol 23081 afforded
diaryl ether 25 in high yield after desilylation and ester
hydrolysis. The attempted electrophilic addition of thiophenol
to the double bond of 25 resulted in messy reactions that
furnished many products, according to TLC analysis. How-
ever, prolonged reaction times afforded, in moderate yield, a
main product that upon spectroscopic analysis proved
to be 3-[3-((4-formyl)phenoxy)-4-methoxyphenyl]propanoic
acid. Eventually, the sulfide approach was abandoned and a
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COOEt

Br
vx vit
vm
OTBS
OBn
22

MeO 17 18 R H
OH 19 R =TBS
+ 19 20 R=Bn
‘x 21: R = Piv
23 COOEt MeO MeO
(o} xii o)
SPh
|
COOR! OR? COOH OH

: 24:R'=Et R®=TBS
X, Xi
E: 25:R'=H R*=H

Scheme 2. Attempts to prepare seco acid 26. Reagents and conditions:
i) 1.2 equiv Ph;P=CHCOOEL, benzene, 25°C, 30 min, 93 %; ii) 2.1 equiv
DIBAL, CH,Cl,, —78°C, 20 min, 97 %; iii) 1.2 equiv TBSCI, 1.4 equiv
imidazole, DMF, 25°C, 3 h, 97%; iv) 1.1 equiv NaH, THF, 0—25°C,
30 min, then 1.2 equiv BnBr, cat. Bu/NI, 3 h, 25°C, 94%; v) 1.7 equiv
PivCl, pyridine, DMF, 0 —25°C, 6 h, 87 %; vi) 1.5 equiv m-CPBA, CH,Cl,,
25°C, 4h, 82%; vii) 1.1 equiv DIBAL, toluene, 0°C, 30 min, 86 %;
viii) 1.1 equiv TBSCI, 1.3 equiv imidazole, DMF, 25°C, 3 h, 97 %; ix) 2
equiv CuBr-Me,S, 6 equiv K,COj, pyridine, 6 h, 140°C, 78 %; x) 2.5 equiv
TBAF, THF, 25°C, 3 h, 96 %; xi) LiOH 3N:THF:MeOH 1:1:1, 0 —25°C,
2h, 92%; xii) 3 equiv PhSH, AcOEt, 25°C, 5 h. TBS = tert-butyldimethyl-
silyl, Bn = benzyl, Piv = pivaloyl, TBAF = tetrabutylammonium fluoride.

MeO
o
/ o
TBSO OR
23 + 22 COOR' o
27:R'=Et R®=Bn 30:R=TBS
i : 1 2 31:R=H
28:R'"=H R%=8Bn ‘R=
. 20:R'=H RZ=H
Vl VlI
q;% VIII

32

Scheme 3. Formal synthesis of combretastatin D-2 (8). Reagents and
conditions: i) 2 equiv CuBr-Me,S, 0.7 equiv 22, 6 equiv K,CO;, pyridine,
6h, 140°C, 92%; ii) LiOH 3N:THF:MeOH 1:1:1, 0—25°C, 2 h, 94%;
iii) H,, Pd/C 10%, AcOEt, 25°C, 4 h, 100 %;iv) 9 equiv DEAD, 8.8 equiv
Ph;P, toluene 2.5mm final concentration, 45°C, 7h addition, 91 %;
v) 1.2 equiv TBAF, THF, 25°C, 0.5 h, 94%; vi) 2 equiv 1, 2 equiv Ph;P,
3 equiv imidazole, toluene, 80°C, 30 min, 95 %; vii) 10 equiv KF, DMSO
0.15Mm, 115°C, 4 h, 87 % viii) 1equiv Bl;, 1.2 equiv N,N-dimethylaniline,
benzene, 0 —»25°C, 17 %.

hydroxylated seco acid was targeted as an alternative synthon
(compound 29, Scheme 3). Ullman coupling of 23 and 22 and
subsequent deprotection of the terminal carboxylic and

Chem. Eur. J. 1998, 4, No. 1
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hydroxyl functionalities afforded the saturated seco acid 29.
This substrate proved very efficient for macrolactonization.
Indeed, by applying modified Mitsunobu-type conditions!*!3!
we achieved cyclization in 91 % yield when the reaction was
performed at 40—45°C with slow addition of the seco acid
into the reaction mixture for a 7 h period (final concentration
2.5mm). Under these reaction conditions, no dimer formation
was observed. It is noteworthy that the yield of the cyclization
of the related unsaturated seco acid reported in the litera-
turel'® was only 20 %, though the addition was carried out
over a 24 h period and the final concentration was 0.5 mM.
Subsequent desilylation, promoted by fluoride anions, afford-
ed alcohol 31 in 94% yield. Following publication of our
preliminary results!'? Rychnovsky et al.l'dl also disclosed an
efficient macrolactonization of a saturated seco acid.

All efforts to induce a smooth and direct elimination of
water from alcohol 31 failed (CSA (camphorsulfonic acid),
TsOH, CuSOy/silica gel or H,SO,).”) Elimination was very
slow and, consequently, several by-products due to decom-
position of the lactone were usually detected in the reaction
mixtures. The same disappointing results also followed our
trials to induce elimination of the corresponding methylsul-
fonate ester by heating it with Nal in HMPA (hexamethyl
phosphoramide), or by treatment with zBuOK or DBU (1,8-
diazabicyclo[5.4.0]Jundec-7-ene).l! Finally, the double bond
was formed in high yield by a two-step protocol. Thus, the
hydroxyl group was first replaced by iodine (Sammuelson’s
conditions).? Subsequent dehydrohalogenation in refluxing
DMF in the presence of excess KF afforded methyl combre-
tastatin D-2 (32) in 83 % yield for the two steps. Combre-
tastatin D-2 (8) was finally prepared after demethylation of 32
in 17 % yield following Boger’s procedure.!''?

Having established an efficient route to the caffrane ring,
we focused our efforts on the construction of (—)-combretas-
tatin D-1. The additional synthetic problem associated with
this target is the introduction of an asymmetric epoxide onto a
cis-styrene derivative. It is well known that Sharpless asym-
metric epoxidation (AE) gives very poor chemical yields and
ee’s on cis-styrene substrates.?!! Therefore, this method
cannot be applied for the corresponding seco acid (cis-allylic
alcohol A, Scheme4). In addition, Rychnovsky and
Hwang["'*l have shown that Sharpless asymmetric dihydrox-
ylation of combretastatin D-2 with AD-mix-a?? yields a
completely racemic mixture (A to C). To make things worse,
Jacobsen’s ((S,S)-salen)Mn catalyst derived from 1,2-diami-

o}

e
AE ‘11" OH
<50% 2/
~0
| <60% ee 20 o
5",0 Jacobsen 1 B o ©
44%, 60% ee
[
2 ¥
A OH
AD
racemate -.LL‘,O OH 8
C
Scheme 4. Asymmetric additions on cis-styrene substrates.
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nocyclohexane, which has been successfully applied with
many (Z)-styrenes,”® gives very disappointing ee’s when
applied to Al''*l (A to B). From the minimized structure of 8
both faces of the double bond seem to have almost the same
steric environment. Therefore, the above experimental results
are not surprising.

In order to circumvent these problems we designed a
different plan, which was based on the concept depicted in
Scheme 5. Instead of fixing both asymmetric centers of

o}
©  m— C\% |:'>i"/
o, Jo MY |
m OH

Scheme 5. Retrosynthesis for the construction of the asymmetric epoxide I.

target I, we simplified the problem by targeting a precursor
with only one asymmetric center fixed. Specifically, we
decided to form the desired epoxide via the optically active
alcohol cation II. This intermediate should be formed if a
good leaving group was present at the benzylic position. By
this approach, the chirality of the alcohol will govern that of
the epoxide. The advantage is that we may now work on a
trans-styrene alcohol III where both Sharpless’s asymmetric
procedures (AE, AD) are known to proceed with high ee’s.

In detail, our final synthetic scheme began with an Ullman
coupling of the monobenzylated catechol derivative 34 with
aryl bromide 21 (Scheme 6). Intermediate 34 was prepared

e

34 COOEt COOEt 35 OPiv  COOEt OPiv
36: R=H
"m"’ OH il 37: R=TBs

33 vii, viii
0% H
BnQ BnO
o ix o
—_—
OTBS OR
o .,

oTBS YOR

COOH OH o

39: R=TBS

38
XL—»40 R=H

Scheme 6. Construction of the common key intermediate 40. Reagents
and conditions: i) DMF, excess K,CO;, 60°C, 4 h then 1.1 equiv BnBr,
25°C, 12 h, 76 % ii) benzene, Ph;P=CHCOOEL, 25°C, 24 h, 93 %; iii) H,,
Pd/C 5%, benzene, 25°C, S h, 97 %; iv) 2 equiv CuBr-Me,S, 0.7 equiv 21,
6 equiv K,COs;, pyridine, 6 h, 140°C, 78 %; v) 3 equiv K;[Fe(CN)], 3 equiv
K,CO;, 0.01 equiv K,[OsO,(OH),], 0.25 equiv (DHQD),PHAL, tBuOH:
H,0 1:1, 0°C, 12 h, 87 %; vi) 2.2 equiv TBSCI, 2.4 equiv imidazole, DMF,
25°C, 3h, 97%; vii) LiOH 3N:THF:MeOH 1:1:1, 0—25°C, 2 h, 94 %;
viii) 1.1 equiv DIBAL, CH,Cl,, —78°C, 10 min, 96 %; ix) 9 equiv DEAD,
8.8 equiv Ph;P, toluene 2.5mm final concentration, 45°C, 6 h addition,
81%; x) 2.5 equiv TBAF, THF, 25°C, 30 min, 94 %.
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from commercially available aldehyde 33 by selective benzyl-
ation, Wittig-type carbon elongation and reduction of the
double bond under controlled conditions. The benzyl group of
starting material 34 was chosen as the ideal one to survive
throughout the entire reaction sequence and yet to be easily
removed at the final step in the presence of either the epoxide
or the double bond. Introduction of asymmetry on biaryl
ether 35 was achieved by means of the well-known Sharpless
catalyst (DHQD),PHAL (hydroquinidine 1,4-phthalazinediyl
diether) for asymmetric dihydroxylation. The (3R,4R) con-
figuration of diol 36 depicted was expected, based on
literature precedent.?? The '"H NMR spectrum of diol 36
recorded with [Eu(hfc);] as a chiral shift reagent gave no extra
signals, indicating an optical purity of more than 95%.
Reaction of diol 36 with TBSCI proceeded in high yield to
afford fully protected intermediate 37. Subsequent hydrolysis
of the ester functionality with LiOH and reductive cleavage of
the pivaloate ester with DIBAL afforded seco acid 38.
Macrolactonization of this saturated disubstituted seco acid
was again very efficient under the same protocol previously
used for the synthesis of combretastatin D-1. Thus, after
desilylation, macrolactone 40 was synthesized in 76 % yield
for the two steps.

Intermediate 40 was the ideal substrate for performing the
final stages of both syntheses (that is, restoration of the double
bond or the epoxide functionalities of the natural products,
Scheme 7). Following Sammuelson’s protocol for 1,2-diol
dehydroxylation,?¥l diol 40 was easily transformed into the
corresponding olefin 42 with triiodoimidazole and Ph;P.
Subsequent selective cleavage of the benzylic ether under
Lewis acid catalysis with AlCl; afforded 8 in high overall yield
(35 % based on 21). The same product was observed from the
reverse order of operations. Thus hydrogenolysis of benzyl
ether 40 yielded quantitatively triol 41, which was subse-
quently treated with triiodoimidazole and Ph;P to afford
target compound 8 in a very clean reaction and in high overall
yield (41 % based on 21). It should be emphasized here that
the use of tetrachloroethylene instead of methylene chloride
as a solvent was crucial for the effective dehydroxylation of
diols 40 and 41.

Finally, in order to restore the epoxide functionality of (—)-
combretastatin D-1, we decided to use the well-known diol
cyclodehydration protocol, which is usually promoted by the
use of phosphoranes and oxyphosphonium salts.?>?! The
exact mechanism of this transformation is not always clear.
However, it is believed that during the preparation of styrene
oxides, the cyclodehydration proceeds through the formation
of the more stable carbocation at the benzylic position,?!
which in our case should be intermediate 43 (Scheme 7, path
A). Since substrate 40 has no free rotation between C3 and
C4, the epoxide 45 should be formed in high enantiomeric
purity. Thus, after heating diol 40 with excess diethyl
azodicarboxylate (DEAD) and Ph;P at 145°C for 40 min
followed by hydrogenolysis of the benzyl group, (—)-combre-
tastatin D-1 (7) was obtained in high overall chemical yield
(83 % after crystallization). The reported optical rotation of
natural 7 is [a]p =— 100 (¢ =0.015 in CHCI;) while the optical
rotation of synthetic 7 was [a]p =—96 (¢=0.015 in CHCL;),
implying an optical purity of 96% of the synthetic
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Scheme 7. Total syntheses of natural combretastatins D-1 (7) and D-2 (8).
Reagents and conditions: i) Pd/C 10%, AcOEt, 25°C, 5h, 98%;
ii) CL,C=CCl,, Ph;P, TII, imidazole, 140°C, 30 min, 94 %; iii) CL,C=CCl,,
Ph;P, T1I, imidazole, 140 °C, 30 min, 92 %;iv) AICl;, CH,Cl,,25°C, 30 min,
85% (based on 20% recovered starting material); v) 4 equiv DEAD,
4 equiv Ph;P, DMF, 145 °C, 40 min, 87 %; vi) H,, Pd/C 10 %, AcOEt, 25°C,
3h, 95%; vii) 1.4 equiv (S)-(+)-O-acetylmandelic acid, 1.4 equiv DCC,
0.3 equiv DMAP, 25°C, 3h, 90%. TII = triiodoimidazole, DMAP =4-
dimethylaminopyridine.

material. The high optical purity of the synthetic compound
suggests that the reaction proceeds by a unique pathway
(either A or B). If both the original assignment of naturally
occuring (—)-combretastatin D-1 and the expected mecha-
nism for the cyclodehydration were correct, synthetic (—)-
combretastatin would have the configuration of compound 45.
In order to verify the suggested mechanism and fully elucidate
the absolute configuration of the natural product, X-ray
crystallographic analysis of the (S)-(+)-O-acetyl mandelic
ester 47 of synthetic (—)-combretastatin (7) was performed
(Figure 2). To our surprise, the observed configuration was
that of compound 46, indicating that both the proposed
mechanism and the original assignment of (—)-combretasta-
tin®¥ were wrong. These findings agree with the revised
configuration, already proposed by Rychnovsky et al.ll'sl In
addition, since the configuration of the benzylic hydroxyl
governs the stereochemistry of the resultant epoxide, the
reaction should proceed via intermediate 44 (path B) and
consequently no benzylic carbocation should formed. As
Professor Rychnovsky suggestsi?®! a reasonable explanation is
that the angle of the orbitals of the benzylic cation would be in
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Figure 2. ORTEP view of the (S)-(+)-O-acetylmandelic ester 47 of
synthetic (—)-combretastatin D-1 (7).

a disfavored alignment, perpendicular to the aromatic ring
system, making the formation of such a cation energetically
unfavorable. Supporting this hypothesis is the fact that this
dehydration reaction requires very high temperatures to
proceed, while at lower temperatures formation of by-
products predominates.

Thus, although we targeted the wrong isomer, we achieved
a synthesis of the natural compound thanks to this unusual
dehydration mechanism in the epoxide formation and an
incorrect stereochemical assignment originally reported for
the natural product.

Conclusion

To summarize, we have developed an effective route for the
synthesis of the title compounds and a concise synthetic plan
which can be utilized to rapidly prepare a variety of related
analogues. In addition, the absolute configuration of naturally
occurring (—)-combretastatin D-1 has been unambiguously
verified.

Experimental Section

General techniques: Melting points were determined on a Buchi apparatus
and are uncorrected. NMR spectra were recorded on Bruker AMX-500,
AM-250, or AM-200 instruments with Me,Si or CHCl; (in CDCl;) as
internal standard; signals are quoted as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), br (broad). IR spectra were recorded on Perkin
Elmer 283 B or Nicolet 750 FT spectrophotometers. Optical rotations were
recorded with a Perkin Elmer 241 polarimeter at 25°C. High-resolution
mass spectra (HRMS) were recorded on a VG ZAB-ZSE mass spectrom-
eter under fast atom bombardment (FAB) or electrospray conditions.

All reactions were monitored by thin-layer chromatography (TLC) carried
out on E. Merck silica gel precoated plates with UV light, p-anisaldehyde
or 7% ethanolic phosphomolybdic acid and heat as developing agents. E.
Merck silica gel (60, particle size 0.032-0.063 mm) was used for flash
column chromatography. Dry THF was distilled from sodium/benzophe-
none, methylene chloride from calcium hydride and benzene and toluene
from sodium. All reagents were obtained from Aldrich and Merck. All
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reactions were carried out under argon. Yields refer to chromatographi-
cally and spectroscopically (‘H NMR) homogenous materials, unless
otherwise stated.

X-Ray crystallography: A colorless, platelike crystal of compound 47 was
obtained after slow evaporation of a methylene chloride/acetone solution.
Crystal data were collected with a Rigaku AFC6R diffractometer
equipped with a copper rotating anode and a highly oriented graphite
monochromator. A constant scan speed of 8°min~! in w was used; the weak
reflections [/ <50(I)] were rescanned a maximum of 6 times and the
counts accumulated to assure good counting statistics. The intensities of
three check reflections measured after every 200 reflections did not change
significantly over 75 h X-ray exposure. Unit cell dimensions and stand-
ard deviations were obtained by least-squares fit to 25 reflections
(50<26<80°). The data were corrected for Lorentz and polarization
effects and also for absorption by a w-scan method. The structure was
solved by direct methods with SHELXS86. Nitrogen and oxygen atoms
were refined anisotropically and carbon atoms isotropically by the
full-matrix least-squares method. The function minimized was Zw( | F,|—
| F.|?). Hydrogen atoms were included in the ideal positions with a fixed
isotropic U value of 0.08 A2 A weighting scheme of the form w=1/
[0*(F2)+ (aP)>+ b P] where a=0.0901 and b = 1.62 was used. (P is defined
as (Max(F2,0)+2F2)/3). An extinction correction was also applied to the
data. All calculations were performed on a Silicon Graphics Personal Iris
4D/35 and an IBM-compatible PC using programs TEXSAN (data
reduction) and SHELXL-93 (refinement) and SHELXTL-PC (plotting).
Cell parameters and other relevant data: crystal size: 0.16 x0.12 x
0.08 mm; crystal system: triclinic; space group: P1; unit cell dimensions:
a=9.411(2), b=9.984(1), c=13.479(1) A, a=10021(1)°, f=93.22(1)°,
y=91.45(1)°; T:296(2) K; 1: 1.54178 A; V: 1243.7(3) A3; Z:2; F(000): 514;
p (calculated): 1.309 Mgm™3; absorption coefficient: 0.800 mm™'; absorp-
tion correction (transmission factors): 0.85-0.98; 6 range for data
collection: 3.34 to 60.52°, scan type: 260-6; scan width: 1.837+
0.140tan@: scan time/background time 2:1; index ranges: —10<h <10,
—11<k<0, —14 <I<15; reflections collected: 4035, independent reflec-
tions: 3950 (R, = 0.0473); refinement method: full-matrix least-squares on
F?; data/restraints/parameters: 3950/0/368; goodness-of-fit on F? (S): 1.269;
final R indices [/>20(])]: R1=0.0827, wR2 =0.2083; R indices (all data):
R1=0.1466, wR2=0.2732; R1=(2|| F,|— | F.||IZ| F,|), wR2 =Zw(

F2 —F2YIZw[(F2)?]"?, S=[Zw(F? —F2)/(n—p)]"?; Flack’s absolute
structure parameter: 0.6(6); largest diff. peak and hole: 0.317 and
—0.355 e A3, Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
10047. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code
+441223336-033; e-mail: deposit@ccdc.cam.ac.uk).

Ethyl 3-(4-bromophenyl)-2(E)-propenoate (17): A solution of p-bromo-
benzaldehyde (6.2 g, 33 mmol) and Ph;P=CHCOOE:? (13.9 g, 40 mmol) in
benzene (10 mL) was stirred at 25°C for 30 min. The reaction mixture was
concentrated under reduced pressure. Purification by flash column
chromatography (silica gel, 5—15 % EtOAc in hexane) afforded compound
17 (79 g, 93%) as a colorless oil: R;=0.50 (silica gel, 10% EtOAc in
hexane); IR (neat): v=2970, 1705, 1630, 1580, 1478, 1305, 1168, 1063,
807 cm~!; '"H NMR (200 MHz, CDCLy): 6=761 (d, J=16.5Hz, 1H,
ArCH=CH), 752 (d, J=8.5Hz, 2H, Ar), 738 (d, J=85Hz, 2H, Ar),
6.42 (d, J=16.5Hz, 1H, ArCH=CH), 4.27 (q, J=70Hz, 2H, CH,CH,),
133 (t, J=70Hz, 3H, CH,CH;); FAB HRMS (NBA): calcd for
CH,,0,Br [M+H]* 255.0021; found m/e =255.0030.

3-(4-Bromophenyl)-2(E)-propenol (18): A solution of 17 (7.0 g, 27 mmol)
in CH,Cl, (120 mL) was cooled to —78°C and treated with DIBAL-H
(57 mL, 1.0M in hexane) dropwise over 10 min. After the mixture had been
stirred at —78°C for 10 min, the reaction mixture was quenched with
MeOH (7 mL) and subsequently treated with saturated sodium/potassium
tartrate while stirred at 25°C for 15 min. EtOAc was added to the reaction
mixture and the organic layer was washed with IN HCI, saturated
NaHCO;, and brine, then dried over MgSO,, filtered, and concentrated
under reduced pressure to afford white crystals of alcohol 18 (5.6 g, 97 % ).
M.p. 68-69°C; R;=0.18 (silica gel, 20 % EtOAc in hexane); FT-IR (thin
film): #=3319, 1485, 1398, 1090, 917, 841 cm™!; 'H NMR (200 MHz,
CDCly): 6=743 (d, J=8.5Hz, 2H, Ar), 7.23 (d, /=8.5 Hz, 2H, Ar), 6.55
(d, J=154Hz, 1H, ArCH=CH), 633 (dt, J=154, 54Hz, 1H,
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ArCH=CH), 431 (d,J=5.4 Hz, 2H, CH,), 1.90 (s, 1H, OH); FAB HRMS
(NBA): caled for CoHyOBr [M — H]* 210.9759; found m/e =210.9766.

O-(tert-Butyldimethylsilyl)-3-(4-bromophenyl)-2(E)-propenol (19): A sol-
ution of alcohol 18 (1.8 g, 8.4 mmol), TBDMSCI (1.5 g, 10 mmol) and
imidazole (0.8 g, 11.75 mmol) in DMF (7 mL) was stirred at 25°C for 3 h.
Ethyl acetate was added to the reaction mixture and the organic layer was
washed with H,O and saturated NaCl, dried over MgSQO,, filtered and
concentrated under reduced pressure. Purification by flash column
chromatography (silica gel, 5-10% ethyl acetate/hexanes) yielded 2.65 g
(8.1 mmol, 97 %) of 19 as a colorless oil: R;= 0.6 (silica gel, 10 % EtOAc in
hexane); FT-IR (neat): 7= 2924, 2853, 1469, 1247, 1122, 836 cm~!; 'H NMR
(200 MHz, CDCl;): 6 =7.44 (d,/=8.4 Hz,2H, Ar), 724 (d,J=8.4 Hz,2H,
Ar), 6.55 (d, J=15.8 Hz, 1H, ArCH=CH), 6.33 (dt, J=15.8, 5.0 Hz, 1H,
ArCH=CH), 431 (d, J=5.0 Hz, 2H, CH,), 0.95 (s, 9H, SirBu), 0.1 (s, 6H,
Si(CHj;),); FAB HRMS (NBA): calcd for C;sH,;OSiBr [M — H]*™ 325.0623;
found m/e =325.0635.

O-Benzyl-3-(4-bromophenyl)-2(E)-propenol (20): A solution of alcohol 18
(1.3 g, 6.1 mmol) in THF (10 mL) was treated with NaH (0.16 g, 6.7 mmol)
at 0°C. The reaction was allowed to reach 25°C and stirred for additional
30 min. Then BnBr (0.88 mL, 7.32 mmol) and Bu,NI (0.11 g, 0.3 mmol)
were added and stirred at 25°C for 3 h. Ethyl acetate was added and the
organic layer was washed with saturated NH,Cl, H,O, and saturated NaCl,
dried over MgSO,, filtered and concentrated under reduced pressure.
Purification by flash column chromatography (silica gel, 5-10% ethyl
acetate/hexanes) yielded 1.7 g (5.7 mmol, 94%) of 20 as a colorless oil:
R;=0.57 (silica gel, 10% EtOAc in hexane); FT-IR (neat): 7=2853, 1588,
1490, 1074, 738 cm~'; 'H NMR (250 MHz, CDCl;): 6 =7.34-7.12 (band,
9H, Ar), 6.47 (d, J=15.8 Hz, 1H, ArCH=CH), 6.21 (dt, J=15.8, 5.7 Hz,
1H, ArCH=CH), 447 (s, 2H, OCH,Ph), 4.07 (dd, J=5.7, 1.4 Hz, 2H,
CH,OBn); BC NMR (62.5 MHz, CDCL,): 6 =138.1, 135.6, 131.6, 131.3,
131.0, 128.7, 128.4, 127.9, 1278, 127.7, 1276, 126.9, 121.3, 72.3, 70.5; FAB
HRMS (NBA): caled for C,(H;sOBr [M+Cs]t 434.9361; found m/e=
434.9375.

O-Pivaloyl-3-(4-bromophenyl)-2(E)-propenol (21): A solution of alcohol
18 (1.5 g, 7.0 mmol) in DMF (7 mL) and pyridine (3 mL) was treated with
pivaloyl chloride (1.5 mL, 12.2 mmol) at 0°C. The reaction was allowed to
reach 25°C and stirred for a further 6 h. Ethyl acetate was added and the
organic layer was washed with 1N HCI, H,O, saturated Na,CO;, H,O, and
saturated NaCl, dried over MgSO,, filtered and concentrated under
reduced pressure. Purification by flash column chromatography (silica gel,
5-10% ethyl acetate/hexanes) yielded 1.8 g (6.1 mmol, 87 % ) of a colorless
oil: R;=0.78 (silica gel, 10 % EtOAc in hexane); IR (neat): 7=2960, 1720,
1584, 1475, 1273, 1140, 1063, 957 cm~!; 'H NMR (200 MHz, CDCl;): 6 =
743 (d, J=8.8Hz, 2H, Ar), 724 (d, J=8.8Hz, 2H, Ar), 6.57 (d, /=
16.0 Hz, 1H, ArCH=CH), 6.26 (dt, J=16.0, 6.4 Hz, 1H, ArCH=CH),
470 (d, J = 6.4 Hz, 2H, CH,), 1.22 (s, 9H, Piv); FAB HRMS (NBA): calcd
for C,4H;;0,Br [M]* 296.0412; found m/e =296.0419.

O-Benzyl-3-(4-bromophenyl)-2,3-epoxypropanol: A solution of benzyl
ether 20 (1.5 g, 4.95 mmol) in CH,Cl, (20 mL) was treated with m-CPBA
(1.28 g, 7.4 mmol) at 25°C for 4 h. Ethyl acetate was added to the reaction
mixture, and the organic layer was washed with saturated KI, Na,S,0s,
H,0, and saturated NaCl, dried over MgSQO,, filtered and concentrated
under reduced pressure. Purification by flash column chromatography
(silica gel, 10—-20 % ethyl acetate/hexanes) yielded 1.3 g (4.05 mmol, 82 %)
of the epoxide as a colorless oil: R;=0.33 (silica gel, 10% EtOAc in
hexane); FT-IR (neat): 7= 2859, 1598, 1490, 1452, 1360, 1101, 1009 cm~"; 'H
NMR (500 MHz, CDCL,): 6 =7.38 (d,/ =8.5 Hz,2H, Ar), 7.28 (m, 5H, Ar),
7.06 (d,/=8.5Hz,2H, Ar), 4.54 (d,/=5Hz,2H, OCH,Ph),3.76 (dd, J =3,
11.5Hz, 1H, CH,0OBn), 3.69 (d, /J=2Hz, 1H, C-3), 3.55 (dd, J=11.5,
5.5Hz, 1H, CH,0Bn), 3.11 (m, 1H, C-2); FAB HRMS (NBA): calcd for
CisH;50,Br [M+Cs]* 450.9310; found m/e =450.9314.

O-Benzyl-3-(4-bromophenyl)-2-hydroxypropanol: A solution of the above
epoxide (1.2 g, 3.76 mmol) in toluene (20 mL) was cooled to 0°C and
treated with DIBAL-H (42 mL, 1.0M in hexane) dropwise over 5 min.
After the mixture had been stirred at 0°C for 10 min the reaction mixture
was quenched with MeOH (1 mL). The reaction mixture was then treated
with saturated sodium/potassium tartrate and stirred at 25°C for 15 min.
EtOAc was added and the organic layer was washed with 1N HCI, saturated
NaHCOs;, and brine, then dried over MgSO,, filtered and concentrated
under reduced pressure. Purification by flash column chromatography
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(silica gel, 30—40 % ethyl acetate/hexanes) yielded 1.04 g (3.2 mmol, 86 %)
of the alcohol as a colorless oil: R;=0.29 (silica gel, 20% EtOAc in
hexane); FT-IR (neat): v=3420, 3028, 2856, 1488, 1453, 1104, 1075,
730 cm~!'; "THNMR (500 MHz, CDCl;): 6 =7.32 (d,J =8.5 Hz, 2H, Ar), 7.25
(m, 5H, OCH,Ph), 70 (d, J=80Hz, 2H, Ar), 445 (d, /=4 Hz, 2H,
OCH,Ph), 391 (m, 1H, CHOH), 3.41 (dd, J=9.5, 3.5 Hz, 1H, CH,0OBn),
329 (dd, /=95, 70 Hz, 1H, CH,0Bn), 2.67 (d, /=70 Hz, 2H, ArCH,),
2.38 (br, 1H, OH); FAB HRMS (NBA): calcd for C,;H;;0,Br [M+Cs]*
452.9466; found m/e = 452.9469.

0O-Benzyl-3-(4-bromophenyl)-2-(tert-butyldimethylsilyloxy)propanol (22):
A solution of the above alcohol (0.9 g, 2.8 mmol), TBDMS-CI (0.55 g,
3.6 mmol), and imidazole (0.25 g, 3.64 mmol) in DMF (3 mL) was stirred at
25°C for 3 h. Ethyl acetate was added to the reaction mixture and the
organic layer was washed with H,O and saturated NaCl, dried over MgSO,,
filtered, and concentrated under reduced pressure. Purification by flash
column chromatography (silica gel, 10-20% ethyl acetate/hexanes)
yielded 1.18 g (2.7 mmol, 97 %) of compound 22 as a colorless oil. R;=
0.68 (silica gel, 10 % EtOAc in hexane); FT-IR (neat): 7= 2924, 2853, 1490,
1258, 1106, 830, 776 cm™'; '"H NMR (250 MHz, CDCL): 6 =754 (d, J=
8.4 Hz,2H, Ar), 7.50 (s, 5SH, OCH,Ph), 723 (d,J=8.4 Hz,2H, Ar), 4.73 (s,
2H, OCH,Ph), 419 (m, 1H, CHOTBS), 3.57 (dd, /=9.4, 5.1 Hz, 1H,
CH,0Bn), 3.49 (dd, /J=9.4, 6.0Hz, 1H, CH,0Bn), 3.07 (dd, /=132,
44 Hz, 1H, ArCH,), 2.81 (dd, J=13.2, 5.3 Hz, 1H, ArCH,), 1.04 (s, 9H,
SirBu), 0.15 (s, 3H, SiCHj3), 0.00 (s, 3H, SiCH;); *C NMR (62.5 MHz,
CDCly): 0=138.2, 1377, 131.6, 131.1, 131.0, 128.3, 127.6, 127.5, 119.8, 73.7,
73.3,72.2,40.5,25.7,179,3.4,3.3,3.0,2.9, 2.8; FAB HRMS (NBA): calcd for
C,,H;,0,SiBr [M — H]* 433.1198; found m/e =433.1181.

Ethyl 3-[3-[4-(3-tert-butyldimethylsilyloxy-2 E-propenyl) |Jphenoxy-4-meth-
oxyphenyl]propanoate (24): A solution of ethyl 3-(3-hydroxy-4-methoxy)-
phenyl propanoate (23) (0.7 g, 3.12 mmol), silyl ether 19 (0.98 g, 3.0 mmol),
K,CO; (2.58 g, 18.7mmol) and CuBr-Me,S (1.28 g, 6.2 mmol) in dry
pyridine (10 mL) was stirred at 140°C for 6 h in an autoclave. After the
reaction mixture had cooled down, ethyl acetate was added, and the
organic layer was washed with 1N HCI and saturated NaCl, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 20 % ethyl acetate/hexanes) gave
1.10 g of the biaryl ether (2.34 mmol, 78%) as a colorless oil. R,=0.73
(silica gel, 30 % EtOAc in hexane); IR (neat): 7= 1730, 1500, 1270 cm~!; 'H
NMR (200 MHz, CDCL,): 6 =7.32 (m, 2H, Ar), 712 (d, /=72 Hz, 1 H, Ar),
6.60-6.99 (band, 4H, Ar), 6.53 (d, J=15.7 Hz, 1 H, ArCH=CH), 6.33 (dt,
J=15.7,5.7Hz, 1H, ArCH=CH), 4.34 (d,J=5.0 Hz, 2H, CH,OTBS), 4.10
(q,/=71Hz,2H, CH,CH,), 3.81 (s, 3H, ArOCH;), 2.85 (t,J =77 Hz,2H,
ArCH,CH,), 2.52 (t, /=77 Hz, 2H, ArCH,CH,), 1.22 (t, /=71 Hz, 3H,
CH,CHj;), 0.95 (s, 9H, SirBu), 0.12 (s, 3H, SiCHj;), 0.07 (s, 3H, SiCHj;).

Ethyl 3-[3-[4-(3-hydroxy-2E-propenyl) [phenoxy-4-methoxyphenyl]propa-
noate: A solution of the above ester (0.9 g, 1.9 mmol) in THF (10 mL) was
treated with TBAF (2 mL, ~ 1M in THF) at 25°C for 3 h. Ethyl acetate was
added to the reaction mixture and the organic layer was washed with H,O
and saturated NaCl, dried over MgSO,, filtered, and concentrated under
reduced pressure to yield 0.64 g (1.8 mmol, 94 %) of the alcohol as a pale
yellow oil, which was used without further purification. R,=0.13 (silica gel,
30% EtOAc in hexane).

3-[3-[4-(3-hydroxy-2E-propenyl) ]phenoxy-4-methoxyphenyl]propanoic
acid (25): The above aryl ether (0.6 g, 1.69 mmol) was dissolved in THF
(5 mL)/MeOH (5 mL). The mixture was cooled in an ice-water bath and 3N
LiOH (5 mL) was added dropwise. The reaction mixture was allowed to
warm slowly to 25°C and after 2 h was acidified with 1N HCI and extracted
with ethyl acetate. The organic layer was washed with water and saturated
NaCl, dried over MgSO,, filtered, and concentrated under reduced
pressure to give a white solid (0.51 g, 1.55 mmol, 92%). R,=0.21 (silica
gel, 30% EtOAc and 2% CH;COOH in hexane); FT-IR (thin film): 7=
1696, 1506, 1225, 1128 cm~'; 'TH NMR (200 MHz, CDCLy): 6 =731 (d, J=
8.4 Hz, 2H, Ar), 6.95-6.82 (band, 5H, Ar), 6.58 (d, /J=162Hz, 1H,
ArCH=CH), 6.26 (dt,J/=16.2,6.1 Hz, 1H, ArCH=CH), 430 (d, /= 6.4 Hz,
2H, CH,OH), 3.81 (s, 3H, ArOCH};), 2.87 (t, /=72 Hz, 2H, ArCH,CH,),
2.62 (t, J=72Hz, 2H, ArCH,CH,); FAB HRMS (NBA): calcd for
CyoH,O5 [M]* 328.1311; found m/e = 328.1302.

3-[3-((4-formyl)phenoxy)-4-methoxyphenyl]propanoic acid: A solution of
the above acid (0.20 g, 0.61 mmol) in AcOEt (13 mL) was treated with
PhSH (1 mL, 9.7mmol) at 25°C for 3 h. The reaction mixture was
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concentrated under reduced pressure. Purification by flash column
chromatography (silica gel, 30% ethyl acetate/hexanes) gave 0.10 g
(0.35 mmol, 57%) of pale yellow crystals. M.p. 110-114°C; R;=0.53
(silica gel, 30 % EtOAc and 2% CH;COOH in hexane); FT-IR (thin film):
7=1690, 1598, 1512, 1274, 1155 cm~'; '"H NMR (250 MHz, CDCL;): 6 =9.85
(s, 1H, CHO), 778 (d, J=8.6 Hz, 2H, Ar), 708-6.92 (band, 5H, Ar), 3.75
(s, 3H, OCHs;), 2.88 (t,/=7.6 Hz, 2H, ArCH,CH,), 2.63 (t,/=7.6 Hz, 2H,
ArCH,CH,); BC NMR (62.5 MHz, CDCl;): 6 =190.9, 178.5, 163.5, 150.0,
142.6, 133.4, 131.9, 130.7, 125.9, 122.4, 116.1, 113.1, 55.9, 35.5, 29.5; FAB
HRMS (NBA): caled for C;;H;405 [M]* 300.0998; found m/e =300.0992.

Ethyl 3-[3-[4-(3-benzyloxy-2-tert-butyldimethylsilyloxypropyl) Jphenoxy-
4-methoxyphenyl]propanoate (27): A solution of ethyl 3-(3-hydroxy-4-
methoxy)phenyl propanoate (23) (0.7 g, 3.12 mmol), silyl ether 22 (0.9 g,
2.08 mmol), K,CO; (0.86g, 6.24mmol) and CuBr-Me,S (0.85¢g,
4.16 mmol) in dry pyridine (7 mL) was stirred at 140°C for 6 h in an
autoclave. Ethyl acetate was added to the cooled reaction mixture and the
organic layer was washed with 1N HCI and saturated NaCl, dried over
MgSO,, filtered and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 5-15% ethyl acetate/hexanes)
gave 1.1 g (1.91 mmol, 92 %) of biaryl ether 27 as a colorless oil: R;=0.65
(silica gel, 20% EtOAc in hexane); FT-IR (neat): 7=2953, 2856, 1734,
1505, 1270, 1230, 1121, 835 cm™'; "H NMR (500 MHz, CDCl;): 6 =7.58-
6.97 (band, 12 H, Ar), 476 (s, 2H, OCH,Ph), 4.31 (q, /J=75Hz, 2H,
CH,CHj;), 419 (m, 1H, CHOTBS), 4.03 (s, 3H, OCH;), 3.65 (dd, /=9.5,
5.0 Hz, 1H, CH,0Bn), 3.60 (dd, /=9.5, 6.0 Hz, 1H, CH,0Bn), 3.14 (dd,
J=135, 45Hz, 1H, ArCH,CHOTBS), 3.04 (t, J=80Hz, 2H,
ArCH,CH,), 2.86 (dd, /=13.5, 8.0 Hz, 1H, ArCH,CHOTBS), 2.74 (t,
J=8.0Hz, 2H, ArCH,CH,), 1.42 (t,J=7.5 Hz, 3H, CH,CH};), 1.04 (s, 9H,
SirBu), 0.14 (s, 3H, SiCH3), 0.00 (s, 3H, SiCH,); FAB HRMS (NBA): calcd
for C3,H,s04Si [M+Na]* 601.2961; found m/e = 601.2954.

3-[3-[4-(3-benzyloxy-2-(tert-butyldimethylsilyloxy)propyl) |phenoxy-4-
methoxyphenyl]propanoic acid (28): The above aryl ether (1.0g,
1.72 mmol) was dissolved in THF (7 mL)/MeOH (7 mL); the mixture
was cooled in an ice-water bath and 3N LiOH (7 mL) was added dropwise.
The reaction mixture was allowed to warm slowly to 25°C and after 2 h was
acidified with 1N HCI and extracted with ethyl acetate. The organic layer
was washed with water and saturated NaCl, dried over MgSO,, filtered and
concentrated under reduced pressure to give the acid as a colorless oil
0.89 g (1.6 mmol, 94 %), which was used without further purification. R,=
0.36 (silica gel, 20 % EtOAc and 2% CH;COOH in hexane); IR (neat): 7=
3035, 2920, 2860, 1710, 1505, 1270, 1225, 1125, 830 cm™!; 'H NMR
(250 MHz, CDCl,): 6 =7.56-6.75 (band, 12H, Ar), 4.75 (s, 2H, OCH,Ph),
4.18 (m, 1H, CHOTBS), 4.02 (s, 3H, OCHj), 3.62 (m, 2H, CH,0OBn), 3.14
(dd, J=13.4, 45Hz, 1H, ArCH,CHOTBS), 3.03 (t, /J=76Hz, 2H,
ArCH,CH,), 2.85 (dd, /=134, 8.0Hz, 1H, ArCH,CHOTBS), 2.79 (t,
J=76 Hz,2H, ArCH,CH,), 1.03 (s, 9H, SirBu), 0.14 (s, 3H, SiCH,), 0.00 (s,
3H, SiCH;); FAB HRMS (NBA): calcd for C3,H,,0Si [M+Cs]* 683.1805;
found m/e = 683.1825.

3-[3-[4-(3-hydroxy-2-tert-butyldimethylsilyloxypropyl) |phenoxy-4-meth-
oxyphenyl]propanoic acid (29): A solution of compound 28 (0.8g,
1.45 mmol) and Pd/C (10%, 80 mg) in EtOAc (40 mL) was stirred at
25°C under hydrogen for 4 h. The reaction mixture was filtered through
Celite and concentrated under reduced pressure to give 0.67 g (1.45 mmol,
100 % ) of compound 29 as a colorless oil. R,=0.16 (silica gel, 20 % EtOAc
and 2% CH;COOH in hexane); IR (neat): 7=2940, 2920, 1705, 1600, 1578,
1494, 825 cm™!; '"H NMR (200 MHz, CDCl5): 6 =7.19-6.75 (band, 7H, Ar),
3.90 (m, 1H, CHOTBS), 3.81 (s,3H, OCH,), 3.46 (m, 2H, CH,OH), 2.81 (t,
J=8.5Hz 2H, ArCH,CH,), 2.59 (t, J=8.5Hz, 2H, ArCH,CH,), 0.90 (s,
9H, SirBu), 0.05 (s, 3H, SiCH3;), —0.10 (s, 3H, SiCH;); FAB HRMS (NBA):
caled for CpsH306S1 [M+Na]t 483.2179; found m/e = 483.2189.

4-Methoxy-13-(tert-butyldimethylsilyloxy)-2,11-dioxatricyclo[13.2.2.137] ei-
cosa-1(18),3,5,7(20),1(19),16-hexaen-10-one (30): A solution of 28 (0.23 g,
0.505 mmol) in toluene (50 mL) and benzene (3 mL) was prepared. DEAD
(0.48 mL, 3.0 mmol) was added to a solution of PPh; (0.78 g, 2.97 mmol) in
dry toluene (200 mL) under N, at 25°C. The temperature was increased to
45°C and half of the solution of 28 was added dropwise over 3.5 h, while the
reaction mixture was stirred vigorously. Second portions of PPh; (0.39 g,
1.48 mmol) and DEAD (0.24 mL, 1.5 mmol) were added and the remaining
28 was added over 3.5 h. The reaction mixture was stirred for another 8 h
and concentrated under reduced pressure to give a red oil. Purification by
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flash column chromatography (silica gel, 10-25 %, ethyl acetate/hexanes)
gave 0.20 g of macrolactone 30 (0.459 mmol, 91 %) as a white solid. M.p.
153-155°C; R;=0.26 (silica gel, 10% EtOAc in hexane); FT-IR (thin
film): 7=2924, 1739, 1582, 1225, 1085, 830 cm~!'; 'H NMR (500 MHz,
CDCl;): 6 =7.21-7.08 (band, 2H, C-6, C-18), 6.94 (dd, J=8.0, 3.0 Hz, 1H,
C-7), 6.86 (dd, J=8.0, 2.5 Hz, 1H, C-19), 6.67 (d, /=8.0 Hz, 1H, C-12),
6.52 (dd, J=83,2.1 Hz, 1H, C-13),5.11 (d, J = 2.8 Hz, 1 H, C-20), 4.31 (dd,
J=11.5,70 Hz, 1H, C-2b), 3.95 (m, 1H, C-3), 3.80 (s, 3H, ArOCHj), 3.51
(d,J=11.5Hz, 1H, C-2a),3.12 (dd, /=11.9,5.9 Hz, 1H, C-4),2.95 (dd, J =
171, 11.9 Hz, 1H, C-15b), 2.53-2.44 (band, 2H, C-4, C-15a), 2.26 (dd, J=
171, 73 Hz, 1H, C-16), 2.01 (dd, /=171, 11.9 Hz, 1H, C-16), 0.79 (s, 9H,
1BusSi), 0.04 (s, 3H, SiCH,), 0.01 (s, 3H, SiCH;); FAB HRMS (NBA): calcd
for CpsH;,05Si [M+Cs]*™ 575.1230; found m/e = 575.1248.

4-Methoxy-13-hydroxy-2,11-dioxatricyclo[13.2.2.13"]eicosa-1(18),3,5,7-
(20),1(19),16-hexaen-10-one (31): A solution of compound 30 (150 mg,
0.34 mmol) in THF (8 mL) was treated with TBAF (0.4 mL, =~ 1M in THF)
at 25°C for 30 min. Ethyl acetate was added to the reaction mixture and the
organic layer was washed with H,O and saturated NaCl, dried over MgSO,,
filtered, and concentrated under reduced pressure. Purification by flash
column chromatography (silica gel, 30-50% ethyl acetate/hexanes)
yielded 105 mg (0.32 mmol, 94 %) of 31 as a white amorphous solid: R;=
0.14 (silica gel, 30 % EtOAc in hexane); FT-IR (thin film): =2925, 1734,
1585, 1522, 1264, 1219, 1133, 755 cm™'; '"H NMR (250 MHz, CDCl;): 6 =
732 (m, 2H, C-6, C-18), 7.09, (m, 2H, C-7, C-19), 6.78 (d,/=7.7 Hz, 1 H, C-
12), 6.62 (dd, J=8.3, 1.8 Hz, 1H, C-13), 5.26 (d, /=13 Hz, 1 H, C-20), 4.32
(dd, J=11.5,6.7 Hz, 1 H, C-2b), 422 (m, 1H, C-3), 3.95 (s, 3H, ArOCH};),
391 (d, J=11.5Hz, 1H, C-2a), 3.22 (dd, /=125, 3.8 Hz, 1 H, C-4b), 2.95
(dd,J=16.0,9.6 Hz, 1H, C-15b), 2.80-2.62 (band, 2H, C-4a, C-15a),2.41 -
2.12 (band, 2H, C-16), 2.10 (s, 1H, OH); FAB HRMS (NBA): calcd for
CoH,O5 [M]* 328.1311; found m/e = 328.1323.

4-Methoxy-13-iodo-2,11-dioxatricyclo[13.2.2.13"]eicosa-1(18),3,5,7(20),1-
(19),16-hexaen-10-one: A solution of alcohol 31 (95 mg, 0.29 mmol), PPh,
(152 mg, 0.58 mmol), I, (147 mg, 0.58 mmol) and imidazole (59 mg,
0.87 mmol) in toluene (7 mL) was stirred at 80 °C for 30 min. Ethyl acetate
was added to the reaction mixture and the organic layer was washed with
H,O and saturated NaCl, dried over MgSO,, filtered, and concentrated
under reduced pressure. Small column filtration (silica gel) yielded 120 mg
(0.275 mmol, 95%) of the iodide as a white amorphous solid [R;=0.38
(silica gel, 10% EtOAc in hexane)], which was used without further
purification.

Combretastatin D-2 methyl ether (32): A solution of the above iodide
(110 mg, 0.25 mmol) and KF (145 mg, 2.5 mmol) in DMSO (2 mL) was
stirred at 115°C for 4 h. Ethyl acetate was added to the reaction mixture
and the organic layer was washed with H,O and saturated NaCl, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 10-25% ethyl acetate/hexanes)
yielded 67 mg (0.22 mmol, 87 %) of methoxy combretastatin D-2 as a white
solid. M.p. 130-132°C; R;=0.31 (silica gel, 10 % EtOAc in hexane); FT-IR
(thin film): 7=1734, 1522, 1210, 1150, 1127, 749 cm~'; '"H NMR (250 MHz,
CDCLy): 6=1734 (d, J=83Hz, 1H, C-6), 728 (d, /=9.5Hz, 1H, C-18),
712-7.08 (band, 3H, C-4, C-19, C-7), 6.83 (d, /=6.9 Hz, 1H, C-12), 6.68
(dd, /=13, 6.9 Hz, 1H, C-13), 6.08 (dt, /=92, 5.6 Hz, 1H, C-3), 5.11 (d,
J=1.6 Hz, 1H, C-20), 4.65 (d, /=5.6 Hz, 2H, C-2), 3.94 (s, 3H, ArOCH;),
2.89 (t,/J=4.4Hz, 2H, C-15), 229 (t, /=4.4 Hz, 2H, C-16); FAB HRMS
(NBA): caled for CyH 3O, [M]* 310.1205; found m/e =310.1212.

3-Hydroxy-4-benzyloxybenzaldehyde: A solution of 3,4-dihydroxybenzal-
dehyde 33 (7.0 g, 0.050 mol) and K,CO; (6.1 g, 0.044 mol) in DMF (60 mL)
was stirred at 60 °C for 4 h. Then BnBr (6.5 mL, 0.055 mol) was added and
the reaction mixture was stirred at 25 °C for another 12 h. Ethyl acetate was
added to the reaction mixture and the organic layer was washed with
saturated NH,Cl, H,O, and saturated NaCl, dried over MgSO,, filtered,
and concentrated under reduced pressure. Purification by flash column
chromatography (silica gel, 30/50% ethyl acetate/hexanes) yielded 8.6 g
(0.038 mol, 76 %) of the monoprotected compound as a white crystalline
solid. M.p. 109-112°C; R,=0.72 (silica gel, 50 % EtOAc in hexane); FT-IR
(KBr): 7=13200, 2580, 1720, 1680, 1610, 1520, 1290, 1115, 1010, 740 cm~!; 'H
NMR (250 MHz, CDClL;): 6 =9.70 (s, 1H, CHO), 7.30 (m, 6 H, Ar), 6.90 (d,
J=8Hz, 1H, Ar), 5.69 (s, 1H, OH), 5.08 (s, 2H, OCH,Ph); FAB HRMS
(NBA): calced for C,H,O5 [M+H]* 229.0865; found m/e =229.0860.
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Ethyl 3-(3-hydroxy-4-benzyloxy)phenyl-2(E)-propenoate: A solution
of  3-hydroxy-4-benzyloxybenzaldehyde  (6.7g, 0.029 mol) and
Ph;P=CHCOOE? (12.4 g, 0.035 mol) in benzene (18 mL) was stirred at
25°C for 2h. The reaction mixture was concentrated under reduced
pressure. Purification by flash column chromatography (silica gel, 25-35 %
EtOAc in hexane) afforded 8.0 g (0.027 mol, 93%) of the ester as white
crystals. M.p. 80—-85°C; R;=0.46 (silica gel, 30 % EtOAc in hexane); FT-
IR (KBr): 7= 3480, 3005, 2900, 1705, 1610, 1505, 1290, 985 cm~'; '"H NMR
(250 MHz, CDCl;): 6 =762 (d, J=15.6 Hz, 1H, ArCH=CH), 740 (s, 5H,
Ar), 715 (d, /=19 Hz, 1H, Ar), 6.99 (dd, /=82, 1.9 Hz, 1 H, Ar), 6.89 (d,
J=82Hz, 1H, Ar), 6.28 (d, J=15.6 Hz, 1H, ArCH=CH), 5.75 (s, 1H,
OH), 5.12 (s, 2H, OCH,Ph), 4.24 (q, /=70 Hz, 2H, CH,CH;), 1.32 (t, J =
7.0 Hz, 2H, CH,CH;); FAB HRMS (NBA): calcd for CgH O, [M+H]"
299.1283; found m/e =299.1289

Ethyl 3-(3-hydroxy-4-benzyloxy)phenylpropanoate (34): A solution of the
above ester (5.0 g, 16.7 mmol) and Pd/C (5 %, 250 mg) in benzene (40 mL)
was stirred at 25°C under hydrogen for 5h. The reaction mixture was
filtered through Celite and concentrated under reduced pressure to give
4.88 g of 34 (16.2 mmol, 97 %) as a colorless oil. R,=0.59 (silica gel, 20 %
EtOAc in hexane); IR (neat): 7= 3520, 2965, 1715, 1582, 1500, 1265, 1008,
735 cm™!; 'H NMR (200 MHz, CDCl;): 6 =740 (m, 5H, Ar), 6.86 (d, /=
6.1 Hz, 1H, Ar), 6.83 (s, 1H, Ar), 6.68 (dd, J=6.1,2.2 Hz, 1H, Ar), 5.87 (s,
1H, OH), 5.09 (s, 2H, OCH,Ph), 4.15 (q, /=72 Hz, 2H, CH,CHj), 2.89 (t,
J=177Hz, 2H, ArCH,CH,), 2.60 (t, J=77 Hz, 2H, ArCH,CH,), 1.25 (t,
J=72Hz, 3H, CH,CH;); FAB HRMS (NBA) calcd for C;sH,,0, [M]*
300.1362; found m/e =300.1367.

Ethyl 3-[3-[4-(3-pivaloyloxy-2E-propenyl) []phenoxy-4-benzyloxyphenyl]-
propanoate (35): A solution of compound 34 (2.3 g, 7.6 mmol), aryl
bromide 21 (1.6 g, 5.0 mmol), K,CO; (2.1 g, 15.2 mmol) and CuBr-Me,S
(2.1g, 102 mmol) in dry pyridine was stirred at 140°C for 6 h in an
autoclave. Ethyl acetate was added to the cooled reaction mixture and the
organic layer was washed with 1N HCI and saturated NaCl, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 10-20% ethyl acetate/hexanes)
yielded 1.95 g of 35 (3.9 mmol, 78 %) as a colorless oil. R,=0.53 (silica gel,
15% EtOAc in hexane); FT-IR (neat): 7= 3028, 1722, 1505, 1213, 755 cm™};
'"H NMR (200 MHz, CDCl;): 6 =7.43-6.81 (band, 12H, Ar), 6.62 (d, J=
16.5 Hz, 1H, ArCH=CH), 6.20 (dt, J=16.5, 5.9 Hz, 1H, ArCH=CH), 5.05
(s, 2H, OCH,Ph), 471 (d, J=5.9 Hz, 2H, CH,OPiv), 412 (q, J=6.9 Hz,
2H, CH,CH;), 2.88 (t,J=8.0 Hz,2H, ArCH,CH,), 2.58 (t,/=8.0 Hz, 2H,
ArCH,CH,), 1.25 (m, 12H, C(CH;); and CH,CH;); *C NMR (50 MHz,
CDCly): 6=174.2,172.5,159.9,150.4, 146.4, 135.8,134.8, 132.1,130.1, 129.8,
129.4, 129.3, 129.2, 128.5, 126.3, 123.5, 123.4, 118.3, 116.8, 72.6, 66.6, 61.8,
3742, 31.6, 28.7, 15.7; FAB HRMS (NBA): calcd for C;,H;O4 [M+Cs]*
649.1566; found m/e = 649.1576.

Ethyl  3-[3-[4-(1R,2R)-(1,2-dihydroxy-3-pivaloyloxy)propyl]phenoxy-4-
benzyloxyphenyl]propanoate (36): A solution of K;Fe(CN), (1.0g,
3mmol), K,CO; (042¢g, 3mmol) and (DHQD),PHAL (193 mg,
0.25 mmol) in ‘BuOH:H,O (1:1) was stirred at 25°C for 40 min. After
addition of K,Os,(OH), (3.7 mg, 0.01 mmol) the mixture was cooled to
0°C; CH5;SO,NH, (190 mg, 0.2 mmol) was added and stirred for 10 min.
Finally olefin 35 (0.50 g, 1 mmol) was added and the reaction mixture was
stirred vigorously at 0°C for 12 h. After addition of Na,SO; the mixture was
allowed to warm to 25°C and ethyl acetate was added. The organic layer
was washed with saturated NH,Cl and saturated NaCl, dried over MgSO,,
filtered, and concentrated under reduced pressure. Purification by flash
column chromatography (silica gel, 50-60% ethyl acetate/hexanes)
afforded 0.48 g (0.87 mmol, 87 %) of compound 36 as a white amorphous
solid. R;=0.12 (silica gel, 30 % EtOAc in hexane); [a]p =—4.5 (c=0.078 in
acetone); FT-IR (thin film): 7=2970, 1728, 1608, 1511, 1276, 1167, 1127,
1041, 743 cm~'; 'TH NMR (200 MHz, CDCl;): 6 =7.25 (m, 7H, Ar), 6.90 (m,
SH, Ar), 5.08 (s, 2H, OCH,Ph), 4.61 (d, /=72 Hz, 1H, ArCHOTBS),
4.22-3.86 (band, SH, CHOTBS, CH,OPiv, and CH,CH;), 2.87 (t, J=
75 Hz, 2H, ArCH,CH,), 2.57 (t, J=175Hz, 2H, ArCH,CH,), 125 (m,
12H, C(CHj;); and CH,CH;); *C NMR (50 MHz, CDCl,): 6 =180.5, 174.3,
160.0, 150.5, 146.4, 138.4, 135.9, 135.2, 76.0, 75.6, 72.5, 66.7, 62.0, 37.5, 31.7,
28.8; FAB HRMS (NBA): calcd for C;,H3304 [M+Cs]* 683.1621; found m/
e=683.1633.

Ethyl  3-[3-[4-(1R,2R)-(1,2-di-tert-butyldimethylsilyloxy-3-pivaloyloxy)-
propyl]phenoxy-4-benzyloxyphenyl]propanoate (37): A solution of diol 4
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(0.4 g, 0.73 mmol), TBDMSCI (242 mg, 1.6 mmol), and imidazole (119 mg,
1.75 mmol) in DMF was stirred at 25°C for 3 h. Ethyl acetate was added to
the reaction mixture, and the organic layer was washed with H,O and
saturated NaCl, dried over MgSO,, filtered, and concentrated under
reduced pressure. Purification by flash column chromatography (silica gel,
5-15% ethyl acetate/hexanes) yielded 0.55 g (0.71 mmol, 97 %) of 37 as a
colorless oil. R,=0.50 (silica gel, 10% EtOAc in hexane); [a]p=—14 (¢ =
0.012 in CHCl;), FT-IR (neat): 7=2959, 2856, 1734, 1505, 1156, 841 cm™;
'H NMR (200 MHz, CDCl;): 6 =7.23 (m, 7H, Ar), 6.88 (m, 5H, Ar), 5.05 (s,
2H, OCH,Ph), 4.72 (d, J=4.5Hz, 1H, ArCHOTBS), 4.23 (dd, /=415,
11.1 Hz, 1H, CH,OPiv), 4.10 (q, /=73 Hz, 2H, CH,CHj;), 3.87 (m, 1H,
CHOTBS), 3.65 (dd, J=6.5, 11.1 Hz, 1H, CH,OPiv), 2.85 (t, J=8.0 Hz,
2H, ArCH,), 2.55 (t, J=8.0 Hz, 2H, ArCH,CH,), 1.2 (m, 12H, C(CHs;);
and CH,CH3), 0.90 (s, 9H, SitBu), 0.89 (s, 9H, SirBu), 0.05 (s, 3H, SiCHj,),
0.03 (s, 3H, SiCHj;), —0.08 (s, 3H, SiCH,), —0.10 (s, 3H, SiCHj;); C NMR
(50 MHz, CDCl,): 6 =179.9, 174.3, 159.0, 150.5, 147.0, 138.6, 136.5, 135.8,
76.2, 72.6, 67.1, 61.9, 40.3, 37.5, 32.5, 31.7, 28.9, 274, 19.8, 19.6, 15.8; FAB
HRMS (NBA): caled for C,HgOsSi, [M+Cs]t 911.3351; found m/e=
911.3368.

3-[3-[4-(1R,2R)-(1,2-Di-tert-butyldimethylsilyloxy-3-hydroxy)propyl]phe-
noxy-4-benzyloxyphenyl]propanoic acid (38): Compound 37 (0.5¢g,
0.64 mmol) was dissolved in THF (10 mL)/MeOH (10 mL). The mixture
was cooled in an ice-water bath and 3N LiOH (10 mL) was added dropwise.
The reaction mixture was allowed to warm slowly to 25 °C and after 2 h was
acidified with 3N HCI and extracted with ethyl acetate. The organic layer
was washed with water and saturated NaCl, dried over MgSO,, filtered and
concentrated under reduced pressure to give the respective acid as a
colorless oil [R;=0.29 (silica gel, 30% EtOAc in hexane)] which was
diluted with anhydrous CH,Cl, and cooled to —78°C. DIBAL-H (1M
solution in cyclohexane, 0.7 mL, 0.7 mmol) was added dropwise over
10 min. MeOH was added and the reaction mixture was then treated with
saturated sodium/potassium tartrate and stirred at 25 °C for 15 min. EtOAc
was added to the reaction mixture and the organic layer was washed with
1IN HCI, saturated NaHCOj, and brine, then dried over MgSO,, filtered,
and concentrated under reduced pressure. Purification by flash column
chromatography (silica gel, 40-50% ethyl acetate/hexanes) yielded
385 mg (0.58 mmol, 90%) of 38 as a colorless oil: R;=0.57 (silica gel,
20% EtOAc and 5% CH;COOH in hexane); FT-IR (neat): v=2924,
2859, 1707, 1501, 1263, 1214, 830 cm~'; '"H NMR (200 MHz, CDCl;): 6 =
9.81 (s, 1H, COOH), 725 (m, 7 H, Ar), 6.90 (m, 5H, Ar), 5.08 (s, 2H,
OCH,Ph), 477 (d, J=5.0Hz, 1H, ArCHOTBS), 3.87 (m, 1H,
CH,CHOTBS), 3.60 (br, 1H, OH), 3.54 (dd, J=5.7,11.2 Hz, 1 H, CH,OH),
3.65 (dd, J=4.5, 112Hz, 1H, CH,OH), 2.86 (t, J=73Hz, 2H,
ArCH,CH,), 2.58 (t, /=73 Hz, 2H, ArCH,CH,), 0.90 (s, 18H, SirBu),
0.08 (s, 3H, SiCH3), 0.05, (s, 3H, SiCH3), 0.03 (s, 3H, SiCHj;), —0.07 (s, 3H,
SiCH;); FAB HRMS (NBA): caled for CyHs,O;Si, [M+Cs]* 799.2462;
found m/e =799.2478.

(13R,14R)-4-Benzyloxy-13,14-(di-tert-butyldimethylsilyloxy)-2,11-dioxa-

tricyclo[13.2.2.13"]eicosa-1(18),3,5,7(20),1(19),16-hexaen-10-one (39): A
solution of 38 (250 mg, 0.37 mmol) in toluene (50 mL) was prepared.
DEAD (0.35 mL, 2.22 mmol) was added to a solution of PPh; (0.58 g,
2.20 mmol) in dry toluene (200 mL) under N, at 25°C. The temperature
was increased to 45°C and half of the solution of 39 was added dropwise
over 3 h while the reaction mixture was stirred vigorously. Second portions
of PPh; (0.29 g, 1.10 mmol) and DEAD (0.18 mL, 1.11 mmol) were added
and the remaining 38 was added over 3 h. The reaction mixture was stirred
for another 8 h period and concentrated under reduced pressure, affording
a red viscous oil. Purification by flash column chromatography (silica gel,
10-20% ethyl acetate/hexanes) gave 194 mg (0.30 mmol, 81 %) of the
macrolide as a white amorphous solid. R;=0.75 (silica gel, 20 % EtOAc in
hexane); [a]p =—51 (¢ =0.080 in CHCl,); FT-IR (thin film): 7=2959, 2930,
2856, 1740, 1516, 1259, 1121, 829 cm™!; '"H NMR (200 MHz, CDCL,): 6 =
762 (dd,J=8.1,2.1 Hz, 1H, C-6), 7.51 (dd, J=8.1,2.4 Hz, 1 H, C-18), 7.43 -
7.26 (band, SH, OCH,Ph), 7.12 (dd, J=8.3,2.6 Hz, 1 H, C-7), 6.98 (dd, J =
8.3, 24 Hz, 1H, C-19), 6.84 (d, /=83 Hz, 1H, C-12), 6.59 (dd, J=8.3,
19 Hz, 1H, C-13), 5.31 (d, /=19 Hz, 1H, C-20), 5.20 (s, 2H, OCH,Ph),
4.58 (d, /=84 Hz, 1H, C-4), 415 (m, 1H, C-3), 3.88 (dd, J=9.6, 6.4 Hz,
1H, C-2),3.70 (d,/ =9.6 Hz, 1H, C-2),3.00 (dd, J=16.0, 9.6 Hz, 1 H, C-15),
2.65 (dd, J=16.0, 8.8 Hz, 1H, C-15), 2.41-2.10 (band, 2H, C-16), 0.94 (s,
9H, SirBu), 0.88 (s, 9H, SirBu), 0.20 (s, 3H, SiCH;), 0.12 (s, 3H, SiCHj;),
0.80 (s, 3H, SiCHj;), —0.50 (s, 3H, SiCHj;); *C NMR (50 MHz, CDCl,): 6 =
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174.9, 157.7,153.5, 146.7, 139.3, 135.3, 131.0, 80.4, 77.7, 73.4, 68.9, 33.9, 28.5,
275, 275, 19.7, 19.6; FAB HRMS (NBA): calcd for C;;Hs,04Si, [M+Cs]*
781.2357; found m/e =781.2387.

(13R,14R)-4-Benzyloxy-13,14-dihydroxy-2,11-dioxatricyclo[13.2.2.137]-
eicosa-1(18),3,5,7(20),1(19),16-hexaen-10-one (40): A solution of the above
macrolide (170 mg, 0.26 mmol) in THF (8 mL) was treated with TBAF
(0.8 mL, ~ 1M in THF) at 25°C for 3 h. Ethyl acetate was added to the
reaction mixture and the organic layer was washed with H,O and saturated
NaCl, dried over MgSO,, filtered, and concentrated under reduced
pressure. Purification by flash column chromatography (silica gel, 60—
90% ethyl acetate/hexanes) yielded 103 mg (0.24 mmol, 94 %) of com-
pound 40 as a white solid. M.p. 185-188°C; [a]p=—37 (¢=0.030 in
acetone); R;=0.15 (silica gel, 50 % EtOAc in hexane); FT-IR (thin film):
7=1730, 1516, 1430, 1224, 778 cm~'; 'H NMR (200 MHz, CDCl;): 6 =7.63
(d,/=8.0Hz, 1H, C-6),751-7.18 (band, 7H, C-18, C-7 and OCH,Ph), 7.01
(d,/=8.0Hz, 1H, C-19),6.82 (d,/=8.0 Hz, 1H, C-12), 6.59 (d,/=8.0 Hz,
1H, C-13), 5.22 (s, 3H, C-20 and OCH.,Ph overlapped), 4.60 (d, /=8.8 Hz,
1H, C-4),4.35(dd,/=9.6, 7.0 Hz, 1H, C-3),3.92 (m, 1H, C-2),3.70 (d, /=
11.8 Hz, 1H, C-2), 3.15-2.05 (band, 4H, C-15 and C-16); “C NMR
(50 MHz, CDCl,): 6 =174.4,158.6, 153.4,137.5,135.1,132.4, 80.1, 77.3, 73.2,
67.6, 33.9, 28.4; FAB MS (NBA): calcd for C,sH,,0O4 [M+Na]* 443; found
mle =443.

(13R,14R)-4-Hydroxy-13,14-dihydroxy-2,11-dioxatricyclo[13.2.2.13"] eico-
sa-1(18),3,5,7(20),1(19),16-hexaen-10-one (41): A solution of diol 40
(20 mg, 0.047 mmol) and Pd/C (10 %, 4 mg) in EtOAc (7 mL) was stirred
at 25°C under hydrogen for 5 h. The reaction mixture was filtered through
Celite and concentrated under reduced pressure to give 15mg
(0.046 mmol, 98 %) of triol 41 as a white amorphous solid: R,=0.13 (silica
gel, 60 % EtOAc in hexane); [a]p =—35.5 (¢ =0.040 in MeOH); IR (KBr):
7=3430, 3296, 2912, 1708, 1597, 1518, 1438, 1359, 1291, 1230, 1164, 1104,
1029, 981, 872 cm™'; 'H NMR (600 MHz, CD,OD): 6 =7.54 (dd, /=84,
2.1Hz, 1H, C-6), 726 (dd, J=8.2, 2.1 Hz, 1H, C-18), 7.04 (dd, J=284,
2.4 Hz, 1H, C-7), 6.85 (dd, /=82, 2.4 Hz, 1H, C-19), 6.61 (dd, J=82,
1.5Hz, 1H, C-12), 6.44 (dd, J =82, 2.0 Hz, 1 H, C-13), 5.16 (s 1 H, C-20),
438 (d,J=84Hz, 1H, C-4),4.13 (dd, J=11.8,7.5 Hz, 1 H, C-2a), 3.71 (dd,
J=8.4,75Hz, 1H, C-3),3.48 (d,/=11.8 Hz, 1H, C-2b), 2.84 (dd, J=16.7,
12.0 Hz, 1H, C-15a), 2.45 (dd, J=16.7, 73 Hz, 1H, C-15b), 2.32 (dd, J =
16.9, 7.3 Hz, 1H, C-16a), 2.00 (ddd, J=16.9, 12.0, 1.1 Hz, 1H, C-16b); 3C
NMR (150 MHz, CD;0D): 6 =174.7,157.8, 151.0, 144.4, 138.6, 132.9, 131.0,
129.6, 123.9, 122.3, 117.0, 114.4, 79.3, 76.4, 68.7, 33.5, 27.8; FAB HRMS
(NBA): calcd for C;gH;;O¢ [M+Na]* 353.1001; found m/e =353.1016.

Combretastatin D-2 (from 41): A solution of triol 41 (3.8 mg,
0.0115 mmol), PPh; (12.1 mg, 0.0461 mmol), imidazole (1.57 mg,
0.0231 mmol) and triiodoimidazole (8.18 mg, 0.0183 mmol) in tetrachloro-
ethylene (0.40 mL) was stirred at 140°C for 0.5h. After the reaction
mixture was cooled down, EtOAc was added and the organic layer was
washed with saturated Na,S,0;, H,0, and saturated NaCl, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 20% ethyl acetate/hexanes)
yielded 3.4 mg (0.0108 mmol, 94 % ) of combretastatin D-2. R,=0.30 (silica
gel, 20% EtOAc in hexane); IR (neat): 7=3440, 1725, 1520, 1500, 1440,
1210, 1185, 1110 cm™!; '"H NMR (500 MHz, CDCl;): 6 =7.30-7.02 (band,
SH, Ar,C-4),6.78 (d,/=8.0 Hz, 1 H, C-12), 6.57 (dd,J=8.0,2.0 Hz, 1 H, C-
13), 6.00 (dt, J=11.0, 7.0 Hz, 1H, C-3), 5.43 (br, 1H, OH), 499 (d, /=
2.0 Hz, 1H, C-20), 4.58 (d, J=6.5 Hz, 2H, C-2), 2.80 (t, /=5.5Hz, 2H, C-
15),2.23 (t,J=5.5 Hz, 2H, C-16).

Combretastatin D-2 benzyl ether (42): A solution of diol 40 (4 mg,
0.0095 mmol), PPh; (10.0mg, 0.0461 mmol), imidazole (1.30 mg,
0.019 mmol), and triiodoimidazole (6.76 mg, 0.015 mmol) in tetrachloro-
ethylene (0.48 mL) was stirred at 140°C for 0.5 h. After the reaction
mixture had cooled down, EtOAc was added and the organic layer was
washed with saturated Na,S,0;, H,O, and saturated NaCl, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 20% ethyl acetate/hexanes)
yielded 3.4 mg (0.0087 mmol, 92 %) of olefin 42 as a colorless oil. R;= 0.40
(silica gel, 10% EtOAc in hexane); IR (neat): 7=1728, 1510, 1500,
1110 cm~'; 'TH NMR (500 MHz, CDCl;): 6 =744 (d, J=7.5Hz, 2H, Ar),
733-7.19 (band, 6H, Ar, C-4), 7.04 (m, 2H, Ar), 6.76 (d,/=8.0 Hz, 1 H, C-
12), 6.54 (dd, J=6.0, 2.3 Hz, 1H, C-13), 598 (dt, /=115, 6.5Hz, 1H,
C-3), 5.17 (s, 2H, OCH,Ph), 5.05 (d, J=2.4 Hz, 1H, C-20), 4.59 (d, J=
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7.0 Hz, 2H, C-2), 2.80 (t, /=5.5Hz, 2H, C-15),2.22 (t,/=5.5Hz, 2H, C-
16); FAB HRMS (NBA): calcd for C,sH,,O, (M)* 386.1518; found m/e =
386.1530.

Combretastatin D-2 (from 42): A solution of the above olefin (3 mg,
0.0077 mmol) and AICl; (1.6 mg, 0.012 mmol) in CH,Cl, (0.4 mL) was
stirred at 25 °C for 30 min. Ethyl acetate was added to the reaction mixture
and the organic layer was washed with H,O, and saturated NaCl, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification by
flash column chromatography (silica gel, 20% ethyl acetate/hexanes)
yielded 1.48 mg (0.0050 mmol, 65%) of combretastatin D-2 and 0.6 mg
(0.0015 mmol, 20 %) of recovered 42.

Combretastatin D-1 benzyl ether (46): A solution of the diol 40 (50 mg,
0.12 mmol) in DMF (2 mL) was treated with PPh; (13 mg, 0.049 mmol) and
DEAD (0.08 mL, 0.48 mmol) at 145-150°C for 40 min. EtOAc was added
to the reaction mixture and the organic layer was washed with 1~ HCI, H,O
and saturated NaCl, dried over MgSQO,, filtered, and concentrated under
reduced pressure. Purification by flash column chromatography (silica gel,
25-35% ethyl acetate/hexanes) yielded 41 mg (0.10 mmol, 87 %) of
compound 46 as a white amorphous solid. R,= 0.68 (silica gel, 30 % EtOAc
in hexane); IR (KBr): 7= 1730, 1550, 1205, 1114 cm~'; '"H NMR (500 MHz,
CDCl;): 6 =752 (dd, J=8.0,2.0 Hz, 1H, C-6), 748 (d, /=75 Hz, 1 H, Ar),
7.38-724 (band, 5SH, OCH,Ph and C-18), 7.10 (dd, J=8.5, 2.5 Hz, 1H, C-
7),7.07 (dd, J=8.5, 2.5 Hz, 1H, C-19), 6.81 (d, J=8.0 Hz, 1H, C-12), 6.57
(dd, /=81, 2.1 Hz, 1H, C-13), 5.21 (s, 2H, OCH,Ph), 4.98 (d, /=19 Hz,
1H, C-20),4.33 (d,J=5.0Hz,1H, C-4),4.23 (dd,/=12.5,5.0 Hz, 1 H, C-2),
3.91 (dd, J=12.0, 9.0 Hz, 1H, C-2), 3.47 (m, 1H, C-3), 3.10 (dd, J=16.6,
12.0 Hz, 1H, C-15),2.56 (dd, J =16.6, 6.3 Hz, 1H, C-15),2.37 (ddd, J =176,
6.8,1.8 Hz, 1H, C-16),2.13 (ddd, J=17.6,12.6, 1.8 Hz, 1 H, C-16); *"CNMR
(125 MHz, CDCl;): 6 =172.5, 156.4, 150.6, 146.0, 137.6, 133.0, 131.8, 128.7,
128.6,127.9,126.1,124.1,123.3,121.3,115.3, 113.2, 71.7, 62.6, 55.8, 52.9, 31.0,
26.8; FAB HRMS (NBA): caled for C,sH,,05 [M]+ 402.1467; found m/e =
402.1556.

Combretastatin D-1 (7): A solution of combretastatin D-1 benzyl ether
(35 mg, 0.087 mmol) and Pd/C (10 %, 5 mg) in EtOAc (8 mL) was stirred at
25°C under hydrogen for 3 h. The reaction mixture was filtered through
Celite and concentrated under reduced pressure to give 25mg
(0.082 mmol, 95%) 7 as white crystals. R,=0.47 (silica gel, 30% EtOAc
in hexane), [a], =—96 (¢ =0.015 in CHCLy); see ref. [27].

Combretastatin D-1-(S)-[ O-acetyl] mandelate (47): A solution of 7 (14 mg,
0.045 mmol) and (S)-(+)-O-acetylmandelic acid (12 mg, 0.063 mmol) in
anhydrous CH,Cl, (0.5 mL) was treated with DCC (13 mg, 0.064 mmol)
and DMAP (1.6 mg, 0.013 mmol) at 25°C for 3 h. EtOAc was added to the
reaction mixture and the organic layer was washed with 1N HCI, H,O, and
saturated NaCl, dried over MgSO,, filtered, and concentrated under
reduced pressure. Purification by flash column chromatography (silica gel,
30-35% ethyl acetate/hexanes) yielded 20 mg (0.040 mmol, 90%) of a
white solid. R,=0.51 (silica gel, 30 % EtOAc in hexane); [a]p, =453 (c=
0.010 in CHCl,); IR (thin film): 7= 3022, 2921, 1740, 1596, 1506, 1431, 1367,
1203, 1153, 1047, 987, 869, 829, 754 cm~'; '"H NMR (500 MHz, CDCL;): 6 =
765 (m,2H, Ar), 748 (dd, J=8.5,2.0 Hz, 1H, C-6), 741 (m, 3 H, Ar), 7.32
(dd, J=8.5,2.0 Hz, 1H, C-18), 7.03 (dd, J=8.5, 2.5 Hz, 1H, C-7), 7.00 (dd,
J=85,2.5Hz, 1H, C-19), 6.87 (d, J=8.0 Hz, 1 H, C-12), 6.66 (dd, J=8.5,
1.8 Hz, 1H, C-13),6.30 (s, 1 H, C*-H, 5.05 (s, 1 H, C-20), 4.33 (d,/=4.0 Hz,
1H, C-4),4.25(dd,J=12.0,5.0 Hz, 1H, C-2),3.89 (dd,/=12.0,9.0 Hz, 1 H,
C-2),3.47 (m, 1H, C-3),3.15 (dd, /=16.5,12.5 Hz, 1 H, C-15), 2.61 (dd,J =
17.5, 6.0 Hz, 1H, C-15), 2.40 (ddd, /=175, 6.5, 1.7 Hz, 1H, C-16), 2.24 (s,
3H, OAc),2.13 (ddd,J=172,12.3,1.3 Hz, 1 H, C-16); *C NMR (125 MHz,
CDCl;): 6=172.1,170.3, 166.9, 155.8, 152.8, 138.7, 136.0, 133.1, 131.9, 74.3,
62.5, 55.7, 52.8, 30.8, 271, 20.7; FAB HRMS (NBA): calcd for C,xH,,O4
[M+Na]* 511.1369; found m/e =511.1360.
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Rearranged Boriranylideneborane and Diboretanylideneborane Ligands:
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Dedicated to Professor Roald Hoffmann on the occasion of his 60th birthday

Abstract: The reactivity of boriranyli-
deneboranes 4 and diboretanylidene-
borane 8 towards metal complex frag-
ments was investigated. The reactions of
4 proceed with cleavage of the C-C
bond in the three-membered ring and
migration of substituents to form mono-
and dinuclear complexes of varying
structure depending on electronic and
steric effects. The duryl and mesityl
derivatives 4a and 4b react with
[Co(CsH;5)(C,Hy),] with evolution of
ethene to form dicobalt complexes Sa
and 5b, which can be viewed as the first
examples of complex-stabilized diboryl-
carbenes 6a and 6b. The crystal struc-
ture analysis shows an unusual structure
in which a C-B-C-B chain and two cobalt
atoms lie in one plane to give a planar-

tetracoordinate carbon (ptC) atom C2;
the sum of angles at C2 is 359.9°
Quantum-mechanical calculations show
that this unusual structure is stabilized
by interactions of 6d with the cobalt
atoms. The ptC in complex 5d, which is
surrounded by four -electropositive
substituents, has increased o and
decreased m electron density. Complexes
5 are therefore the first examples of
metal-substituted analogues of planar
methane (Hoffmann model). Reaction
of the tert-butyl derivative 4c¢ with
[Co(CsHs)(C,H,),] provides only the mo-

Keywords: boron - cobalt - diboryl-
carbenes - planar-tetracoordinate
carbon - platinum

nocobalt complex [Co(CsHs)(C,H,)C,-
(SiMe;),B,Bu,] (7¢), independent of
reaction stoichiometry; this indicates
that an aromatic group is required for
formation of the dinuclear complex.
Characterization of the metalacycle 7¢
was facilitated by replacing the ethene
ligand by CO and rBuNC. Reaction of
the diboretanylideneborane 8 with
[Co(CsHs)(C,H,),] does not provide
another complex with a ptC atom,
but instead the sandwich complex 10,
a complex-stabilized 1,3-dibora-5-sila-
penta-1,4-diene. Boriranylideneborane
4a reacts with [Pt(CgHy,),] at
room temperature to form the di-
platinum compound 11, which can be
viewed as being formed from diboryl-
carbene 12.

Introduction

In 1970 Hoffmann et al.l! reported the electronic structure of
planar methane (A): Two hydrogen atoms form two-center
two-electron (2c—-2¢) bonds to the sp?-hybridized carbon
atom, and the other two hydrogen atoms form a 3c-2e bond
with the empty hybrid orbital. The remaining two electrons at
carbon are located in the high-lying p, orbital. This unusual
structure can be stabilized by o-donor/m-acceptor substituents
(B; X, Y=silyl, boryl). Schleyer etal.?l carried out MO
calculations on a large number of molecules with electro-

[*] Prof. Dr. W. Siebert, Dr. A. Gunale, Dr. H. Pritzkow
Anorganisch-Chemisches Institut der Universitét
Im Neuenheimer Feld 270, D-69120 Heidelberg (Germany)
Fax: Int. code + 496221 545-609
Prof. Dr. A. Berndt, Dr. D. Steiner, Dr. D. Schweikart
Fachbereich Chemie der Universitét
Hans-Meerwein-Strasse, D-35032 Marburg (Germany)
Fax: Int. code +496421288-917
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positive substitutents (X, Y=Li, SiH;, BH,) and on com-
pounds in which the planar-tetracoordinate carbon (ptC)
functions as a bridging atom in two rings. Their studies show
that in the case of 1,1-dilithiocyclopropane, the planar
geometry is favored over tetrahedral coordination by
7 kcalmol L

Opver the past two decades numerous compounds with a ptC
have been reported; in addition to being structurally charac-
terized by X-ray crystallography, their electronic structures
were often analyzed as well. A recent review by Rottger and
ErkerPl summarizes the rapidly expanding chemistry of ptC
compounds.
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In almost all these compounds the ptCis connected not only
to Lewis acid centers (transition metals ML,, and main group
elements ER,) but also to electron-precise or electron-rich
atoms such as carbon, nitrogen, oxygen, and sulfur. When the
ptC is part of an aromatic, acetylenic, olefinic, or imino
7t system, it does not require the stabilization expected for the
ptC in the planar methane derivatives E—J.

LM ML LM M LM R
LM ML, LM™" TNER, LM™" NER
E F G
L _—ERs LM R, RE~ —ER
REZ ML, RE™ NER, RE™ NER
H I J

As a result of chelation in many mono- and dinuclear
complexes,’! the ptC is geometrically forced to be near the
metal center(s), and its connectivity increases to four.
Recently, Huttner et al.¥ noticed that in 5?-carboxylatocobalt
complexes the Co - C distance (2.35 A) is only 0.3 A longer
than that of a covalent Co—C bond. They concluded: “The
chelating therefore exhibits the characteristic, but hitherto
never discussed peculiarity of an idealized square-planar
coordinated carbon atom”. Many other carboxylato metal
complexes exhibit similar geometries.?!

Our interest in compounds with a ptC focuses on methane
derivatives of the type E-J, in which the Lewis acid
substitutents ML,, and ER, should function as o donors and
7 acceptors, and interact with each other. A carbidotetra-
rhenium cluster could be regarded as an example of
tetrametalamethane E. However, in the complex anion
[{I(OC);Re}C{Re(CO),};]~ the carbon atom is located at the
center of a tetrahedrally distorted square of rhenium atoms.
The Re, ring is folded by 42°, which is explained by repulsive
interactions between ligands on adjacent metals. Attemptsl”]
to synthesize tetraborylmethane derivatives J to prove the
prediction? that a ptC could be stabilized by four boryl
groups have not yet been successful.

While investigating the ligand properties of boron hetero-
cycles®) we found that among the 1,3-dihydro-1,3-dibor-
etes®'? 1—which are not planar as in 3 but puckered
(predicted by Schleyer etal.)l'®l—1b does not show any
complex chemistry due to weakening of the acceptor abilities
of the boron atoms by the m-donor amino substituents.
Attempts to complex 2bl'2l with Pd’ or Pd" compounds
unexpectedly resulted in catalytic dimerization of the boron

R . R
N /R Vs R R H\ H
ComadC — B
N/ O
B B—B B
/ e N N
R’ R’ R’ H H
1 ‘ R R’ 2| r R’ 3
a H H a H H
b| H NP b| H NP,
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heterocycle and formation of the eight-membered tetrabor-
ocine derivative.'¥! The reaction of 2b with [Rus(CO);,]
provides a CO-insertion product instead of a new metal
complex.I’] Therefore, it was decided to investigate the
complexation chemistry of B-organyl derivatives of C,B,
heterocycles, in particular boriranylideneboranes 4 (the
classical, nonexisting representation is 4%*).01¢]

R, I‘?
B\C—B—R R, SR
b= w /2B
R & c—cC
i 7
R’ R’
4% 4a: R = Dur, R’ = SiMes
4b: R = Mes, R’ = SiMej
4c: R = ¢Bu, R’ = SiMesx

The nonclassical structure of 4 was predicted for
(CH,)C(BH), by Schleyer and others!!”!l years before proof
was provided by an X-ray structure determination of the B-duryl,
C-trimethylgermyl derivative of 4 (R =Dur, R’ = GeMe;).["]
The organic chemistry of 4 has been extensively studied and is
characterized by cleavage of bonds in the three-membered
ring and migration of substituents.'! The topomerization of 4
proceeds readily via a cyclic diborylcarbene,['”) and the facile
isomerization of borylmethyleneboranes was explained with
linear diborylcarbenes as intermediates.!'*! Recently, 4 itself
was recognized to be a carbene stabilized by the nearby B—B
moiety, which acts as a s acceptor as well as a ¢ donor.['%
However, relatively little is known about the reactivity of 4
with respect to metal complex fragments. Here we report the
complexation chemistry of the nonclassical boriranylidene-
boranes 4a—c. With respect to CoCp (Cp = CsHs) moieties,
4a and 4b formally act as diborylcarbenes and are complexed
twice to yield the first examples of the planar methane
derivative C with the substitution pattern shown in H.P
Quantum-chemical methods were employed to study the
electronic stabilization of these complexes.?!]

Results and Discussion

Synthesis and Reactivity: Two equivalents of [Co(CsHjs)-
(C,H,),]? react with 4a and 4b in hexane with evolution of
ethene to form unexpectedly 5a and 5b (Scheme 1). These
dinuclear complexes are the first examples of complex-
stabilized diborylcarbenes 6a and 6b.>"! The reaction of 4a
proceeds spontaneously at room temperature, whereas that of
4b requires photochemical activation. Chromatographic work-
up and recrystallization from hexane provides the dark green
crystalline products in 48 and 19% yields, respectively.
Complex Sb can also be obtained by the reaction of 4b with
[Co(CsHs)(CeMe) |2 at 60 °C, but the yields (12 %) are simi-
larly low. The mesityl complex is less stable than the duryl
derivative, as seen from its rapid decomposition in solution at
room temperature. The low yield is probably due to decom-
position during the reaction or subsequent workup. Com-
plexes 5a and 5b are soluble in common organic solvents and
decompose in halogenated solvents.
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2 [Co (CsHs) (CoH,),l

. . R
L 5) Loyl ) C :B Me,,
V2 -4 02H4 e

MesSi “Co

4q,b 5a: R

I

Me_-,Si\ R

C—B—ff—B/ 6a: R = Dur

- \ . -
Me3Si/ R 6b: R Mes
6c: R = /Bu

Scheme 1. Reaction of 4a,b with [Co(CsH;)(C,H,),].

The "B NMR spectra of the isolated complexes show only
one broad signal at =43 for Sa and =46 for Sb.
Apparently, the electronic environments of the chemically
different boron atoms are similar enough that their resonan-
ces cannot be resolved at 64 MHz. 'H and *C NMR spectra of
the two complexes exhibit highly unsymmetrical structures in
which the aromatic groups are not free to rotate. The strongly
low field shifted signal for the central C atom in 5a (6 =194.5)
supports its description as a carbene, since similar chemical
shifts were observed for other dinuclear carbene complexes
(6 =165-235).4

In the reaction of 4a with [Co(CsHs)(C,H,),], traces of a
red, boron-containing fraction were isolated in addition to the

main product 5a. The mass spec-

Rs trum of the red compound showed

@ N a mole peak at m/z =610, which

Me3Si corresponds to the formula [Co-
Me3Si /< kB our (CsHs)(CH,)Cy(SiMe;),B,Dur,]

ohr (7a). Attempts to synthesize 7a

in larger quantities, for example

with a 1:1 ratio of 4a and

[Co(CsHs)(CH,),],

cessful due to its extreme instabil-

ity; Sa was always the main prod-

uct in the reactions. The bound ethene acts as a classical two-

electron ligand and, as in [Co(CsHs)(C,H,),], is easily lost.

This leads to the formation of a very reactive species.

Since [Co(CsMes)(C,H,),] is known to be more stable
than [Co(CsHs)(C,H,),], it was allowed to react with 4a in the
hope of isolating a Cp* derivative (Cp* =C;Mes) of 7a. A
boron-containing fraction was isolated whose mass spectrum
showed a mole peak at m/z =680, which corresponds to the
mononuclear complex [Co(CsMes)(C,H,)C,(SiMe;),B,Dur,]
(7b). Unfortunately, this complex was also very unstable and
decomposed upon removal of solvent. Attempts to replace
the ethene ligand by CO resulted in quantitative formation of
[Co(CsMes)(CO),] . Interestingly, by the reaction of [Co-
(CsMes)(C,H,),] with 4a there was no evidence for the
formation of a dinuclear complex, that is, a Cp* derivative of
5a. This is most likely due to steric reasons.

As the X-ray crystal structure of 5a shows (see below),
there is a definite interaction between one duryl moiety and
one of the CoCp fragments. To test the importance of the

7a: R
7b: R = Me

]
T

WEre unsuc-
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Dur (2,3,5,6-tetramethylphenyl)
5b: R = Mes (2,4,6-trimethylphenyl)

aromatic system for the stabilization
of this complex, the fert-butyl deriv-
ative 4¢ was allowed to react with
[Co(CsHs5)(C,Hy),]  (Scheme 2). In
this case, reaction does not take place
at room temperature, but requires
heating in hexane at reflux. The
diborylcarbene complex Sc¢ is not
formed; only the monocobalt com-
plex 7¢ is obtained independent of
reaction stoichiometry. Thus, dinu-
clear complexes are stable only when
aromatic substituents are attached to
the boron atoms. A 1,3-shift of such a
substituent—known only for aryl
groups—is required for the forma-
tion of the skeleton of the dinuclear complexes. The unstable
intermediate 7a’ (see Scheme 4) with a dicoordinate boron
atom is probably formed, which can be attacked by another
equivalent of [Co(CsHs)(C,H,),] to provide 6a. Quantum-

tBu @

wo—

~ e, - tBu Me;Si, .Co. _tBu
MesSi. /. 2B 2[Co (CsHs) CoHalgl)/ o se—8]
N V4 s
/C C /] Me3Si BT i “tBu
Me;Si “Co
4c 5¢

Zh
MesSi
Me:s:’< >:B—tBu
tBu

7c
Scheme 2. Reaction of 4¢ with [Co(CsHs)(C,H,),].

mechanical investigations for 5d (see below) identify a weak
interaction between one aryl ring and the nearby cobalt
atom.!l

As in the case of 7a and 7b, the ethene ligand in 7c¢ is
responsible for the instability of the complex. It was therefore
decided to replace it by a ligand that binds more strongly.
Although no exchange was observed with MeCN and PPh;,
reactions with CO and /BuNC resulted in the more stable
complexes 7d and 7e (Scheme 3).

Bubbling CO through a freshly prepared solution of 7¢
followed by chromatographic workup provided 7d as a red oil
(Vo =1979 cm™'). The "B NMR spectrum of 7d shows two
signals at 6 =55 and 80 in a 1:1 intensity ratio.

A solution of 7¢ was also treated with tBuNC. Chromato-
graphic workup and recrystallization from hexane provided
red, microcrystalline 7e (vey=2107 cm™'). The "B NMR
spectrum of 7 e also shows two signals in a 1:1 intensity ratio at
0 =55 and 72. Comparison of the chemical shifts of 7d and 7e
with those of diboretanylideneborane 8771 supports the
proposed metalacyclic structure: 8 shows an "B resonance
at 0 =71 for the exocyclic boron atom, and the signal for the
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5a
@ /\\\ @ /L 2 Nicp'
MesSi, Co L MesSi, Co \ 2+
>—B—/{Bu —— 2 >—B— ¢Bu }
Me_-,SI/<B ~ C,H, Messx/<B 2 CoCp > 5
. ur
I‘Eliu z‘Eliu MesSi, NI /
C\z/(_lfB
7e 7d: L = CO Meysi/ BT S
7e: L = CN#Bu /( Ni
2 NiCp*
D||.Jr 4q 9
‘I‘IB i B
MesSi,, Scheme 5. Attempted syntheses of 9.
7d | 55, 80 Ve S./’< ﬁB—Dur
32! B
7e | 50, 72 [
8 |62, 71 (1B) Dur
’ 8 as the reagent since it decomposes to provide the reactive

Scheme 3. Replacement of C,H, in 7¢ by CO and rBuNC.

two ring boron atoms is at 6 =62. The appearance of two
singlets for the SiMe; groups and three signals for the tert-
butyl groups in the 'H and *C NMR spectra of 7e indicates
that a highly unsymmetrical structure is present. Because the
microcrystals of 7e were not suitable for X-ray structure
analysis, attempts were made to replace ethene in 7 ¢ with 2,6-
dimethylphenylisocyanide. However, [Co(CsH;s)(2,6-Me,-
C4H;NC),]?8 was the only cobalt-containing product isolated.
Unfavorable steric interactions between the dimethylphenyl
group and the tert-butyl groups apparently preclude forma-
tion of the desired product.

Since traces of 7a were isolated from the reaction of 4a with
[Co(CsHs)(C,H,),], it is likely that it represents an inter-
mediate in the formation of 5a. The following mechanism can
therefore be postulated (Scheme 4): Insertion of a CoCp

Me3Si\C . /) R
AN MesSi. .Co.
MesSi \ S TB 3 e /

~

4q 5a

[Co (CsHs) (CoH4)0l [Co (CsHs) (CaH4)0l ‘

- C,H, -3 CyH,
& N & N\
MexSi co” 1,3-aryl shift MesSt., /CO\ R
y 33'K >=8-R : L8
3! B Messi? g7 R
R
7a 7a’

Scheme 4. Possible mechanism for the formation of Sa.

fragment into the C—C bond of the three-membered ring in 4a
leads to unstable 7a. A subsequent 1,3-aryl shift is followed by
attack of a second CoCp unit on the formed C=B bond of 7a’
and loss of ethene to provide Sa.

The reactivity of Sa was investigated to test the possibility of
exchanging the CoCp units in 5a with the isolobal NiCp*
fragments, which would lead to another metal-substituted planar
methane derivative [{Ni(CsHs)},(u-C,(SiMe;),B,Dur,) " (9,
Scheme 5). The triple-decker [Ni,(CsH;);]BF,?! was chosen

Chem. Eur. J. 1998, 4, No. 1
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NiCp™ fragment and nickelocene. Although the characteristic
color for the formation of [Ni(CsHs),] was observed, no
dinuclear nickel complex could be isolated from the reaction
mixture. Furthermore, the starting material Sa could not be
recovered, since it apparently decomposes in the presence of
NiCp*. The direct reaction of 4a with [Ni,(CsHs);]BF, also did
not provide the expected dinuclear complex 9.

Quantum-mechanical calculations (see below) show that
the central carbon atom in 5d has a configuration of o>y
and is electron-rich.?!! It was therefore expected that 5a
would readily react with electrophiles such as [AuPPh;Cl] to
form cationic compounds. Surprisingly, this was not the case;
the starting materials could be recovered almost quantitively.

Attempts were made to isolate cation (5a)*, whose
presence was indicated by the cyclovoltammogram of 5Sa
(see below). However, reaction of 5a with [Fe(CsHs),|BF, or
AgBF, led only to decomposition products. Similarly, reaction
of 5a with potassium or lithium led to insoluble black
products, and the expected product K*(5a)~ could not be
isolated, even when [18]crown-6 ether was added as ligand.

Due to the similarities in structure between 7 and 8, it was
expected that 8 would react with [Co(CsHs)(C,H,),] to
provide a complex of type I with a planar-tetracoordinate
carbon atom. Instead, 10 was obtained as dark red crystals in
very low yields (Scheme 6).

=
DT‘r Me-Si co Me
€3>l s
Me;Si, B [Co (CsHs) (CoH,),) >=Si%Me
>—B—Dur Dur—B
MesSi /<B B_
i —B
Dur Dur \Me Dur
8 10

Scheme 6. Reaction of 8 with [Co(CsHs)(C,H,),].

The sandwich complex, which is soluble in hexane and
toluene, proved to be very unstable, and decomposed in THF
as solvent and upon attempted chromatography or sublima-
tion. The "B NMR spectrum exhibits two signals at 6 =29 and
70 in an intensity ratio of 2:1. The 'H NMR spectrum shows
that a methyl group has migrated from a silicon to a boron
atom; the signal for the Cp protons appears in the expected
region (6 =4.94). The aromatic groups are not free to rotate
on the NMR time scale, and there are 11 signals for the
12 methyl groups.
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The reactivity of 4a was also investigated with respect to
other metal complex fragments. Although reactions with
[Ni(CgH,,),]P% and [Fe(CO);(CgHy,),]RPY did not result in
boron-containing complexes, [Pt(CgH,,),]?>*] reacted readily
with 4a at room temperature to form the diplatinum complex
11 (Scheme 7). It can be viewed as being formed by oxidative
addition of two Pt(cod) (cod =1,5-cyclooctadiene) moieties
onto the unknown diborylcarbene 12.2° The schematic re-

Qo

Dur Pt
B.. MeSi / Dur
MesSi, / u g P 2 [Pt(CgHyy),l eaSiel g
. / "
. - —_— e / AN _Dur
c—¢ -2 CgHyp Me,Si ’,C-B\
Me;Si ey Me
4q : ~
Me3Siw bur
c—B Dur
/N 11
Me,Si LB
Me
12

Scheme 7. Reaction of 4a with [Pt(CgH,,),].

presentation of 12 indicates the position of this bent moiety in
the complex; however, the free diborylcarbene should have a
linear B-C-B geometry.[*!

NMR spectroscopy of 11 indicated a highly unsymmetrical
structure: There are two signals at 0 =41 and 65 in the "B
NMR spectrum. The 'H and *C NMR spectra indicate the
migration of a methyl group from a silicon to a boron atom,
and there are eight signals for the methyl groups on the rigid
aromatic rings. In the Pt NMR spectrum two signals appear
at 0 =—4429 and —3882; the low-field shift is assigned to the
platinum center in the ring, which has o interactions with the
neighboring atoms.

Crystal structures: Crystals of 5Sa that were suitable for an X-
ray structure analysis were grown from a hexane solution
(Figure 1). Microcrystals of the mesityl derivative 5b were
also obtained and studied with an image plate (IPDS, Stoe).
The quality of the latter crystals was very poor: The refine-
ment of the weak-intensity data yielded a structure similar to
5a, but did not allow the discussion of any structural details.

The C—C bond of the boriranylideneborane 4a has been
cleaved, and a bent C-B-C-B chain is now present. The C4-B3-
C2 part of the C-B-C-B chain in 5Sa is trihapto-coordinated to
a CoCp moiety. The second CoCp fragment is bonded
tetrahapto to the other side of the ligand through the B3-C2-
B1 atoms as well as to one duryl substituent. The distances
between the central C2 atom and the two cobalt atoms are
short (Col—C2 2.009(6), Co2—C2 1.887(6) A) and can be
compared with the length of a C=Co bond (1.881(6) A)B4
(Table 1). Cobalt—boron distances of 1.9-2.1 A have been

[*] According to density functional theory calculations (6-311G* basis) by
I. Hyla-Kryspin and R. Gleiter, no imaginary frequencies are detected
for the optimized structures 4 (R =R’=H) and 6d. The local minimum
6d lies only 21.4 kcal mol~! higher in energy than the global minimum 4.
Therefore, derivatives of 6 might be within experimental reach.

48
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Table 1. Selected bond lengths [A] and angles [°] in 5a.

Col-B1 2.276(6) B1-C2 1.522(10)
Col-C2 2.009(6) B1-C5 1.601(10)
Col-B3 2.081(8) C2-B3 1.474(9)
Col-C5 2.180(7) B3-C4 1.483(10)
Co2-C2 1.887(6) C4-Sil 1.851(8)
Co2-B3 1.973(7) C4-Si2 1.887(8)
Co2-C4 2.114(6)

B1-C2-B3 150.3(6) C2-B3-C4 138.0(6)
B1-C2-Col 78.9(4) C2-B1-C5 114.4(6)
B1-C2-Co2 139.0(5) B3-C4-Sil 119.0(6)
B3-C2-Col 71.5(4) B3-C4-Si2 116.2(6)
B3-C2-Co2 70.7(4) Si1-C4-Si2 119.4(3)

Figure 1. Crystal structure of 5.

observed.®! The corresponding distances in 5a are in this
range, although Col—B1 is a little longer (2.276(8) A).

The atoms of the C4-B3-C2-B1 chain as well as the two Co
atoms lie in a plane. The plane through Sil-C4-Si2 is
perpendicular to this plane, and that through C5-B1-C15
forms an angle of approximately 30° to it. The bonds B3—C4
and C2—B3 are very short and in the region of a metal-
coordinated B=C bond.B* The sum of the angles at the central
carbon atom is 359.9°. Therefore, C2 is planar-coordinated by
four electropositive centers (maximum deviation from the
best plane 0.05 A).

Monocobalt complex 10 has the sandwich structure (Fig-
ure 2) that has been seen for mononuclear complexes of
diborole. Starting from diboretanylideneborane 8, a methyl

Figure 2. Crystal structure of 10.
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Me Dyr substituent from one SiMe; group

Dur/B\”/BTSiMea has migrflted to thf: exocyclic .boron

atom. Ring opening results in the

1,3-dibora-5-silapenta-1,4-diene de-

rivative 13, which is complexed to
13 the CoCp fragment.

The B1-Sil bond (2.405(3) A,

Table 2) is definitely longer than

that typically seen for B—Si (1.91-2.09 A).”) The B—C bonds

around B3 and B5 (1.538—1.624 A) are in the region of single

E‘i SiMe,
Dur

Table 2. Selected bond lengths [A] and angles [°] in 10.

B1-C2 1.488(4) C4-Sil 1.809(3)
B1-C6 1.567(4) C4-Si2 1.868(3)
C2-B5 1.573(4) Sil-B1 2.405(3)
B5-Cl6 1.592(5) Col-B1 2.058(3)
B5-C26 1.576(5) Col-C2 2.090(3)
C2-B3 1.596(4) Col-B3 2311(3)
B3-C27 1.624(5) Col—C4 2.116(3)
B3-C4 1.538(5) Col-Sil 2.322(1)
B1-C2-B3 1179(3) C4-Sil-B1 88.6(1)
C2-B3-C4 114.7(3) Sil-B1-C2 99.4(2)
B3-C4-Sil 1133(2)

bonds. In contrast, B1—C2 is shorter (1.488(4) A), and can be
compared to the metal-coordinated B=C bonds in Sa. The
Si1—C4 distance (1.809(3) A) is shorter than that of C4 to the
exocyclic Si2, which is proof of its double-bond character.
Therefore, 10 may be considered as a metal-stabilized
pentadiene derivative.

The X-ray crystal structure analysis of the diplatinum
complex 11 (Figure 3) confirmed the highly unsymmetrical
structure shown by !'B, 'H, and 3C NMR spectroscopy. The

Figure 3. Crystal structure of 11.

complex is best described as a five-membered ring (made up
of Sil, Pt2, C2, B3, and C4) that is fetrahapto-bonded to Ptl.
The distance between Pt1 and Sil is 2.913(4) A and too long
for a bonding interaction (Table 3). Normal Pt—Si bonds are in
the region of 2.2 to 2.4 A 13!

Although the Pt1—Pt2 distance of 2.864(2) A is a little
longer than typically observed, there is a bonding interaction
present. This is supported by the small angle of about 86° for
Pt1-C2-Pt2. In known u-methylene diplatinum complexes, a
Pt—Pt bond is described for distances between 2.5 and 2.8 A
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Table 3. Selected bond lengths [A] and angles [°] in 11.

Pt1-Pt2 2.864(2) Pt2—C40 2.154(12)
Pt1-C2 2.118(10) B1-C2 1.583(18)
Pt1-B3 2.409(12) B1-C5 1.582(17)
Pt1-C4 2.166(10) B1-Cl1 1.584(17)
P2-C2 2.084(10) B3-C21 1.597(15)
C2-B3 1.528(16) C4-Si2 1.868(11)
B3-C4 1.556(16) Pt1-C31 2.234(11)
Si1—C4 1.897(10) Pt1-C32 2.234(11)
Sil1-Pt2 2.304(4) Pt1-C35 2.225(11)
P12-C39 2.176(12) Pt1-C36 2.181(12)
C2-B3-C4 107.4(9) P12-C2-B3 122.5(8)
B3-C4-Sil 105.3(7) B1-C2-B3 132.3(9)
C4-Sil-P12 102.9(4) Pt1-C2-Pt2 86.0(4)
Sil-P2-C2 81.3(3) P12-Pt1-C4 80.6(3)

and Pt-C-Pt angles of 75-78°. There is no bond assumed for
complexes with a Pt—Pt distance of longer than 3 A or angles
at the carbene carbon of more than 100°.% The Pt1 atom can
be assigned an 18 VE configuration (cod as an #*ligand,
o bonds to C4 and Pt2, and a 3c—2e bond Pt1-C2-Pt2). On this
basis Pt2 formally has a 16 VE configuration, since it is only
dihapto-coordinated to its cod ligand. This may be due to
steric reasons.

Electronic structure and bonding: The electronic factors
responsible for the stabilization of the planar-tetracoordinate
carbon atom in 5a and 5b were investigated with extended
Hiickel and ab initio methods by I. Hyla-Kryspin and R.
Gleiter on the model compounds 5d, 6d, and [{CoCp},].2!

&

H, .Co” H H H

ci o _Cfg” ‘c=8—¢-8,

H” ™Sga” 0 N e \
"C'o“{ H H H
5d 6d

The frontier MOs of the bridging ligand 6d are as follows:
The HOMO of 6d is strongly localized on the carbene C atom
(C) and has almost pure 2pm character. The low-lying LUMO
is an out-of-phase combination of the in-plane 2p orbitals and
can accept o electron density from the metal dimer fragment.
Through interactions with the appropriate Co orbitals, a
synergistic ligand —metal and metal —ligand shift of electron
density is possible. A natural population analysis showed that
the electron density at the ptC in free diborylcarbene 6d (C
02978x1501) i different from that in planar methane (C o%r2)!:
0.499 e of C & electron density has already been delocalized
onto the boron atoms, and the o electron density of C in 6d
has increased by 0.978 e.

Upon complexation, an additional shift in electron density
of 1.233 e from the CoCp units to 6d is observed, and the final
electronic configuration at the ptC in 5d is 0>**x!3%, The
natural charge accompanying the carbene carbon increases
from —0.482 in 6d to — 1.310 in 5d. The ptC receives a total of
0.828 e from its neigboring groups or atoms. The in-plane o
density increases from 2.978 to 3.944 e, and the out-of-plane &
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electron density decreases from 1.501 to 1.356 e. Thus, in 5d
the overall stabilization manner of the ptC is exactly that
predicted by Hoffman et al.l! as required for stabilizing this
unusual geometry: 5a is a derivative of planar methane.

The natural charges accompanying the cobalt atoms change
from +1.022 to +0.955 for Col and from +1.021 to +1.437
for Co2 upon complexation. An analysis of the occupancies of
the in-plane and out-of-plane natural atomic orbitals shows
that Col can be characterized as a strong o donor (decrease
from 5.007 to 4.157 upon complexation) and a strong 7
acceptor (increase from 2.968 to 3.886), whereas Co2 has
weak o-acceptor (increase from 5.007 to 5.206) and moderate
ni-donor properties (decrease from 2.970 to 2.340). Therefore,
electron density is transferred from Col through the ptC atom
to Co2 in the o plane, while & electron density reorganizes in
the opposite direction in the perpendicular plane. This push—
pull interaction is responsible for the stabilization of the ptC.
In addition, one aryl group (duryl or mesityl) accepts electron
density into a t* MO.

Electrochemistry: To evaluate the electrochemical behav-
ior of complexes with a planar-tetracoordinated carbon atom,
cyclic voltammograms of 5a and 5b were recorded. The
measurements were performed on solutions of the complexes
with nBu,NPF; (0.1M) in dimethoxyethane (DME) with
glassy-carbon working electrodes. The one-electron nature
of the observed reversible redox processes was established by
comparison with the one-electron standard [Fe(CsHs),]|*".
Differences between cathodic and anodic peak potentials (AE,)
were measured and compared to the results for [Fe(CsHs),]
(70-100 mV for reversible waves at scan rates of 0.05-
0.5 Vs™). A voltage range of +2.0 to —3.1V versus SCE
was investigated at a ground-current sensitivity of 5 pA cm™

The duryl derivative Sa shows two reversible reductions
and one reversible oxidation. A further oxidation to a dication
is irreversible. The redox processes for 5b are not so well
defined. The two reductions as well as the oxidation to a
monocation are semireversible. Furthermore, an oxidation to
a dication was not observed. The electrochemistry data are
summarized in Table 4, and Figure 4 shows the cyclovoltam-
mogram for Sa.

ESR spectroscopy: The monoanion (5a)~ could also be
produced by reduction of Sa in THF with a potassium mirror.
At 100 K, a THF glass of the ion showed a broad signal at g =
2.10 (Figure 5). There is a weak hyperfine structure (a, ~ 65 G).

Attempts were made to obtain the dianion (5a)’~ to see
if it is paramagnetic or diamagnetic. Upon further exposure of
a solution of (5a)~ to potassium, a sharp signal appeared at

Table 4. Redox potentials E;, [V] versus SCE for 5a and 5b.

Redox pair E,, [V] AE [mV]

5a 24+/+ 1.13 irrev.
+/0 0.11 64 (rev.)
0/ — —0.94 65 (rev.)
—2— —-2.12 65 (rev.)

5b 24/ + not observed
+/0 +0.17 80 (semirev.)
0/ — —0.85 137 (semirev.)
12— —2.09 103 (semirev.)
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Figure 5. ESR spectrum of S5a~.

g=2.004, which is characteristic for an organic radical. The
decomposition of 5a upon reduction was further evidenced by
a change in the color of the solution from green to brown.

Conclusions

The nonclassical boriranylideneboranes 4 show interesting
reactivity towards metal complex fragments. The reactions
proceed with cleavage of the C—C bond in the three-
membered ring and migration of substituents to result in very
different dinuclear complexes of varying structure depending
on electronic and steric effects. The dicobalt complexes Sa
and 5b, which can be viewed as the first examples of complex-
stabilized diborylcarbenes 6a and 6b, are stabilized by
interactions of the central chain with the cobalt atoms and
one aromatic ring. Reaction of the tert-butyl derivative 4¢
with [Co(CsHs)(C,H,),] does not provide the analogous
dinuclear complex but only the monocobalt complex 7e¢,
independent of reaction stoichiometry. The structure of 7
represents a possible intermediate in the formation of S.
Reaction of diboretanylideneborane 8, whose structure is
similar to that of 7, with [Co(CsHs)(C,H,),] does not provide
another complex with a ptC, but instead the sandwich
complex 10. Completely different reactivity is shown by 4a
towards [Pt(CgHy,),]. However, the diplatinum compound 11
can be viewed as a complex formed by oxidative addition of
the two Pt(cod) moities onto the unknown diborylcarbene 12.

Experimental Section

General: All experiments were carried out under nitrogen which had been
dried and purified before use. Solvents were dried by conventional methods
and saturated with nitrogen. NMR spectra were recorded on Bruker AC-
200 ("H:200.13, 13C: 50.32, ''B: 64.21, 'Pt: 43.0 MHz) and Bruker AC-500
instruments ("H: 500.13, '*C: 125.77 MHz). Chemical shifts are given
relative to those of TMS and BF;- OEt,. Mass spectra were recorded on a
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Varian MAT CH7 and a Finnigan MAT 8230. Alumina used for chroma-
tography was dried and deactivated by addition of 5 % water. Voltammetric
experiments were conducted as described elsewhere.[*l Potentials are given
in volts versus an SCE reference electrode. X-Band ESR spectra were
obtained on a Bruker ESP300E spectrometer equipped with a liquid-N,
variable-temperature unit. The field frequency was internally calibrated to
9.4500120 GHz. The procedure for the preparation of THF solutions of
radical anions by stepwise reduction with a potassium mirror has been
reported.[*]

p-[Didurylborylbis(trimethylsilyl)methyleneborylcarbene]bis(u5-cyclo-
pentadienyl)dicobalt (5a): A mixture of 4a (0.310g, 0.68 mmol) and
[Co(CsH5)(C,H,),] (0.380 g, 2.1 mmol) in hexane (15 mL) was stirred for
3 h. Chromatographic workup of the brown solution on Al,O; with hexane
provided an orange fraction with excess [Co(CsH;s)(C,H,),]), a dark green
fraction with 5a, and a dark red fraction with traces of 7a. Yield of 5a:
230 mg (46 % ), m.p. = 183 °C (from hexane). 'H NMR (500 MHz, [Dg]THF,
—40°C): 6=0.21,0.29 (each s, 2 x 9H, Si(CH,);), 0.57,2.16, 2.20, 2.24,2.25,
2.30, 2.32, 2.39 (each s, 8 x 3H, CCHs), 4.07, 4.18 (each s, 2 x SH, CsHj),
7.00, 7.12 (each s, 2 x 1H, p-H); *C NMR (125 MHz, [D]THF, —40°C):
0=5.4,5.6 (2q, Si(CH3);), 20.0, 20.1, 20.6, 20.7, 20.9, 21.2, 22.4, 29.3 (8q, o-
and m-CH3), 28.9 (br, CSi,), 80.1, 83.8 (2d, CsHs), 97.9 (br, i-C(B-Dur-Co)),
124.2 (br), 131.5, 132.9, 133.4, 135.5, 136.0, 140.4, 152.7 (8s, o- and m-C),
130.9, 1349 (2d, p-C), 146.5 (br, i-C(B)), 194.5 (br, CB,); "B NMR
(96 MHz, [Dg|THF, 25°C): 6 =41; EI-MS: m/z (%) =706 (M*, 38.9), 632
(M*—SiMe; —H, 5.0), 582 (M*— CoCp, 100.0), 567 (M*— CoCp — Me,
3.5),517 (M* — Cp,Co, 8.6), 73 (SiMe 1, 88.9). No satisfactory C, H analysis
could be obtained due to the high sensitivity of Sa.

Compound 7a: EI-MS: m/z (%) =610 (M*, 94.0), 536 (M* — SiMe; — H,
6.3), 486 (M* — CoCp, 4.0), 73 (SiMe £, 100.0), 28 (C,H , 31.9).

p-[Dimesitylborylbis(trimethylsilyl) methyleneborylcarbenebis(775-cyclo-

pentadienyl)dicobalt (5b): a) A mixture of 4b (0.200 g, 0.47 mmol) and
[Co(CsHs)(C,H,),] (0.170 g, 0.94 mmol) in hexane (2 mL) was placed in a
quartz NMR tube and irradiated for 6.5h with a mercury vapor lamp.
Chromatographic workup of the brown solution on Al,O; with hexane
provided an orange fraction (excess [Co(CsHs)(C,H,),]) and dark green 5b
(0.060g, 19%). b) A mixture of 4b (0270g, 0.63 mmol) and
[Co(CsHs)(C¢Meg) ] (0.360 g, 1.26 mmol) in hexane (15 mL) was heated at
reflux for 0.5 h. Chromatographic workup of the brown solution on Al,O4
with hexane provided an orange boron-free fraction and dark green 5b
(0.050 g, 12%); m.p. = 155°C (from hexane). '"H NMR (200.1 MHz, C,Dy):
0=0.46,0.52 (each s, 2 x 9H, Si(CH,);), 1.58,2.18,
2.40, 2.44, 3.27, 3.48 (each s, 6 x 3H, CCH;), 3.06,
3.90 (each s, 2 x5H, CsH;),6.80, 6.84, 6.90, 7.26

insoluble 7¢ were isolated. EI-MS: m/z (%) =458 (M*, 23.8), 443 (M* —
Me, 1.2), 400 (M*—rBu—H, 1.4), 385 (M* —SiMe;, 1.8), 73 (SiMe7,
100.0), 57 (rBu*, 15.1), 28 (C,H, 56.1).

1-(5°-Cyclopentadienyl) (carbonyl)-2,2-bis(trimethylsilyl)-3-ert-butyl-4-
tert-butylborylidene-1-cobalta-3-boracyclobutane (7d): Complex 7¢ was
prepared insitu as described above from 4¢ (0.530 g, 1.73 mmol) and
[Co(CsMes)(CHy),] (0300 g, 1.67 mmol), and CO gas was bub-
bled through the solution for 10 min. Chromatographic workup on Al,O;
with hexane provided an orange red fraction with the red oil 7d (0.043 g,
11%); b. p.=90°C/3 x 102 Torr. "B NMR (64.2 MHz, C;Dy): 6 =55, 80;
FT-IR (hexane): %0 =1979 cm™!; EI-MS: m/z (%) =458 (M*, 10.9), 443
(M* —Me, 0.5),400 (M* — Bu — H, 1.3), 385 (M* — SiMes, 1.9), 73 (SiMe 1,
100.0), 57 (rBu*, 6.8), 28 (CO*, 6.1)

1-(5°-Cyclopentadienyl) (fert-butylisocyano)-2,2-bis(trimethylsilyl)-3-zert-
butyl-4-tert-butylborylidene-1-cobalta-3-boracyclobutane (7e): Complex
7c¢ was prepared in situ as described above from 4¢ (0.360 g, 1.18 mmol)
and [Co(CsMes)(C,H,),] (0.230 g, 1.28 mmol), and then treated with
fBuNC (0.106 g, 1.28 mmol). Chromatographic workup on AlL,O; with
hexane provided an orange red fraction with 7e (0.050 g, 10%); m.p.=
105°C (decomp). '"H NMR (200.1 MHz, C;Dg): 6 =0.27, 0.43 (each s, 2 x
9H, Si(CH;);), 0.92,1.31,1.34 (each s, 3 x 9H, C(CHs;);), 4.72 (s, 5H, CsHs);
BC NMR (50.3 MHz, CiDy): 6=22, 4.4 (Si(CH;);), 30.1, 31.3, 32.8
(C(CHs;)3), 85.4 (CsHs), signals for carbon atoms adjacent to boron atoms
were not observed; "B NMR (64.2 MHz, C,Dy): 0=50, 72; FT-IR
(hexane): 7y =2107 cm™'; EI-MS: m/z (%) =513 (M*, 1.2), 483 (M*—
2Me, 0.1), 456 (M* —tBu, 0.2), 73 (SiMe §, 100.0), 57 (rBu™, 26.9).
(175-1,3-Diduryl-2-durylmethylboryl-4-trimethylsilyl-5-dimethyl-1,3-dibora-
S-silapenta-1,4-diene)(n3-cyclopentadienyl)cobalt (10): Diboretanylidene-
borane 8 (1.030 g, 1.52 mmol) in hexane (25 mL) and toluene (5 mL) was
added to [Co(CsMe;s)(C,H,),] (0.350 g, 1.94 mmol) at 0°C. The solution was
stirred for Sh at room temperature and then filtered. The solvent was
removed in vacuo, and the residue dissolved in hexane (25 mL). After
stirring for one hour at room temperature the solution was again filtered,
and the filtrate stored at 4°C to provide dark red crystals of 29 (0.030 g,
3%); m.p.=158°C (decomp). 'H NMR (200.1 MHz, C;Dy): 6 =0.25 (s,
9H, Si(CHj;);), —0.59, 0.51 (2s, 2 x 3H, Si(CH,),), 1.11, 1.20, 1.48, (3s, 3 x
3H, o- and m-CHs), 1.68 (s, 3H, BCH,), 1.84 (s, 6 H, o- and m-CHs;), 2.01,
2.08, 2.23, 2.24, 2.31, 2.90, 3.10 (7s, 7 x 3H, o- and m-CHj;), 4.94 (s, 5H;
CsHy), 6.70 (s, 1H, p-H), 6.98 (s, 2H, p-H); ''B NMR (64.2 MHz, C,Dy):
0=29 (2B), 70 (1B); EI-MS: m/z (%) =726 (M*, 0.2), 602 (M* — CoCp,

Table 5. Crystal and data-collection parameters for Sa, 10, and 11.

(each s, 4x1H, m-H); "B NMR (96 MHz, Sa 10 1
[Dy|THE, 2656(3)‘ 6=46; ELMS: m/z (%) =678 formula CiHs,B,C0,Si, CHpBsCoSi,  CusHeB,CLPLS,
(M, 8.9), 604 (M" —SiMe, —H, 0.8), 554 (M" ~ M, 706.47 726.47 114787
C(?CP’JOO'O)’ 539 (M* —CoCp—Me, 22), 73 crystal system orthorhombic orthorhombic triclinic
(SiMe, 82.8). space group P2.2.2, P2.2.2, Pl
1-(37°-Pentamethylcyclopentadienyl)-(77>-ethene)- a[A] 8.960(6) 12.719(6) 11.650(6)
2,2-bis(trimethylsilyl)-3-duryl-4-durylborylidene- b [A] 17.187(10) 16.928(8) 13.020(6)
1-cobalta-3-boracyclobutane (7b): A solution of c[A] 24.08(2) 19.319(10) 15.921(8)
4a (0.350 g, 0.76 mmol) in toluene (25 mL) was al?] 90 90 102.83(4)
added to [Co(CsMes)(C,H,),] (0.190 g, 0.76 mmol) AN 90 90 97.91(3)
at room temperature and heated at reflux for 2 h. y [“] 90 90 96.04(4)
Chromatographic workup on ALO; with hexane V [A%] 3708 4160 2309
provided a red brown fraction, from which traces z 4 4 2
of black, insoluble 7b were isolated. EI-MS: m/z Peatea [gem™] 1.27 1.16 1.65
(%) =680 (M~, 15.1), 652 (M*— CH,, 1.2), 534 u#(Moy,) [mm™'] 0.98 0.50 6.25
(M*+ -2 SiMe,, 1.2), 486 (M* — Cp*Co, 1.9), 413 crystal size (mm) 0.10 x 0.15 x 0.45 0.6 x0.7 x 0.8 0.08 x 0.23 x 0.35
(M+ — Cp*Co — SiMe;, 2.9), 73 (SiMe 1, 100.0), 28 T[°C] —55 -170 -55
(CH{,11.0) 26,4 [°] 50 53 48
1-(°-Cyclopentadienyl) (5 *-ethene)-2,2-bis(ri- h, k, [ range —3/10, —16/20, —23/28  0/15, 0/21, 0/24 —13/12, —14/14, 0118
. . reflns collected 4713 5187 6938
methylsilyl)-3-zert-butyl-4-tert-butylborylidene-1- .
. unique 4327 4784 6938
cobalta-3-boracyclobutane (7c¢): A solution of
[Co(CsMes)(C,H,),] (0.300 g, 1.6 mmol) in hex- observed (I > 20l) 3036 4215 4725
S R abs. corr. transmission 0.91-1.00 0.93-1.00 0.58-1.00
ane (20mL) was treated with 4¢ (0.255¢g, .
0.83 mmol) at room temperature, and the resulting parameters refined 395 468 07
- ’ R1=ZX||F,|—|F.||/Z|F,| 0.047 0.033 0.045
mixture heated at reflux for 0.5h. Chromato-
. . . (observed reflns)
graphic workup on Al,O; with hexane provided a
. . wR2 0.102 0.084 0.102
green fraction, from which traces of brown,
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0.1), 468 (M* — CoCp — DurH, 1.8), 453 (M*+ — CoCp — DurH — Me, 0.7),
119 (DurH* — Me, 100.0), 73 (SiMe , 7.6).

p-[ (Dimethylsilyltrimethylsilylmethyene)durylborylene ] (methyldurylbor-
yl)carbene(#%-1,5-cyclooctadiene) (77%-1,5-cyclooctadiene)diplatinum  (11):
A solution of 4a (0.225 g, 0.49 mmol) in a mixture of hexane (6 mL) and
toluene (1 mL) was added at 0°C to [Pt(CgH,,),] (0.405 g, 0.98 mmol) and
stirred for 3 h at 20°C. Chromatographic workup on Al,O; with hexane
eluent provided a yellow fraction (4a and uncharacterized side products).
Further elution with hexane/toluene (1/1) provided red-orange 11 (330 mg,
63%); m.p.=165°C (decomp). 'H NMR (200.1 MHz, CD,Cl,): § =—0.12
(s,9H, Si(CHa)3), 0.37,0.48 (2s,2 x 3H, 3J(Pt,H) = 42 Hz, Si(CHs,),), 0.81 (s,
3H, BCH,), 1.56, 1.66, 1.72, 1.75, 2.03, 2.08, 2.28, 2.35 (8s, 8 x 3H, 0- and m-
CH3;), 1.95-2.70 (m, br, 16 H, CH,), 4.05-4.35 (m, br, 2H, -CH=), 5.10—
6.10 (m, br, 6H, —CH=), 6.41 (s, 2H, p-H); *C NMR (50.3 MHz, CD,Cl,):
0=2.9 ('J(Si,C) = 14 Hz, Si(CH,)5), 5.4, 5.7 (Si(CHj3),), 18.7,19.3,19.4, 19.5,
19.8, 20.9, 21.5, 22.4 (CCH,), 27.9, 29.0, 29.2, 29.5, 29.6, 30.8, 31.1, 33.2
(CH,), 80.8, 81.8, 88.2, 89.1, 89.3, 93.5 (Pt-coordinated —CH=), 128.0, 128.5,
129.2, 130.0 (uncoordinated —CH= and p-C), 130.9, 131.0, 131.1, 131.2,
131.4, 131.6, 133.8, 134.5 (CCHs;), signals for carbon atoms adjacent to
boron atoms were not observed; "B NMR (96 MHz, CD,Cl,): 6 =41, 65;
1Pt NMR (43.0 MHz, CD,Cl,): § =— 4429, —3882; EI-MS: m/z (%) =761
(M* —Pt(cod), 0.2), 746 (M*—Pt(cod) — CH;, 0.7), 703 (M* —Pt(cod) —
SiMe,, 0.2), 653 (M* — Pt(cod),, 0.9), 134 (DurH"*, 64.7), 119 (DurH* —
Me 100.0), 108 (cod*, 37.2), 73 (SiMe {, 99.6), elemental analysis calcd for
C,,HgsB,Pt,S1,(1065.0): C 49.62, H 6.44; found: C 49.39, H 6.40.

Crystal structure determinations for 5a, 10, and 11:*] Diffraction data were
collected on a Siemens-Stoe AED?2 diffractometer (Mog, radiation,
graphite monochromator) in the w-scan mode. Crystal data and details of
the measurements are summarized in Table 5. The structures were solved
by direct methods (SHELXS86) and refined by full-matrix least squares
(SHELXL93) based on F? with all reflections. Non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were added in calculated
positions. In 5a one of the Cp rings is disordered.
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New Alkali Metal Primary Amide Ladder Structures Derived from tBuNH,:
Building Cisoid and Transoid Ring Conformations into Ladder Frameworks

William Clegg, Kenneth W. Henderson, Lynne Horsburgh,
Fiona M. Mackenzie, and Robert E. Mulvey*

Abstract: Two novel alkali metal amide
ladder complexes have been synthesised
and crystallographically characterised.
Derived from the same primary amine
precursor ({BuNH,), they represent im-
portant additions to the series of ladder

curved sections display a cisoid confor-
mation of amide substituents; but where
these curved sections fuse, a transoid
conformation is found. Every third so-
dium cation along the ladder framework
is ligated by a fert-butylamine solvent

tallic derivative, [{[fBuN(H)],LiNa-
tmeda},], adopts a finite oligomeric
ladder structure limited to only four
nitrogen —metal rungs in length. The
central rungs contain lithium, while the
outer rungs contain sodium. As in the

arrangements previously established
within secondary amide chemistry. Thus
the sodium amide-amine complex
[{[{BuN(H)Na];-H,N7Bu},,] forms an
infinite wavelike ladder structure. Cov-

. . . . elucidation
ering three nitrogen —sodium rungs, its

Introduction

The self-assembly of ladder structures,['l a subject relevant to
many different parts of the Periodic Table, is currently
attracting considerable attention from chemists. As far as
lithium amides and related compounds are concerned, the
concept of ring-laddering began to develop in the mid-1980s.
To elaborate, polar compounds of this type have a pro-
nounced tendency to self-associate, to maximise the number
of electrostatic attractions; thus, it is thought that ladder
structures have their origin in the lateral association of two or
more dimeric rings of formula (R'R?NLi),.’! In general,
ladders can have an open or cyclic appearance and their
lengths (as defined by the number of rungs) can vary. They are
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molecule. In contrast, the heterobime-

Keywords: amides

tures - lithium - sodium -
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all-sodium structure, the ladder is
curved; there is a mixture of cisoid and
transoid ring conformations within its
framework. TMEDA solvent molecules
complete the structure by chelating the
sodium cations at the ladder ends.

ladder struc-
structure

also not confined to the solid state, as their existence in
solution has been confirmed by NMR spectroscopic studies.!
An important point that appears not to have been addressed
previously in this developing theme is considered here: the
precursor dimeric rings from which the ladders are construct-
ed can, in theory, start off with either a cisoid or transoid
arrangement of amido substituents provided that R!=+RZ.
Hitherto, most crystallographically characterised ladder com-
plexes have failed to meet this condition on account of having
equivalent R groups [e.g., as in the dibenzylamide 15! and the
bis(trimethylsilyl)phosphide 2[] or R groups tied together as
part of a heterocyclic ring (e.g., as in the hexamethyleneimide
3,71 the piperidide 4, the pyrrolide 5, and the pyrrolidide
681). We have circumvented this situation by preparing ladder
complexes derived from primary amines (where R!=alkyl;
R2=H), thus opening the possibility of building cisoid and/or
transoid conformations into ladder frameworks. Hence, this

[{[(PhCHz)zN]zLiNa ) OEtz}z] 1 [{HZC(CH2)4NLi : HN(CH2)4CH2}4] 4

[{(MesSi),PLi}¢] 2 [{MeC(CMe);NNa}. ] 5

[{H,C(CH,);NLi}] 3 [{[H,C(CH,);NLi], - tmeda},] 6

paper describes the novel sodium amide -amine polymeric
ladder complex 7, which features both conformations si-
multaneously in its wavelike structure. Also reported is the
heterobimetallic derivative 8, another curved ladder species,
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but a finite oligomer with a different combination of cisoid/
transoid units to that found in 7. Furthermore, adding these
two new crystal structures to that previously described for
9191 not only completes the series of lithium, sodium, and
mixed lithium-sodium structures of fert-butylamide, but it
also establishes an unprecedented family of ladder com-
pounds, each of which displays a unique rung size and
architecture.

[{[fBuN(H)Na];- H,N/Bu}.] 7
[{[{BuN(H)],LiNa - tmeda},] 8

[{BuN(H)Li)s] 9

Results and Discussion

Figure 1 emphasises the curved, undulating nature of the
extended structure of 7, while Figure2 focuses on its
asymmetric unit. The curvature originates from the cisoid

Figure 1. One-dimensional polymeric structure of 7. Hydrogen atoms
attached to carbon have been omitted for clarity.

arrangement of amido substituents relative to the two (NNa),
ring planes within the (NNa); ladder unit of Figure 2. This
bending allows the bulky alkyl group to occupy the larger,
more sterically accessible, exterior side of the curve, with the
H atoms confined to the smaller interior side. Each individual
cisoid (NNa); subunit is turned upside-down with respect to
its two adjacent cisoid (NNa); subunits (successive subunits
are related by a twofold screw rotation axis) to produce the
alternating concave — convex pattern observed throughout the
ladder framework. This inversion is attributed to the steric
intrusion of the additional fert-butylamine molecules that
ligate in sequence every third Nat cation (Nal) along the
polymer. As a consequence, where the cisoid subunits fuse
(along the edge bonds, Nal-N4' and Na3-NT1’), the con-
formation of the amido substituents changes to a transoid set-
up. This contrasts with the situation found in the lithium
analogue 9, ' where the lack of solvent ligands leads to an
exclusively cisoid conformation; this results in a closed cyclic
structure comprising eight N—Li rungs.

Bond dimensions within the ladder framework of 7 are also
strongly influenced by the selective solvation, as this gives rise
to different metal coordination numbers (3 for Na2/Na3; 4 for

54 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Figure 2. Section of 7 showing atom-labelling scheme. Selected bond
lengths [A] and angles [°]: Nal —N1 2.492(4), Na2—N3 2.346(4), Na3 - N4
2.342(4), Nal —N3 2.498(4), Nal - N4A 2.489(4), Na2—-N1 2.378(4), Na2 —
N42.428(4), Na3 -N32.439(4), Na3-N1B 2.364(4), Nal - N2 2.567(5); N1-
Nal-N3 99.16(13), N1-Na-N4A 98.65(13), N3-Nal-N4A 128.20(13), N1-
Nal-N2 110.78(15), N3-Nal-N2 127.89(16), N4A-Nal-N2 89.01(15), N1-
Na2-N3 107.06(13), N4-Na2-N3 104.38(12), N1-Na2-N4 130.55(16), N4-
Na3-N3 104.19(12), N4-Na3-N1B 106.79(14), N3-Na3-N1B 141.78(14),
Nal-N1-Na2 76.11(12), Nal-N1-N3A 76.00(11), Na2-N1-Na3A 138.75(17),
Na2-N3-Nal 76.57(11), Na2-N3-Na3 75.49(11), Nal-N3-Na3 136.69(16),
Na3-N4-Na2 75.78(11), Na3-N4-NalB 76.48(10), Na2-N4-NalB 133.81(15);
symmetry codes: A=—x, —12+y,12—-z;B=—x,12+y,1/2—-z.

Nal). There are alternating short and long N-Na rungs
(mean lengths, 2.344 and 2.492 A), the latter involving
solvated Nal. Edge bonds come in three distinct pairs:
adjacent long ones (Nal-N3, Nal-N4; mean length
2.494 A), adjacent short ones (Na2-N1, Na3—-N1; mean
length 2.372 A) that lie directly opposite the first pair, and
intermediate ones (Na2—N4, Na3—N3; mean length 2.433 A)
that face each other across the ladder. Without the compli-
cation of solvent molecules, the bond length pattern is much
simpler in the only other crystallographically characterised
sodium amide polymeric ladder 5: one rung type of
intermediate length with alternating short and long edge
bonds (respective lengths: 2.411, 2.351 and 2.694 A). The
longest N—Na bonds in 7 [2.566(5) A] are the dative ones
involving the amine molecules. Turning to angular dimen-
sions, the four-membered (NNa), rings making up the ladder
framework are essentially planar (root mean square devia-
tions 0.082, 0.032 and 0.113 A). Endocyclic angles show little
variation at N (mean value, 76.1°), but substantial variation at
Na (mean values at Nal, 98.9°; at Na2/Na3, 105.6°) due to the
aforementioned coordination differences. The obtuse bond
angles along the edges of the ladder cover a wide range
[128.21(13) -141.79(14)°], again with less variation at N than
Na. Positioned at the centre of the three-runged cisoid unit,
Na2 possesses significantly greater pyramidal character than
Na3 (sum of bond angles: 342.0° and 352.8° respectively)
because Na3 lies at the juncture of the convex-concave
pattern, while Nal adopts a distorted tetrahedral geometry
(bond angles 89.0-128.2°). The five-coordinate N centres
have a distorted trigonal bipyramidal coordination, with the
axial N —Na bonds lying along the ladder edges; the planarity
of the N(H)C units is consistent with sp>hybridisation.!"!
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Figure 3. Convex structure of 8 showing atom-labelling scheme. Hydrogen
atoms attached to carbon have been omitted for clarity. Selected bond
lengths [A] and angles [°]: Nal—N1 2.341(7), Nal—N2 2.481(7), Na2—N3
2.441(7), Na2 -N4 2.312(7), Nal - N5 2.571(7), Nal - N6 2.537(7), Na2 - N7
2.509(7), Na2 - N8 2.508(7), Lil - N1 1.952(13), Lil - N2 2.048(14), Lil -N3
2.083(14), Li2—N2 2.095(14), Li2—N3 2.019(14), Li2—N4 1.961(14); N1-
Nal-N2 89.7(2), N5-Nal-N6 71.6(2), N1-Nal-N5 120.7(6), N2-Nal-N5
129.9(2), N1-Nal-N6 129.5(3), N2-Nal-N6 120.8(2), N3-Na2-N4 90.0(2),
N7-Na2-N8 74.3(2), N3-Na2-N7 112.4(2), N4-Na2-N7 132.7(3), N3-Na2-N8
140.9(2), N4-Na2-N8 114.1(3), N1-Lil-N2 116.6(7), N2-Lil-N3 107.3(6),
N1-Lil-N3 130.0(7), N2-Li2-N3 107.9(6), N3-Li2-N4 115.2(7), N2-Li2-N4
130.2(7), Nal-N1-Lil 79.3(4), Nal-N2-Lil 74.3(4), Lil-N2-Li2 71.4(5),
Nal-N2-Li2 131.5(4), Lil-N3-Li2 72.2(5), Li2-N3-Na2 75.2(4), Li1-N3-Na2
129.9(5), Li2-N4-Na2 79.4(4).

Significantly, the cisoid arrangement of the rBu/H substitu-
ents in the all-lithium cyclic ladder 91 is maintained in the
central (NLi), section of the mixed lithium-sodium open
ladder structure 8 (Figure 3). A switch to a transoid con-
formation occurs within its outer (NLiNNa) rings. TMEDA
molecules chelate the Na* ions at the ladder ends to prevent
the possibility of increasing the number of rungs beyond four.
Ether molecules perform a similar function in the secondary
amide ladder structure 1, which features the same arrange-
ment of N—Na and N-Li rungs as in 8;*) however, in a major
departure, these rungs are accommodated within a stepladder,
as opposed to a curved, convex framework. Bond dimensions
in 8 conform to the same pattern previously found in 1: N-Li
bond lengths increase in the order outer-edge < rung < inner-
edge; the largest difference is 0.143 A, and the N—Na edges
are on average 0.134 A longer than N —Na rungs. As in 7, each
(N —metal), ring in 8 is essentially planar, its three-coordinate
metal centres (Li in this case) are pyramidal (mean total bond
angle, 353.6°), and its four-coordinate Na centres are distorted
tetrahedral (mean bond angle, 110.6°). The curvature within 8
is relatively smooth as indicated by the similar NLiN and
LiNNa edges angles (mean values: 130.1° and 130.7°, respec-
tively). This contrasts with the asymmetrical edge angles (at
Li, 132.1°; at N, 145.9°) accompanying the step motif in 1.
Discussion on the geometry of the amide and amine ligands is
precluded by the limited precision of the structure.

Conclusions

In summary, we have shown that it is possible to construct new
alkali metal amide ladder structures containing different
combinations of cisoid- and transoid-arranged amido sub-
stituents by metalating the primary amine fert-butylamine.

Chem. Eur. J. 1998, 4, No. 1
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Experimental Section

Compound 7: A chilled suspension of n-butylsodium (10 mmol in hexane)
in a Schlenk tube under argon, was treated with fert-butylamine (10 mmol).
Warming to room temperature gave a viscous, white precipitate which
failed to dissolve on further heating. Excess amine (20 mmol) was
subsequently added to produce a golden solution on gentle warming.
Controlled cooling of the solution back to room temperature afforded
colourless crystals. On isolation these turned opaque and degraded to a
powder. Yield: 53%. M.p. 262-265°C.

Compound 8: terr-Butylamine (20 mmol) was introduced to a stirred,
chilled mixture of n-butyllithium and n-butylsodium (10 mmol each) in
hexane. Following a vigorous reaction, a white precipitate was obtained,
and the mixture was allowed to warm up to room temperature. Complete
dissolution was achieved on adding TMEDA (10 mmol). Freezer cooling
(to about —30°C) of the resultant orange solution afforded large, colour-
less, cuboidal crystals. Yield: 33 %. M.p. 79-81°C.

Satisfactory C, H, Li, N, Na analyses for both compounds. Single crystals
suitable for X-ray crystallography were selected direct from the mother
liquors and mounted under an inert oil prior to examination.

Crystallography: 7: C,;H, N,Na;, M, =358.5, crystal dimensions 0.80 x
0.60 x 0.39 mm, monoclinic, P2;/c, a=9.687(2), b=11.832(3), c=
20.641(4) A, B=95.310(5)°, V=2355.7(9) A3, Z=4, peeq=1.011 gcm,
Mog, (A=0.71073 A), T=160 K, #=0.11 mm™. 9568 (3086 unique, 26 <
45°, R;,=0.1442) data were collected on a Stoe-Siemens four-circle
diffractometer. The structure was solved by direct methods and refined
by full-matrix least-squares on F? values for all data (G.M. Sheldrick,
SHELXTL manual, Siemens Analytical X-ray Instruments Madison, WI,
1994, version 5) to give R, = {Z[w(F?2 — F2)*/Z[w(F2)*}"*=0.2671, con-
ventional R =0.0949 for F values of 2718 reflections with F2 >20(F32), S =
1.105 for 266 parameters. Disorder was resolved and refined for one rBu
group; isotropic H atoms were constrained/restrained, other atoms were
anisotropic. Residual electron density extremes were +0.50 and
047 A,

8 : CxH7LiNgNa,, M, =582.8, crystal dimensions 0.56 x 0.52 x 0.47mm,
monoclinic, P2,/n, a=10.939(2), b=28.149(4), c¢=12.996(2) A, B=
90.022(3)°, V=40017(9) A3, Z=4, puq=0.967 gem=3, Moy, (A=
0.71073 A), T=160K, u=0.08 mm~ 16836 (5237 unique, 26 <45°,
R;,,=0.1184) data were collected on a Siemens SMART CCD diffractom-
eter. The structure was solved and refined as for 7, to give R,,=0.3509,
conventional R=0.1268 (4318 reflections), S =1.178 for 424 parameters.
There was considerable disorder, resolved successfully only for the
TMEDA ligand. Residual electron density extremes were +0.30 and
—-0.39eA

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-100560.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK (fax: Int. code +441223336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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Chiral [5°%-Arene — Cr(CO);] Complexes as Synthetic Building Blocks: A
Short Enantioselective Total Synthesis of (+)-Ptilocaulin

Kurt Schellhaas, Hans-Giinther Schmalz,* and Jan W. Bats

Abstract: An enantioselective total syn-
thesis of the marine natural product (+)-
ptilocaulin is described. The synthesis
starts from [anisole — Cr(CO),], which is
converted to [2-trimethylsilylanisole —
Cr(CO);] (>99% ee) by enantioselec-
tive deprotonation/silylation and recrys-
tallization. After attachment of a 2-
butenyl side-chain, nucleophile addition

chirality transfer. This compound, which
was characterized by X-ray crystallog-
raphy, is transformed into (5&,65,7aS)-5-
butyl-6-methyl-1,2,5,6,7,7a-hexahydro-

inden-4-one, a ptilocaulin precursor
known from the literature, by a 4-step
sequence consisting of diastereoselec-
tive 1,4-addition, ultrasound-assisted de-
sulfurization/hydrogenation (Raney Ni)

and aldol cyclization. The target mole-
cule was prepared in both racemic and
optically active form. The X-ray crystal
structure of rac-ptilocaulin nitrate shows
flat ribbons of homochiral units (parallel
double chains) connected by an inter-
esting pattern of hydrogen bonds be-
tween the guanidinium and the nitrate
ions. A different mode of hydrogen

(2-lithio-1,3-dithiane) followed by treat-
ment with chlorotrimethylsilane and
hydrolysis leads to (5S,65)-6-((E)-but-
2-enyl)-5-[1,3]-dithian-2-yl-2-trimethyl-
silylcyclohex-2-enone with complete

- ptilocaulins -

Introduction

Among the various types of transition metal -complexes, [1°-
arene— Cr(CO);] complexes possess a particularly broad
potential for organic synthesis, and the chemistry of this class
of compounds has been the subject of intense investigation for
many years.'’] Besides some applications as catalysts for
hydrogenation and isomerization reactions,*! [arene—
Cr(CO);] complexes have proven their value above all in
stoichiometric transformations, the Cr(CO); moiety serving as
an activating and stereodirecting functionality. As complexes
of unsymmetrically substituted (C, symmetric) arene ligands
are chiral,’l absolute stereochemical information can be
introduced into a synthetic course by employing chiral
nonracemic complexes (of achiral ligands) as building blocks.
Nevertheless, the number of practical applications of such
planar chiral [arene — Cr(CO);] complexes in enantioselective
total syntheses still remains rather small.[67]

In the course of our research program aimed at the
synthesis of bioactive compounds by strategies centrally
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bonding resulting in the formation of
helical monochains was found in the
solid-state structure of (+)-ptilocaulin
co-crystallized with about 29 % of its C-
3a epimer.

chir-

based on both the reactivity and the stereochemistry of
[arene — Cr(CO);] complexes,”! we selected (+)-ptilocaulin as
a biologically relevant and structurally challenging target.
This compound was first isolated in 1981 as its nitrate 1, a
highly antimicrobial and cytotoxic active metabolite from the
Caribbean sponge Ptilocaulis aff. P. spiculifer (Lamarck, 1814)
by Rinehart and coworkers.[*! The constitution and relative
configuration of 1 was established by means of spectroscopic
methods®! and the absolute configuration was determined
independently by Snider!™ and Roush!"! through stereora-
tional total syntheses of ent-1. In addition, one total synthesis
of the natural enantiomer 1"l two total syntheses of rac-11"314
and a formal synthesis of 1% have been reported. Recently, a
number of new (oxidized) ptilocaulin relatives such as 8b-
hydroxyptilocaulin (2)!'%! and mirabilin D (3)['"l were isolated
from antibacterial and antifungal extracts of other marine
sponges. This demonstrates the biological importance of these
marine alkaloids and their attractiveness as targets for
chemical synthesis. In this paper, we describe a short and

®

© )
NO; NH, ClI NH,

HNJ\NH HN)]\NH N)\N

:H : OH || OH

<jiji\/\,v|e <jii(\/\,v|e diﬁ\/\/\Me
H Me H Me H Me

2 3
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highly enantioselective total synthesis of (4)-ptilocaulin
nitrate (1) which, as a key feature, is based on the utilization
of chiral [arene-Cr(CO),;] complexes.'s! In addition we
disclose fascinating details of the crystal structures of rac-1
and 1, which have completely different hydrogen-bonding
patterns.

Results and Discussion

Strategic considerations: Our synthetic strategy is delineated
in Scheme 1. Following the original disconnection of Snider,!"!
we chose the enone 4 as pre-target molecule, as both
diastereomers of this structure can be converted into ptilo-
caulin by condensation with guanidine.'%>4l As a precursor
of 4 we proposed the cyclohexenone derivative 5, which, in
principle, should be convertible to 4 through a desulfurization/
cyclopentene annulation sequence. As the key step of the

®NH,
PR

Bu T™S

1 4 5
OMe OMe OMe
TMS
\ \
Cr(CO)s Cr(CO)s
8 7 6

Scheme 1. Concept of a synthesis of (+)-ptilocaulin (1) in retrosynthetic presentation.

synthesis, we envisioned the preparation of 5 from the chiral
complex 6 by addition of a C; nucleophile (2-lithio-1,3-
dithiane) followed by protonation and hydrolysis.'”) Complex
6 in turn could eventually be obtained by ortho-alkylation[*!
of 7, which represents the product of enantioselective depro-
tonation/silylation?! of the prochiral [anisole —Cr(CO);,]
complex 8.

With some optimism, the crucial transformation (6 —5)
appeared feasible to us because of the analogy to the
transformation shown in Scheme 2, which was described by
Semmelhack et al. several years ago.l'®??l These authors
discovered that the addition of 2-lithioisobutyronitrile to the
[anisole — Cr(CO);] complex (8) gives rise to an anionic #’
intermediate (rac-9), which on protonation and decomplex-
ation leads to a dienol ether (rac-10) which is finally hydro-
lyzed to the enone rac-11.2221 While the intramolecular version
of this chemistry has proven useful for the synthesis of
spirocyclic 5,5-disubstituted cyclohexenone derivatives,*! al-
most no intermolecular applications of the Semmelhack
cyclohexenone synthesis have yet appeared in the litera-
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OMe OMe (0]

Me ©\<Me b*wle
concl® CN CN CN
(CO)sCr Me Me Me

9 10 11

Me

>\@

Mme” CN a) TFA H30*
g — [ rac-9 —> rac-10 —> rac-ll
b) NH4OH 70%

Cr(CO)3

Scheme 2. Cyclohexenone synthesis according to M.F. Semmelhack
et al.[19.22]

ture.?! Due to the fact that the two meta positions of 8 are

enantiotopic and are therefore attacked by the (achiral)

nucleophile with equal probability, the product (rac-11) is

formed as a racemic mixture. Recent reports have shown that

11 can be obtained enantioselectively (up to 56 %

ee) from Cr(CO);-complexed aryl ethers derived

from chiral (nonracemic) alcohols.”! As an impor-

tant element of our strategy, however, we intended

to employ a chiral (nonracemic) [anisole—

Me Cr(CO);] derivative (such as 6) as substrate for

the enone formation. We had good reason to

assume that the reaction would proceed with

chirality transfer because the nucleophile should

attack from the exo face (at the sterically less

hindered position) of the arene ligand. For the

projected synthesis of (+)-ptilocaulin it was there-

fore necessary to have access to the nonracemic

chiral building block 7 with the correct absolute
configuration.

Enantioselective preparation of the chiral building
block 7: Following the general strategy outlined
above (Scheme 1), we started with the anisole
complex 8,1 which was prepared in almost quan-
titative yield from [Cr(CO),] by thermolysis in the presence of
5 equivalents of anisole. The enantioselective ortho-silylation
was accomplished following the protocol of Simpkins?!? with
the chiral base 127! in the presence of excess TMSCI in THF
at —78°C (in situ quench conditions; Scheme 3). On a sub-
mmol scale, the product (7) was obtained in 95% yield and
88 % ee. On a scale >2.5 mmol, however, it was necessary to
run the reaction at even lower temperature (—100°C) to
obtain good results (typically 87 % yield; 87 % ee). The optical
purity of 7 was routinely determined by HPLC, but it is

Me Me
Ph/:\ N )\ Ph
OMe [ OMe
bo12 ™S
@ TMSCI, THF, -100 °C @
\ \

Cr(CO)3 87% Cr(CO)3

8 7 (87% eg)

Scheme 3. Preparation of the optically active complex 7 by enantioselec-
tive deprotonation/silylation.
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noteworthy that we were also able to separate the enantio-
mers by chiral GLC.I?®l The absolute configuration of 7, which
was first established by Simpkins,?'22!¢l was confirmed by the
conversion into (+)-ptilocaulin (see below). A single recrys-
tallization of enantioenriched 7 from hexane afforded nearly
enantiomerically pure material (>99 % ee) in 70 % yield. This
material was utilized for the synthesis of (4)-ptilocaulin as
described below. Nevertheless, the whole synthesis was first
carried out with the racemic compounds in order to optimize
the individual steps.

Attachment of the C, side-chain: While the ortho-methylation
of 7 to afford 13 was easily accomplished (n-BuLi, Mel;
Scheme 4), all our attempts to transform 7 into the projected
butylated compound 6 by alkylation of the lithiated inter-

Cr(CO)3

OMe
a) n-Buli ™S Me
b) Mel @
96% \
OMe
T™MS _— 13
a) n-BulLi
Cr(CO)s b) CucCl OMe
c) Br Me ™S
7( 9% ee) N @ o
83-85% \
14

Scheme 4. Preparation of compounds 13 and 14.

mediate with butyl iodide failed. We therefore decided to
follow Semmelhack’s protocol,?! which involves coupling of
the corresponding organocopper species with crotyl bromide.
This way, the 2-butenylated compound 14 was obtained in
83 % yield (Scheme 4). Since we did not succeed in achieving
the catalytic hydrogenation of rac-14 (—rac-6) we decided to
proceed with the unsaturated compound and to remove the
side-chain double bond at a later stage of the synthesis.

The key step—cyclohexenone formation: We then endea-
vored to perform the crucial conversion of complex rac-14
into a cyclohexenone by addition of 2-lithio-1,3-dithianel*" as
a C, nucleophile followed by protonation with trifluoroacetic
acid (TFA) under the reaction and workup conditions
described by Semmelhack for the conversion of 8 to rac-
11.0°1 We were surprised to find that under these conditions
not even a trace of the expected product(s) could be detected.
Instead, the fele-substituted complex rac-15 was isolated in
good yield as the exclusive product, along with some
recovered starting material. By varying the substrate, the
nucleophile, and the reaction conditions we were able to show
that (intermolecular) nucleophilic addition/protonation reac-
tions of ortho-alkylated [anisole—Cr(CO),] derivatives in
general furnish tele-substituted complexes.['5>31
Nevertheless, after considerable experimentation employ-
ing the model compound rac-13, we found that the tele-
substitution can be suppressed by trapping the primary

Chem. Eur. J. 1998, 4, No. 1
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OMe (0]
R T™MS Me
S S
) I
15 16 17

nucleophile addition product with acid-free TMSCI in the
presence of hexamethylphosphoric triamide (HMPA).[!82]
After extractive workup and light-induced decomplexation,
a dienol ether of type 16 is formed as the dominant product,*!
which is finally converted to the desired enone by acidic
hydrolysis (2~x HCI, THF, 80°C). With this protocol, the
conversion of rac-13 to the enone rac-17 proceeded in 63 %
yield. Similarly, rac-14 gave rise to the diastereomerically pure
crystalline enone rac-18 (53%; Scheme 5). It
must be emphasised that the fele-substituted
products were formed only in trace amounts
under these conditions. In contrast to our expect-
ations,'% the cis configuration of rac-18 was
unambiguously established by X-ray crystallog-
raphy (Figure 1).3* Obviously, the cis isomer is
formed in this case as the thermodynamically
more stable diastereomer under the equilibrating
conditions of the dienol ether hydrolysis.

In the optically active series, an experiment
performed on a 2 g scale provided 18 in 45%
yield (Scheme 5). The enantiomeric purity (>
99% ee) of the product 18 was corroborated by
means of HPLC,'®%] demonstrating that the
predicted chirality transfer from the metal
complex (planar chirality) to the permanent
chirality § to the carbonyl function had occurred without
racemization.

OMe a) 2-Lithio-1,3-dithiane o
™S THF, HMPT T™S ~
@ 7 "Me ) tvscl 7 Me
< c) hv, air S
_—
14 45-53% 18

Scheme 5. The key reaction: preparation of 18 by nucleophile addition to
14.

Figure 1. Structure of rac-18 in the crystalline state (only ent-18 is
depicted).
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Thus, the enantioselective synthesis of the highly function-
alized ptilocaulin precursor 18 (which involves the dearoma-
tization of an anisole derivative) was achieved in only four
steps with ca. 25 % overall yield starting from anisole.

Preparation of hexahydroindenones: The next task in the
projected synthesis (see Scheme 1) was the construction of the
hydroindenone core. In analogy to the syntheses of Snider,['"]
Asaoka,[" and Cossy!"”! we intended to accomplish this by
conjugate addition of a C; nucleophile and subsequent aldol
cyclization. Since compound 18 represents an a-silylated
enone, we were confident that it would react directly with a
nucleophile by conjugate addition.*® Indeed, when rac-18 was
treated with an excess of the Grignard reagent prepared from
2-bromoethyl-1,3-dioxolanel?”! followed by heating with aque-
ous hydrochloric acid, the cyclized product rac-19 was isolated
in good yield and high diastereomeric purity (>95%).
Obviously, the Grignard reagent had added to rac-18 in a
highly regio- and diastereoselective manner (Scheme 6). The

0
T™S
)
S
S \J
18
? /\/L
BrMg
b) H30*
rac-18 rac-19
74%

Scheme 6. Preparation of rac-19.

relative configuration of rac-19 was assigned based on the
assumption that the approach of the nucleophile would occur
from the less hindered mi-face as is the case in other conjugate
additions to 5-substituted cyclohexenones.*! In addition, we
expected a frans orientation of the two side-chains to be
thermodynamically favored.

Treatment of rac-19 with commercially available Raney
nickel (W2 type) in ethanol did not result in the desired
desulfurization. In contrast, when Raney nickel W45 was
employed, the desulfurization was accompanied by over-
reduction of the enone functionality. We therefore decided to
perform the desulfurization at a later stage, that of 21, after
1,4-addition and protection of the carbonyl function as an
ethylene ketal. Best results were obtained when the desulfur-
ization (with the concomitant hydrogenation of the side-chain
double bond) was conducted under sonication in an ultra-
sound cleaning bath. The conversion of 18 to the hydro-
indenones 4 under the optimized conditions is shown in
Scheme 7. It is noteworthy that intermediates 20, 21, and 22
(all isolated as mixtures of diastereomers) were not purified.
At the end of this 4-step sequence, a mixture of 4a and 4b
(1:1) was obtained in 35 % overall yield after purification. The
separation of these epimers was achieved by chromatography;

60
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™S "
e
18 O, ot b)
</O \l
o_ .0 o_ 0O
Me c) Z )
= s
O o Me O R
e <j/\
o o S
22 21
o) o
o «
H Me Me
4a 1:1 ab

35% overall

Scheme 7. Conversion of 18 into the pre-target compound 4. a) Grignard
reagent prepared from 2-bromoethyl-1,3-dioxolane (3 equiv), THF,
—70°C —room temp.; b) 1.2-ethanediol, cat. p-TsOH, benzene, reflux
(-=H,0), 24 h; c¢) Raney Ni (W4), 1 atm H,, EtOH, ultrasound, room
temp., 10 h, then reflux 3 d; d) 2~ HCI, THF, 80°C, 3 h.

however, the mixture could be directly employed for the
conversion to ptilocaulin. The high enantiomeric purity of our
material was further corroborated by comparison of the
molecular rotation of 4a ([a]f =—76° in CDCl;) with a
literature value reported for an enantioenriched sample of 4a
(92% ee) ([a]p=—65 ° in CHCl,).[')

Preparation of ptilocaulin: Having synthesized the hydro-
indenones 4 (and also rac-4), the formal total synthesis of
ptilocaulin was already achieved, because this compound has
been converted to the target molecules before.['%1214 Never-
theless, we decided to complete the total synthesis with our
own material. Following the protocol of Snider,'”! a solution
of 4 in benzene was refluxed with guanidine under an
atmosphere of argon and with removal of water. After
protonation with dilute nitric acid, the reaction mixture
yielded a crude product consisting mainly of ptilocaulin
nitrate (1) and its C-3a-diastereomer 23 in a ratio of ca. 4:1
(Scheme 8). In the racemic series, pure rac-1 was obtained
after chromatography and double recrystallization from
ethanol/ether followed by recrystallization from methanol/
chloroform. An X-ray crystal structure analysisi*l of rac-1

NH, NO; NHz  NOs
HN NH
1. CHs5N3 H
2. HNO4
—_—— +
H Me
1 23

Scheme 8. Preparation of ptilocaulin (1) and its C-3a epimer (23).
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(Figure 2) confirmed the expected structure and revealed an
interesting pattern of hydrogen bonding between the guani-
dinium and the nitrate ions (Figure 3).

Figure 3. Ribbon of hydrogen bonds formed by rac-1 in the crystalline
state.

In the optically active case, however, the crystallization of
the chromatographed mixture of 1 and 23 proved to be much
more difficult. In this case, cocrystallization of 1 and 23
occurred. While we did finally succeed in obtaining an
amorphous sample of almost pure (+)-ptilocaulin (1) from
the mother liquor, clear single crystals formed only as a 2.4:1
mixture of 1 and 23. A crystal structure analysis?! allowed the
separate structure determination of both components (Fig-
ure 4). Thus, for the first time the structure of the main side
product, which is always formed along with 1 (or rac-1) on
condensing the synthetic precursor with guanidine, was
unambiguously assigned—in contrast to previous (tentative)
assignments which could not be confirmed.['"l The crystal
structure also shows the ion pair units arranged to helical
chains. Obviously, compared with the crystal structure of
racemic ptilocaulin nitrate, a different pattern of hydrogen
bonds is involved (Figure 5). In addition, the conformation of
the ptilocaulin molecule differs considerably from that found
in the case of rac-1.

Chem. Eur. J. 1998, 4, No. 1
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Figure 5. Helical chains formed by 1 (and 23) in the crystalline state.

On the hydrogen bonding in the solid-state structures of
ptilocaulin: In recent years, the question of how large
supramolecular structures assemble from smaller building
blocks by hydrogen bonding has become an important issue in
organic chemistry and crystal engineering.[*}l Therefore, the
two completely different hydrogen-bond patterns found in the
crystal structures of 1 and rac-1 certainly deserve some special
attention.

In the case of ptilocaulin nitrate, two double hydrogen-
bonded ion pairs A and B (Figure 6) come into consideration
as monomeric building blocks for supramolecular networks.
Bearing in mind that N-H---O bonds generally prefer a
colinear geometry and that the N-O---H angle tends to be
around 120°, only a few types of dimers (such as C and D in
Figure 6) can be constructed which are suited to further
oligomerization into longer regular chains.

A closer look at the structure of rac-1 (Figure 3) shows that
each guanidinium group donates four hydrogen bonds to
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Figure 6. Possible monomeric (A and B) and (selected) dimeric ion pairs
(C and D) of ptilocaulin nitrate.

three different nitrate ions. Actually, dimers of type D
assemble to infinite parallel double chains as is apparent in
Figure 7. The resulting flat ribbons run in the crystallographic
b direction, which also corresponds to the needle direction of
the crystal. Interestingly, each ribbon is constructed exclu-
sively of homochiral units. Thus, both types of enantiomorphic
ribbons contribute equally to the overall crystal structure of
rac-1.

In contrast, a closer look at the solid-state structure of 1/
23=2.4:1 (Figure 5) reveals the existence of infinite single

Me H Me H
Bu% Bu%
H H H
~N H ~N
_-H N _--H N,
T h , T,
-N_ -N_ 1N
o-"

Me H
H
~N H
.--H N,
% D

i

.-H o)

Figure 7. Idealized hydrogen-bond pattern (parallel double chain) formed by rac-1 in the crystalline state.
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chains (Figure 8), which formally result from polymerization
of dimers of type C. These chains are twisted into helices
(columns) in which the two diastereomeric monomers 1 and
23 contribute equally due to their very similar structures
(Figure 4).

N .0,

N |

He _H

L,

H\% J i Bu
a Me

é]i Bu
Me

|0 | .20
N -H H H
Bu M
M
H € H

Figure 8. Idealized hydrogen-bond pattern (single chain) of 1 in the crystalline state.

We believe that the two very different crystal structures
(based on the two very different hydrogen-bond patterns) of
racemic and nonracemic ptilocaulin nitrate are an impressive
example for the formation of completely different supra-
molecular networks from structurally closely related compo-
nents. While we are not able to give an explanation for the
observed phenomena, we consider guanidinium nitrate ion
pairs as ideal building material for rational crystal engineering
in the future.

Conclusion

We have described a short and highly stereoselective total
synthesis of (+)-ptilocaulin using a strategy which is centrally
based on the specific reactivity and chirality of [arene-—
Cr(CO);] complexes. The synthesis starts from anisole and
leads to the nonracemic target compound (> 99 % ee) in only
9 steps with ca. 5 % overall yield. This demonstrates the power
and competitiveness of the underlying strategy. Compared to
previous syntheses of 11251 or ent-1,11%111 which rely either on
the use of chiral starting materials,'!! the resolution of a
racemic intermediate,['” or the employment of a covalently
attached chiral auxiliary,'*! our synthesis is more efficient and
differs insofar as it does employ a chirogenic step™®! (8 —7)
which is performed in an enantioselective manner.
This work represents the first intermolecular application of
the Semmelhack cyclohexenone formation? in the context of
a total synthesis of a natural
Me H product. We would like to em-
phasize that we would not have
Bu found the rather special condi-
N H H tions for this reaction without the
- h/N~H o’ evolutionary pressure we were
N ) exposed to as a result of our
desire to reach the target mole-
cule. Current efforts in our labo-
ratory are now directed towards
the further exploration of the
scope and limitations of the gen-
eral methodology of addition of
carbon nucleophiles to ortho-
substituted [anisole — Cr(CO);]
derivatives.
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Experimental Section

All reactions involving [arene-Cr(CO);] complexes were carried out
under an atmosphere of argon by standard Schlenk and needle/syringe
techniques. Solvents were dried by standard methods. Anhydrous THF was
freshly distilled from sodium/benzophenone in an argon atmosphere.
Methyl tert-butyl ether is abbreviated as MTBE, diethyl ether as Et,O, and
di-n-butyl ether as n-Bu,O. Melting points were measured with a Biichi 510
apparatus and are uncorrected. FT-IR spectra were recorded with a Nicolet
Magna FT-IR spectrometer, usually with the ATR (attenuated total
reflectance) technique; abbreviations are: s, strong; m, medium; w, weak,
and br, broad. NMR spectra were recorded on a Bruker AM 270 or AM 400
spectrometer. NMR recordings were usually referenced to the CHCI,
resonances (0 =726 and 77.0). '"H NMR: splitting pattern abbreviations
are: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad; 1,
pseudo. PC NMR: multiplicities were determined by DEPT,*l abbrevia-
tions are: q, CH;; t, CH,; d, CH; s, quaternary carbons. High resolution
mass spectra (HRMS) were obtained with a Varian MAT 711 instrument
(70 eV). Elemental analyses were performed on a Perkin - Elmer CHNO/
S-Analyser 240011 or a Heraeus CHN-Rapid instrument. Unless otherwise
indicated, optical rotations were measured in CHCl; (freshly filtered
through ICN Aluminia B) on a Perkin—-Elmer 241 polarimeter at 20°C.
Analytical thin-layer chromatography (TLC) was performed with Merck
Silica 60F254 glass plates; the chromatograms were visualized under
ultraviolet light and/or by staining with a cerium reagent (prepared by
dissolving 2 g of phosphomolybdic acid, 1 g cerium(1v) sulfate and 10 mL
conc. sulfuric acid in 90 mL H,0) followed by heating. Flash chromatog-
raphy”’! was performed on Merck Silica 60 (230-400 mesh). Radial
chromatography was carried out on a Chromatotron (Harrison Research
Model 7924T) on glass plates coated with 1-4 mm layers of silica
containing gypsum (Merck PF60F254).

[5%-Anisole - Cr(CO);] (8): A 250 mL Schlenk-type reaction vessel equip-
ped with a magnetic stirring bar and a reflux condenser topped with a Hg
bubbler was flushed with argon and charged with anisole (189g,
175 mmol), [Cr(CO)¢] (7.70 g, 35 mmol), n-Bu,O (100 mL), n-heptane
(50 mL), and THF (15 mL). The whole apparatus was repeatedly briefly
evacuated and flushed with argon before the stirred mixture was refluxed
for 3 days (145°C oil-bath temperature). Subliming [Cr(CO),] was occa-
sionally flushed back into the solution by interruption of the cooling water
flow. The reaction mixture was cooled and the solvents removed in vacuo.
The crude product was dissolved in ethyl acetate and filtered through a pad
of Celite. The solution was concentrated to a volume of 10 mL, and hexane
(50 mL) was added. Crystallization at —18°C for 3 days afforded 7.59 g
(88%) of 8 as clear yellow crystals. Two subsequent crystallizations of the
concentrated mother liquors furnished an additional 0.79 g (10%) of 8,
m.p. 84°C (ref. [26]: m.p. 83-84°C); FT-IR (KBR): 1961 (s), 1870 (s), 1532
(m), 1470 (m), 1254 (m), 632 (m) cm~!; '"H NMR (400 MHz, CDCl,): 6 =
3.71 (s, 3H), 4.88 (t, J=6.5Hz, 1H), 513 (d, J=7Hz, 2H), 5.55 (t, J=
6.5 Hz, 2H); 3C NMR (67.5 MHz, CDCl;):  =55.5 (q), 78.1 (d), 85.6 (d),
95.1 (d), 143.3 (s), 233.1 (s); MS (EL 70 eV): m/z (%) =244 (20), 188 (8),
160 (56), 108 (9), 52 (100); anal. caled for C,,HzO,Cr (244.17): C 49.19, H
3.30; found: C 49.21, H 3.31.

[ (1R)-(n°-1-Methoxy-2-trimethylsilylbenzene) - Cr(CO);] (7): A stirred
solution of (S,S)-di-(1-phenylethyl)amine (608 mg, 2.70 mmol) in THF
(60 mL) was cooled to —70°C, and a solution of n-butyllithium (1.6M in
hexane) was added dropwise.*¥! After 45 min, the solution was cooled to
—100°C. Under vigorous stirring TMSCI (1.86 mL, 14.7 mmol) and a
solution of 8 (600 mg, 2.46 mmol) in THF (5 mL) were injected consec-
utively and very rapidly. After 5 min the mixture was diluted with MTBE
and washed with 2N HCI (150 mL) (the hydrochloride of the chiral amine
precipitates out of this aqueous layer upon standing!). The organic layer
was washed with saturated aqueous NaHCO; and brine and dried over
K,CO;. After flash chromatography (hexane/ethyl acetate =4:1) complex
7 (673 mg, 87 %) was obtained as a greenish-yellow powder with 87 2%
ee (HPLC). A sample of 7 (82% ee, 3.40 g; combined product of several
experiments)*! was recrystallized from hexane (250 mL) at 4°C and later
at —18°C to afford 7 (2.38 g, 70%) with >99% ee: m.p. 108°C; [a]} =
—236.8 (¢=1.105, CHCl;); analyt. HPLC (Chiralcel OJ, hexane/2-prop-
anol =90:10; 0.8 mLmin™!): ¢, =13.0, £, = 16.9 min; FT-IR (KBr): 3096 (w),
2985 (w), 2958 (w), 2901 (w), 1942 (s), 1885 (s), 1865 (s), 1842 (s), 1517 (m),
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1458 (m), 1408 (m), 1262 (m), 844 (m), 666 (m) cm~'; '"H NMR (400 MHz,
CDCly): 0=0.31 (s, 9H), 3.73 (s, 3H), 4.79 (t, /=6 Hz, 1H), 497 (d, /=
7 Hz, 1H), 5.57 (dd, J;,=6 Hz, J,=1.5 Hz, 1H), 5.68 (ydt, J;=6 Hz, J4=
1.5 Hz, 1H); *C NMR (67.5 MHz, CDCl;): 6 =— 0.7 (q), 55.3 (q), 73.4 (d),
85.0 (d), 88.8 (s), 95.9 (d), 101.8 (d), 147.5 (s), 233.2 (s); MS (EL 70 eV): m/z
(%) =316 (18), 260 (10), 232 (100), 201 (9), 187 (11), 180 (4), 135 (31),
52 (100); anal. calcd for C;3H,,0,Cr: C 49.39, H 5.10; found: C 49.26, H
5.14.

[ (1R)-5%1-((E)-But-2-enyl)-2-methoxy-3-trimethylsilylbenzene] - Cr(C-
0);] (14): Following the general procedure of Semmelhack,?) a stirred
solution of 7 (2.33 g, 7.365 mmol, >99 % ee) in THF (50 mL) was cooled to
—60°C and 5.06 mL (8.10 mmol) of a solution of n-butyllithium (1.6M in
hexane) was added dropwise. After 1 h at the same temperature, copper(1)
chloride (0.80 g, 8.08 mmol) was added all at once. The solution turned
greenish-black immediately and was stirred for 2 h while being warmed to a
final temperature of — 10 °C before it was recooled to —70°C, treated with
crotyl bromide (1.14 mL, 11.05 mmol), and allowed to warm to room
temperature over a period of 3 h. The mixture was then diluted with MTBE
(500 mL) and washed repeatedly with 2x HCI (150 mL portions) until the
aqueous layer no longer turned green. The organic layer was washed with
brine and dried over K,COj;. The solvent was removed in vacuo and the
crude, oily product was purified by flash chromatography (hexane/ethyl
acetate = 10:1) to afford an oil, which was finally crystallized from hexane
(20 mL) at —18°C to afford 14 (2.25 g, 83%) as orange-yellow crystals;
m.p. 55-56°C; [a] ) =195 (c=0.45, CHCL); FT-IR (KBr): 2955 (w), 2923
(W), 2854 (w), 1960 (s), 1883 (s), 1342 (w), 1250 (m), 1000 (w), 841 (m), 670
(m), 632 (m) cm~'; "H NMR (400 MHz, CDCI3): 6 =0.36 (s, 9H), 1,75 (dd,
J,=6Hz, J,=1Hz, 3H), 3.19 (d, /=6 Hz, 2H), 3.74 (s, 3H), 4.88 (t, /=
6.5 Hz, 1H), 5.40 (dd, J, =6.5 Hz, J,= 1.5 Hz, 1H), 5.50-5.67 (m, 3H); *C
NMR (67.5 MHz, CDCL;): 6 =0.1 (q), 17.9 (q), 32.1 (t), 62.8 (q), 87.8 (d),
92.6 (s), 97.2 (d), 99.6 (d), 103.9 (s), 127.8 (d), 129.1 (d), 146.6 (s), 233.6 (s);
MS (EI, 70 eV): m/z (%) =370 (16), 286 (100), 254 (16), 234 (10), 189 (14),
89 (20), 59 (22), 52 (50); anal. caled for C;;H,,0,CrSi: C 55.12, H 5.99;
found: C 55.11, H 6.04.

(58,68)-6-((E)-But-2-enyl)-5-[1,3]-dithian-2-yl-2-trimethylsilylcyclohex-2-

enone (18): A solution of n-butyllithium (1.6M in hexane, 3.53 mL,
5.65 mmol) was added dropwise to a stirred solution of 1,3-dithiane
(0.68 g, 5.65 mmol) in THF (13.5mL) and HMPT (8.9 mL, 51 mmol) at
—60°C. Stirring was continued for 2 h while the reaction mixture was
warmed to —40°C. The yellow-brown solution was recooled to —60°C and
a solution of 14 (1.90 g, 5.14 mmol) of THF (16.5 mL) was added dropwise
over a period of 10 min. The solution was allowed to warm to —20°C over a
period of 3h before it was recooled to —78°C and TMSCI (8.9 mL,
51 mmol, freshly distilled from quinoline) was injected. Stirring was
continued overnight while the solution slowly warmed up to room
temperature. The mixture was then partitioned between 2N HCI (50 mL)
and MTBE, the green aqueous layer was separated and another 250 mL
portion of 2N HCI was added. This two-phase system was exposed to
sunlight until the organic layer turned completely colorless (fluffy
precipitates were occasional removed from the organic layer by shaking).
The two layers were separated and the organic layer was concentrated in
vacuo. The residue (enol ether 16, R = CH,CH=CHCHS;)*"! was dissolved
in THF (30 mL) before 2N HCI (30 mL) was added and the stirred mixture
heated to 80 °C for 2 h. The mixture was diluted with MTBE and the layers
were separated. The organic layer was washed with saturated solutions of
NaHCO; and NaCl and dried over MgSO,. After concentration in vacuo
1.8 g of a crude, solid product was obtained, which was separated by flash
chromatography (hexane/ethyl acetate =10:1, 200 g SiO,) to afford 18
(0.79 g,45 %) as a white crystalline solid. M.p. 157°C; [a]® =46 (c=0.4in
CHCl;); TLC: hexane/ethyl acetate=10:1 (R;=0.31); analyt. HPLC
(hexane/2-propanol =98:2, 0.6 mLmin~!, 350 nm): t=89min (>99%
ee); FT-IR (KBr): 2951 (w), 2930 (w), 2897 (w), 2858 (w), 1660 (s), 1593
(w), 1426 (w), 1355 (w), 1245 (m), 966 (w), 839 (m)cm~'; 'H NMR
(400 MHz, CDCl;): 6 =0.10 (s, 9H), 1.60 (d,/ =4.5 Hz, 3H), 2.03-2.19 (m,
2H), 2.22-2.34 (m, 2H), 2.51 (m, 1H), 2.69-2.89 (m, 6H), 4.05 (d, J=
9 Hz, 1H), 5.27-5.40 (m, 2H), 6.99 (dd, J,=5Hz, J,=3 Hz, 1H); BC
NMR (100 MHz, CDCL): 6 =— 1.5 (s), 17.8 (q), 25.8 (t), 28.3 (t), 29.3 (t),
29.7 (t), 29.8 (t), 40.6 (d), 48.6 (d), 49.2 (d), 127.0 (d), 127.8 (d), 140.5 (s),
154.5 (d), 203.9 (s); MS (EL 70 eV): m/z (%) =340 (72), 325 (13), 302 (6),
283 (8),265 (11), 221 (28), 179 (41), 172 (27), 119 (100), 106 (43), 75 (40), 73
(97); anal. calcd for C;;H,50S,Si: C 59.95, H 8.29; found: C 59.50, H 8.22.

0947-6539/98/0401-0063 $ 17.50+.25/0 — 63





FULL PAPER

H. G. Schmalz et al.

(58R,65)-5-[1,3]-Dithian-2-yl-6-methyl-2-trimethylsilylcyclohex-2-enone
(rac-17): Following the procedure described above for the preparation of
18, 1.50g (4.55mmol) of rac-13 were transformed to give 840 mg
(2.80 mmol, 62%) of rac-17 as a colorless solid. M.p. 98°C (hexane);
TLC: hexane/ethyl acetate =10:1 (R;=0.3); FT-IR (KBr): #=2957 (m),
2917 (m), 2898 (m), 1652 (s), 1597 (w), 1343 (m), 1246 (m), 841 (s) cm™'; '"H
NMR (400 MHz, CDCl;): 6 =0.12 (s, 9H), 1.05 (d, /=7 Hz, 3H), 1.89 (m,
1H), 2.09 (m, 1H), 2.26 (ddd, J, =20 Hz, J,=10 Hz, J,=2 Hz, 1H), 2.45
(ysept., J=4.5 Hz, 1H), 2.69-2.91 (m, 6H), 4.00 (d, /=10 Hz, 1H), 7.06
(pdd, J,=5Hz, J,=2Hz, 1H); 3C NMR (67.5 MHz, CDCL,): 6 =—0.7
(q), 10.3 (q), 25.9 (1), 28.3 (1), 29.7 (t), 29.8 (t), 41.1 (d), 42.9 (d), 49.3 (d),
140.2 (s), 155.5 (d), 205.1 (s); MS (EIL, 70 eV): m/z (%) =300 (21), 285 (13),
211 (7), 181 (57), 165 (39), 119 (83), 73 (100); HRMS found 300.10378 as
caled for C4H,,08,Si; anal. caled for C,H,,0S,Si: C 55.95, H 8.05; found:
C55.93, H 8.04.
(5RS,6SR,7aSR)-5-((E)-But-2-enyl)-6-[1,3]-dithan-2-yl-1,2,5,6,7,7a-hexa-
hydroinden-4-one (rac-19): A 25 mL three-necked flask equipped with a
magnetic stirring bar, a thermometer, and a septum was charged with
magnesium (87 mg, 3.59 mmol) and THF (3 mL). After addition of a small
crystal of iodine, a few drops of a solution of 2-bromoethyl-1,3-dioxolane
(1 mL) in THF (4 mL) were added. The mixture was heated briefly until
sudden decolorization occurred. The temperature was then kept between
20-25°C by occasional cooling with a water bath while the rest of the
solution was added dropwise under gentle stirring over a period of 20 min.
The mixture was then stirred for 2 h at room temperature resulting in a
dark grey solution, which was cooled to —70°C. Then a solution of
compound rac-18"% (342 mg, 1.01 mmol) in THF (5mL) was added
dropwise. The mixture was allowed to warm to room temperature
overnight (ca. 14 h). After addition of THF (5 mL) and 5% HCI (15 mL)
the vigorously stirred solution was heated under reflux for 4 h. The mixture
was then extracted several times with MTBE, and the combined organic
layers were washed with saturated solutions of NaHCO; and NaCl and
dried with K,CO;. The crude product was purified by flash chromatog-
raphy (hexane/ethyl acetate =4:1) to yield 231 mg (0.749 mmol, 74 %) of
the indanone rac-19 as a brownish resin contaminated with ca. 5% of a by-
product (diastereomer). TLC: hexane/ethyl acetate =10:1 (R;=0.4); FT-
IR (ATR): 2932 (m), 2856 (m), 1714 (w), 1679 (m), 1612 (w), 1422 (w), 1275
(w), 1037 (w), 967 (w), 909 (w), 842 (w) cm~!; 'H NMR (400 MHz, CDCl;):
0=144-1.62 (m, 2H), 1.64 (d, /=5.5 Hz, 3H), 1.78-1.91 (m, 1H), 2.05-
2.50 (m, 8H), 2.74-2.94 (m, 5H), 3.13 (m, 1H), 4.03 (d, /=9.5Hz, 1H),
5.27-5.38 (m, 1 H), 5.41-5.55 (m, 1 H), 6.65 (v d,J =2 Hz, 1 H); character-
istic signals of the diastereomer: 6 =4.27 (d) and 6.60 (d); *C NMR
(67.5 MHz, CDCl;): 0 =17.9 (q), 25.9 (t), 28.9 (1), 30.6 (t), 30.7 (t), 32.0 (1),
33.6 (t), 35.0 (t), 40.9 (d), 41.8 (d), 50.7 (d), 51.6 (d), 127.9 (d), 128.0 (d),
139.6 (d), 143.6 (s), 200.7 (s); MS (EI, 70 eV): m/z (%) =308 (8), 281 (6),
251 (37), 233 (13), 201 (26), 189 (100), 172 (53), 145 (36), 119 (57), 107
(61), 95 (50), 41 (23); HRMS caled for Cj;H,,0S, 308.12686; found
308.1269.

(55,6S,7aS)-5-Butyl-6-methyl-1,2,5,6,7,7a-hexahydroinden-4-one  (4): A
100 mL three-necked flask equipped with a magnetic stirring bar, a
thermometer, and a septum was charged with 170 mg (6.96 mmol) of
magnesium, a small, brown turning of magnesium corroded by subliming
iodine, and THF (7 mL). Under gentle stirring, 1 mL of a solution of 2-
bromoethyl-1,3-dioxolane (0.835 mL, 6.96 mmol) in THF (7 mL) was
added. The temperature was carefully kept between 20-25°C by occa-
sional cooling with a water bath while the rest of the solution was added
dropwise. The mixture was stirred for 2 h at room temperature resulting in
a dark grey solution, which was cooled to —70°C. Then a solution of
compound 18 (790 mg, 2.32 mmol) in THF (14 mL) was added dropwise.
The mixture was allowed to warm steadily to room temp. overnight, diluted
with MTBE, washed with saturated solutions of NaHCO; and NaCl and
dried with K,CO;. Removal of the solvents in vacuo afforded 1.28 g of a
crude product as a greenish-yellow oil that consisted predominantly of
compound 20, as determined by GC-MS analysis. Selected data for 20: FT-
IR (ATR): 2946 (m), 2889 (m), 1669 (s), 1422 (w), 1250 (m), 1142 (s),
1036 (m), 966 (m), 948 (m), 841 (s) cm~'; '"H NMR (400 MHz, CDCl;): 6 =
2.69-2.99 (m, 4H), 3.75-3.87 (m, 2H), 3.89-4.00 (m, 3H), 4.77-4.89
(m, 1H), 5.27-5.60 (m, 1H); ¥C NMR (100 MHz, CDCl;): 6 =—1.3 (q),
179 (q), 34.4 (d), 374 (d), 49.2 (d), 50.0 (d), 51.2 (d), 64.76 (t), 64.83 (t),
104.1 (d), 104.4 (d), 126.6 (d), 128.3 (d), 211.8 (s); MS (EL, 70 eV): m/z
(%) =442 (6), 341 (7), 323 (19), 179 (14), 153 (12), 121 (24), 119 (95),
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99 (22), 73 (100); HRMS caled for Cy,Hi0:S,Si 442.20317; found
442.2032.

This crude product (20) was dissolved in benzene (60 mL); 1,2-ethanediol
(2 mL) and a catalytic amount of p-toluenesulfonic acid were added. The
mixture was refluxed for 24 h under azeotropic removal of water (by means
of a small pressure-equalizing addition funnel (25mL) filled with
molecular sieves (4 A), which was placed between the reaction flask and
the condenser). After cooling, the mixture was diluted with MTBE, washed
with satd. solutions of NaHCO; and NaCl and dried over K,COj;. The
solvents were removed to afford 1.18g of a brown oil consisting
predominantly of compound 21. Selected data for 21: FT-IR (ATR): 2927
(s), 2891 (s), 2855 (m), 1731 (w), 1456 (m), 1247 (m), 1141 (s), 1036 (s), 969
(m) cm~'; '"H NMR (400 MHz, CDCl;): 6 =3.8-4.1 (m, 20H), 4.57 (d, J =
11 Hz, 1H), 4.85 (m, 2H), 5.29-5.69 (m, 4H); MS (EI, 70 eV): m/z (%) =
414 (14), 370 (4), 352 (3), 295 (7), 258 (10), 233 (7), 199 (32), 145 (14), 119
(94), 99 (46), 81 (21), 73 (100), 55 (37); HRMS calcd for C,H;,0,S,
414.1899; found 414.1887.

The crude product (21) was dissolved in absolute ethanol (80 mL) and
treated with approx. 10 g of freshly prepared Raney Nickel W4. Under an
atmosphere of hydrogen the mixture was first treated with ultrasound
(cleaning bath) for 10 h and then refluxed for 3 days. The mixture was
filtered through a plug of Celite and concentrated in vacuo to afford 0.85 g
of a colorless, partially solidifying oil: GC-MS analysis showed three
isomers (one predominant) of compound 22 (m/z =313); FT-IR (ATR):
2952 (m), 2926 (m), 2872 (m), 1733 (w), 1456 (w), 1377 (w), 1128 (m), 1063
(m), 972 (w), 947 (w) cm~'; 'TH NMR (400 MHz, CDCl;): 0 =0.9 (br, 6H),
1.07 (d, 3H), 1.20 (d), 3.76-4.02 (m, 16H), 4.84 (m, 2H); MS (EI, 70 eV):
miz (%) =313 (7), 211 (58), 199 (16), 169 (40), 129 (21), 127 (31), 113 (17),
99 (100), 73 (66), 55 (34); HRMS calcd for CsH3;30, [M+H'] 313.2379;
found 313.2358.

This material (22) was dissolved in THF (30 mL) and treated with 30 mL of
2N HCI. The stirred mixture was heated to reflux for 3 h. It was then diluted
with Et,0, the layers were separated and the organic layer washed with sat.
solutions of NaHCO; and NaCl and dried over Na,SO,. After removal of
the solvents in vacuo the crude product was purified by radial chromatog-
raphy (pentane/Et,0 =10:1) affording 165 mg (0.81 mmol, 35 %, from 18)
of a 1:1 mixture of the epimeric indenones 4a and 4b (contaminated with
max. 7% of an undesired epimer) as a colorless, volatile oil. This mixture
was employed for the synthesis of 1 (see below). For analytical purposes an
aliquot was separated by means of careful radial chromatography (pentane/
Et,0=10:1) to provide a pure sample of 4a and a sample of 4b that was
still slightly contaminated with some 4a and the third diastereomer. The
characteristic data of 4a and 4b given below are in good general agreement
with those described by Snider!'® and Cossy et al.'¥! Data for 4a: TLC:
pentane/Et,0 =10:1 (R;=0.29); [¢]} =—75.9 (¢c=0.81 in CDCl;, >99%
ee), ref. [15]: [a]F =—65 (¢c=1.6 in CHCl;, 92% ee); FT-IR (ATR): 2955
(m), 2929 (m), 2871 (w), 2859 (w), 1682 (s), 1616 (m), 1460 (w), 1263 (m),
1243 (w), 979 (w), 914 (w); '"H NMR (400 MHz, CDCl;): 6=0.89 (t, /=
7 Hz,3H),1.05 (d,J/ =7 Hz, 3H), 1.30 (m, 4 H), 1.40-1.66 (m, 4H), 1.76 (m,
1H), 2.10 (m, 2H), 2.23-2.54 (m, 3H), 3.07 (m, 1H), 6.54 (dd, J, =5 Hz,
J,=2Hz,1H); BCNMR (100 MHz, CDCL;): 6 =14.0 (q), 20.2 (q), 22.6 (1),
29.6 (t), 32.0 (t, 2C), 33.4 (t), 33.7 (t), 34.0 (d), 40.8 (d), 55.8 (d), 137.9 (d),
144.1 (s), 204.0 (s); MS (EI, 70 eV): m/z (%) =206 (1), 191 (3), 163 (5), 150
(80), 135 (100), 121 (14), 107 (7), 93 (11), 79 (16), 67 (14), 55 (10); HRMS
caled for C,H»,0 206.1671; found 206.1664; Data for 4b: TLC: pentane/
Et,0=10:1 (R;=0.34); FT-IR (ATR): 2955 (m), 2930 (m), 2871 (m), 2858
(m), 1685 (s), 1619 (m), 1456 (m), 1382 (w), 1233 (w), 1183 (w), 1161 (w),
972 (w), 921 (w), 837 (w) cm~'; 'H NMR (400 MHz, CDCl;): 6 =0.88 (m,
6H), 1.22-1.40 (m, 6H), 1.48-1.63 (m, 2H), 1.84-1.96 (m, 1H), 2.02 (m,
1H),2.22-2.48 (m, 4H), 3.08 (m, 1H), 6.42 (dd, J, =5 Hz, J,=2 Hz, 1H);
BCNMR (100 MHz, CDCLy): 6 =14.1 (q), 14.2 (q), 22.8 (1), 25.7 (1), 29.7 (1),
32.1(t),33.5(d), 33.8 (t),39.3 (t), 41.6 (d), 54.6 (d), 135.8 (d), 145.5 (s), 202.5
(s); MS (EI, 70 eV): identical to 4a; HRMS calcd for C,H,,0 206.1671;
found 206.1682.

(+)-Ptilocaulin (1): A 1M solution of guanidine was prepared by adding
6.105 g (50 mmol) of guanidine nitrate and 2.806 g (50 mmol) KOH to
anhydrous methanol (50 mL) under argon. The solution was stirred for 1 h.
An aliquot of 790 pL (0.79 mmol) of this solution was transferred to a two-
necked flask equipped with a magnetic stirring bar and a Dean —Stark trap
(with a Hg bubbler on top of the reflux condenser). The methanol was
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removed in vacuo and the apparatus was thoroughly flushed with argon.
Then a solution of the epimeric indenones 4 (105 mg, 0.509 mmol) in dry
benzene (40 mL) was added by syringe. The mixture was refluxed for 23 h
while the color turned to intense yellow and a white, fluffy precipitate was
formed. The mixture was cooled under argon and 4 mL of 1% nitric acid
was injected. The reaction mixture was diluted with CHCl;, and the
aqueous layer was separated and extracted three times with CHCl;. The
combined organic layers were concentrated in vacuo to afford 180 mg of a
dark brown oil, which was chromatographed on silica gel (CHCly/
methanol =85:15) to afford 86 mg (0.277 mmol, 54 %) of a white, foamy
solid that consisted of a 4:1 diastereomeric mixture containing (+)-
ptilocaulin nitrate (1) as the major and 23 as the minor component. This
material was recrystallized twice from ethanol/Et,O and once from CHCl,/
methanol at —18°C to afford some shiny colorless crystals which were
subjected to X-ray crystallographic investigation.”l: An amorphous solid
material which also separated from the mother liquors was (+)-ptilocaulin
(1) of 90-95% purity as estimated by "H NMR. TLC: CHCl/methanol =
85:15 (R;=0.33); m.p. 183-184°C, ref. [16]: 183-185°C, ref. [11a]: 183 —
184°C; [a] F =99.0 (¢ =0.195 in MeOH), ref. [16]: [«] ¥ =110 (¢ =0.44 in
MeOH), ref. [11a]: [a]d =74.4 (99.5% MeOH), ref. [11a]: [a]E =—73.9
(¢=0.311n 99.9% MeOH, for ent-1); FT-IR (KBr): 3371 (brs), 3217 (brs),
3086 (brs), 2941 (s), 2871 (s), 2857 (s), 1691 (s), 1677 (s), 1665 (s), 1618 (s),
1584 (m), 1411 (s), 1384 (s), 1372 (s), 1309 (s), 1280 (m), 1040 (m), 825
(w) cm™!; 'H NMR (400 MHz, CDCl,): 6 =0.89 (t, /=7 Hz, 3H), 1.05 (d,
J=17Hz, 3H), 1.21-1.74 (m, 8H), 1.95-2.11 (m, 2H), 2.29-2.45 (m, 3H),
2.49 (yt,1H),3.77 (m, 1 H), 747 (brs, 2H), 8.35 (brd, 1H), 8.89 (brs, 1H);
these data are in good accordance to those given in the literature;®' for a
full assignment of all signals, see ref. [16]; *C NMR (100 MHz, CDCL;): 6 =
14.0 (q), 19.5 (q), 22.4 (t),24.6 (1), 26.7 (1), 27.6 (d), 29.5 (t), 32.2 (t), 33.9 (t),
36.5 (d), 53.2 (d), 121.0 (s), 127.0 (s), 151.7 (s); MS (EL, 70 eV): m/z (%) =
247 (35), 232 (85), 218 (18), 204 (100), 190 (41), 174 (9), 148 (8), 69 (19), 55
(14), 43 (13); HRMS calcd for C,sHysN; 247.2048; found 247.2041.

The NMR analysis of the clear crystals used for the X-ray crystallographic
investigation showed a 2.4:1 mixture of 1 and its diastereomer 23.° From
the spectra of this mixture the following characteristic data for 23 were
obtained: '"H NMR (600 MHz, CDCl;): 6 =0.90 (t,/ =6.9 Hz, 3H), 1.01 (d,
J=71Hz, 3H), 1.12 (dt, J;=13 Hz, J,=5 Hz, 1 H), 1.86 (v pent, J=7 Hz,
1H),2.55 (m, 1H),3.13 (dt,J, =11.6 Hz, J,=5.3 Hz, 1H), 7.6 (br, 2H), 8.65
(brs, 1H), 9.04 (brs, 1H); *C NMR (150 MHz, CDCL;): 6 =14.1,18.8,22.5,
27.1,33.2,35.4,42.2,55.2,122.5, 125.6, 154.0.

(£ )-Ptilocaulin (rac-1): Exactly as described above for the preparation of
1, a sample of rac-4 was treated with guanidine to give rac-1. In contrast to
the optically active series, crystallization of the chromatographed product
mixture provided a very pure sample of rac-1 from which one crystal was
taken for the X-ray crystallographic investigation.*!] M.p. 164 °C (CHCly/
MeOH), ref. [10b]: 165-166.5°C, ref. [13b]: 151-152°C.

X-ray crystal structure analyses:**4'42l Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-100528. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (Fax: Int. code+441223336-033; e-mail: deposit@ccdc.
cam.ac.uk).
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A General Synthetic Approach to the (205)-Camptothecin Family
of Antitumor Agents by a Regiocontrolled Cascade Radical Cyclization

of Aryl Isonitriles

Hubert Josien, Sung-Bo Ko, David Bom, and Dennis P. Curran*

Abstract: A general and efficient syn-
thesis of (20S)-camptothecin (1a) is
reported. A key common intermediate
containing the pyridone and lactone
(DE) rings of camptothecin and most
derivatives was constructed from 2-tri-
methylsilyl-6-methoxypyridine by a ser-
ies of metalation reactions and a Heck
cyclization to provide an achiral bicyclic

argyl bromide and a cascade radical
reaction with phenyl isonitrile then
produced 1a. About 20 other penta-
and hexacyclic analogues of campto-
thecin with differing single or multi-
ple substituents at C7, C9, C10, C11,
and/or C12 were made by changing
the propargylating agent and the iso-
nitrile. Included among these are sever-

al drug candidates and the approv-
ed drugs topotecan and irinotecan. The
synthesis of the prodrug irinotecan is
a direct one that does not pass
through the active metabolite. The use
of ortho-trimethylsilyl-substituted iso-
nitriles allows the regioselective syn-
thesis of camptothecin analogues in
cases where isomeric mixtures are

enol ether. Sharpless asymmetric di-
hydroxylation followed by lactol
oxidation and iododesilylation produc-
ed the key intermediate in 94 % enan-
tiomeric excess. Alkylation with prop-

agents -
reactions -

Introduction

First isolated by Wall and Wani in 1966, (20S)-camptothecin
(1a) and its derivatives have resurfaced during the last decade
as some of the most promising agents for the treatment of
solid tumors by chemotherapy (Figure 1). This family of
topoisomerase poisons? acts by interfering with the unwind-
ing of supercoiled DNA by the cellular enzyme topoisomer-
ase I, an enzyme which is overexpressed in malignant cells. In
replicating cancer cells, the formation of a ternary complex of
topoisomerase I, DNA, and camptothecin triggers a cascade
of events leading to apoptosis and programmed death.!

The initial clinical trials of camptothecin were hampered by
its poor water solubility and the attendant problems with
administration,™ but more recent structure —activity studies
have identified many compounds with improved solubility
and better antitumor activity.’] A reasonably detailed picture
of the structure—activity relationship of the camptothecin
family is now available. In general, substitution on rings C, D,
and E is not well tolerated. But substituents on rings A and B

[*] D.P. Curran, H. Josien, S.-B. Ko, D. Bom
Department of Chemistry, University of Pittsburgh
Pittsburgh, Pennsylvania 15260 (USA)
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formed from the parent isonitriles. The
synthesis of the derivatives relies on
the broad scope and functional group
tolerance of the key cascade radical
reaction.

antitumor
cascade

1a Camptothecin R™-R''=H
1b 9-Aminocamptothecin (3-AC) R’,R'R'! =H; R®=NH,
1c Topotecan™ (TPT) R R =H;

R® = CH,NMe; R'® = OH
R =ERIR" = H;

0. OCON_)-N_)

7_ N
R7= CH,-N
-/

1d Irinotecan™ (CPT-11)

1e GI-147211C N-Me

R® = H; R'O-R"" = OCH,CH,0O

Figure 1. Camptothecin and some clinically important derivatives.

especially at C7, C9, and C10 (and to some extent C11) often
show good biological activity and improved physical or
pharmacological features. Derivatives such as topotecan
(TPT, 1¢) and irinotecan (CPT-11, 1d)! have passed
through clinical trials and are now being used in several
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countries for treatment of solid tumors. Other compounds
such as 9-aminocamptothecin (9-AC, 1b)™ and GI-147211C
(1e)®®! show significant potential. These molecules have
proven to be effective against a wide array of refractory solid
tumors and seem particularly promising for the treatment of
slow-dividing cancer-lines when administered either alone or
in combination therapies.!'”]

In parallel developments, new formulations have improved
biodistribution and drug stability, and this has opened new
therapeutic opportunities for poorly soluble camptothecins.['"]
The renewed importance of the camptothecin family has
stimulated the investigation of new routes to camptothecin
and its derivatives.l'"1?!

Several years ago, we initiated a program whose goal was
the development of a practical synthesis of camptothecin and
derivatives by a radical cascade cyclization. The field of
cascade reactions (also sometimes called tandem, domino, or
sequential reactions) has undergone an explosive develop-
ment in recent years.'¥ The best cascade reactions rapidly
provide molecular diversity and complexity with minimum
amounts of solvents, reagents, energy, and waste. Cascade
radical reactions are prized for their capability to build
complex, highly substituted ring systems and for their general
tolerance of functional groups. The development of new
cascade radical reactions continues at a vigorous pace.'4]

In 1992, we communicated a first-generation synthesis of
racemic camptothecin that featured as its key step a unique
[4+1] radical annulation/cyclization between phenyl isonitrile
(2) and bromopyridone 3 (Scheme 1).['1 The strategy was
inspired by a new cascade radical reaction discovered by our
group.l') Although the synthesis was efficient and short

1st generation, racemic e}
+ Z N D |
NC Br N COOEt
Et
2 3

2nd generation, asymmetric

R10
+ /\
R
NC |

4
2nd generation, regioselective
R o
R10.
ol
R7
R11 NC | . 0
™S HO Et

Scheme 1. First- and second-generation radical cascade reactions.
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(8 steps), it suffered from two major problems: the hydrox-
ylation at C20 with O, yielded racemic camptothecin,!'”] and
the harsh conditions required for the introduction of the E
ring severely restricted the ability to incorporate substituents
on the A and B rings. We therefore revised our synthetic plan
to incorporate the E ring in the iodopyridine 4 prior to the
radical cascade reaction (Scheme 1). The essence of this
second-generation synthesis of 1a has recently been commu-
nicated.8!

In this article we describe some key foundation experiments
and then give full details of the scope of this second-
generation synthesis of camptothecin and an assortment of
known and new derivatives. Among the more important new
developments are the expansion of the chemistry to encom-
pass new substituents and substituent combinations, the
introduction of the first route to enantiomerically pure 7-
azacamptothecins, and the development of the first direct
total synthesis of the prodrug irinotecan. Prior syntheses of
this molecule are all indirect and pass through the active (and
therefore toxic) metabolite. We then move to address a
fundamental problem that arises in the synthesis of many
types of analogues: how can the regiochemical outcome of the
radical cyclization with meta-substituted aryl isonitriles be
controlled? The importance of A ring substituents on
antitumor activity makes this a crucial question”! and the
strategy that we have implemented relies on the introduction
of a TMS group on the aryl isonitrile. This substituent acts as a
directing group which can be removed after the cascade
reaction (Scheme 1, regioselective). As it currently stands, this
second-generation synthesis has good efficiency and superior
generality, both of which features descend directly from the
key radical cascade.

Results and Discussion

The retrosynthetic plan for 1a is depicted in Figure 2. The
plan calls for an assembly of camptothecin in the last step of
the synthesis by reaction of N-propargyl halopyridine § and
phenyl isonitrile (2) in the radical cascade to construct the B
and C rings. In this plan, pyridone 6 becomes a key common
synthetic intermediate which can be directed to many
camptothecin derivatives by varying the nature of the
propargylating agent and the isonitrile in the last two steps.
The construction of the a-hydroxylactone moiety of the
radical precursor 6 relies on a Sharpless asymmetric dihy-
droxylation (AD)! of enol ether 7, which was predicted from
prior model studies.?*?! In turn, the precursor 7 for the AD
reaction comes from an intramolecular Heck cyclization.
Concurrent with our AD model studies® Fang and co-
workers!? applied a related Heck/AD sequence to a syn-
thesis of camptothecin by a modification of Comins’ route.['%¢]
Work by Comins and co-workers on successive ortho-metal-
ations of pyridines!['?¢! provided the foundation for the syn-
thesis of 7 from methoxypyridine 8.

The first task was the seemingly small problem of choosing
a halogen for the radical precursor. This issue was raised
because during the early stages of this work Comins commu-
nicated a synthesis of camptothecin that passed through the
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X =CI Comins' intermediate

Figure 2. Retrosynthetic analysis of (20S)-camptothecin.

chloride derivative of 6.1 The key chlorine atom that
attracted our attention actually served as a protecting group
for a proton during deprotonation reactions that were
performed in Comins’ synthesis. Prior to that, we had only
used bromides as radical precursors;['>!® however, it was
evident that if chlorides were useful, we could simply employ
the first part of Comins’ synthesis and use his intermediate for
our purposes. To probe this possibility,
several 6-halo-2-pyridones 9 were prepared

(the intermediate product is presumably air-oxidized). This
result, together with some recent observations of 1,5-hydro-
gen-atom-transfer reactions in aryl radicals,? led us to
attempt a radical translocation approach with vinyl bromide
12.21 Unfortunately, no tetracyclic product was formed in this
reaction (entry5), and labeling experiments with Bu;SnD
showed that the proposed 1,5-hydrogen transfer did not occur.
These results appeared to preclude the use of Comins’
chloride 6 (X = Cl) in the synthesis of 1a. This conclusion was
confirmed when the Glaxo group kindly provided us with a
sample of this intermediate. Propargylation yielded 13, the
reaction of which under the standard radical conditions did
not provide any spot corresponding to camptothecin on an
analytical TLC plate (entry 6). Since the detection of camp-
tothecin on TLC by UV light is highly sensitive, we can
conclude that no camptothecin was formed in this reaction.
Thus the DE fragment 6 (X =1I) became the key target.
Intermediate 7 could not be prepared directly from an iodide
precursor 8 (R=1) using Comins’ chemistry since several
ortho-metalation steps are involved.l'”! Recent work by
Snieckus and co-workers has emphasized the role of silicon
moieties as protective groups in metalation chemistry.?]
Arylsilanes are stable to alkyllithium reagents and can be
removed by various electrophiles through ipso substitution.?’!
In particular, iododesilylation is a popular method for the
generation of iodides from aryl- or alkenylsilanes. !
Accordingly, 2-methoxy-6-trimethylsilylpyridine (15) was
prepared from 2-bromo-6-methoxypyridine (14) by means of
halogen-metal exchange followed by addition of chlorotri-

Table 1. Synthesis of tetracycles 11a,b from various 6-substituted-2-pyridones and isonitriles.

by selective N-alkylation?? of 6-halo-2-pyri-
donel®™] and their reactions with aryl isoni-
triles 2 or 10 were evaluated (Table 1).
Most of the reactions were carried out
following the optimized radical cascade con-
ditions: a 0.05M benzene solution of the
radical precursor, 3 equiv of aryl isonitrile,
and 1.5 equiv of hexamethylditin were irra-

o] R
R2 H2 x¥ (o]
00", :
\ o
X NC N
9 H

R!

2 R'=R?= 1la R!'=R’=H

10 R'-R®=OCH,CH,0 11b R-R?=0CH,CH,0

diated with a sunlamp or a UV lamp for 18-

24 h.[5] As shown in Table 1, the yield of 11 Pyridone Isonitrile  Product Conditions Yield 11
. (%)

was strongly dependent on the halide. The

chloro derivative 9a was essentially useless, 9

giving no tetracyclic product under most /\ N |

conditions, including the standard ones (en- =

try 1). However, with 10 a poor yield of 11b 1 9a X =Cl 10 11b MegSng, CeHe, sun lamp 0

was isolated when Cossy’s conditions were 2 10 11b Et3N, CH3CN, UV lamp 10

applied (entry 2).%l By comparison, reaction 3 b X =Br 2 Ha MeeSng, CeHe, sun lamp 57

with bromopyridone 9b afforded 11a in a 4 fe X =1 2 11a MegSnz, Cetle, sun lamp 80

yield comparable to that of the first-gener- 5 2 11a MegSny, CgHs, sun lamp olal

ation synthesis with pyridone 3 (57%, en-

try 3). By far the best result was obtained

with iodopyridone 9e¢, which yielded tetra- 6 2 1a MegSny, CeHg, sun lamp 0

cycle 11a in an excellent yield when reacted
with 2 (entry 4). Clearly an iodide is the
precursor of choice.

In more detailed model studies described
elsewhere,!>*l we learned that an allyl group
could be substituted for the propargyl group

Chem. Eur. J. 1998, 4, No. 1
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[a] The same result was obtained with AIBN —Bu;SnH, syringe pump addition. With AIBN —
Bu;SnD on 12 only, the vinyl bromide was reduced (D was not incorporated in the pyridone
system). [b] Prepared from Comins’ chloride 6 (X = Cl)!'?¢l after N-propargylation.?!
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OMe i
OMe 1) tBulLi ot
2) Me,NCH,CH,NMeCHO NS 7
N X R | N
| 3) n-BuLi ™S F Lij
s
™S AN
15
OMe
Pd(OAc), NI ~ O 1) 0s0,, ligand (*)
KoCO3, BUNBI e NP N\F 2)12,CaC0; 1o
19 20

Scheme 2. Synthesis of 22 (see Table 3).

methylsilane. In order to investigate the possibilities for
iododesilylation reactions of 15, the model reactions shown in
Table 2 were conducted. Silane 15 was completely consumed
on reaction with I, but the reaction required high temper-
ature and resulted in low yield (entry 1). Addition of AgBF,

Table 2. Model study for TMS —iodine exchange.

OMe OMe
NZ 1) n-BuLi NZ |
2) TMSCI
B Y ) ™S
14 OMe 15
(") N7 |
| 3
16
Conditions (*) Ratio 16:15
(Yield 16, %)
1 LA 30h >30:1 (17)
2 L, AgBF,, MeOH, 24 h <30:1 (0)
3 Nal, NCS, AcOH <30:1 (0)
4 NIS/TfOH, CH,Cl,, 48 h <30:1 (0)
5 IDLP, CH,CL/CCl,, 48 h <30:1 (0)
6 IClI, CH,Cl,, 48 h 1:1 (nd.)
7 IClL, CH;CN, 48 h 2.5:1 (47)
8 ICl, CH,Cl,/CCl, 2:1,48 h 2:1 (56)

[a] Reaction carried out at 80°C.

was not beneficial (entry2). Iodonium sources such as
iodonium dilutidine perchlorate (IDLP),?) NIS-TfOH," or
Nal-NCSP proved unreactive and 15 was recovered (en-
tries 3—5). In the end, the best result was obtained by treating
15 with ICLP*®-l In CH,Cl,/CCl, this reagent gave a reason-
able yield of iodopyridine 16 along with recovered starting
material (entry 8). Attempts to drive this reaction to com-
pletion by using extended reaction times or excess ICI (up to
10 equiv) generally provided 16 in lower yield, and little or no
15 was recovered. The use of a CH;CN/CCl, mixture proved
better than CH;CN alone (entries 6-7). Also, the reaction
was not influenced by addition of K,CO,,?% KF,?*! or amines
(data not shown). These data may reflect a competition
between the iododesilylation and the formation of an
iodopyridinium salt (resulting in ring deactivation).

With this moderately successful iododesilylation procedure
in hand, we then proceeded to the synthesis of the DE-
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OMe
NT™> cHo HL\_WOH
| ; -
™S PN ESH TFA
17

TMSI, H,O(cat.)
or aqg. HI

fragment 22 (6 with X =1, Scheme 2).! Directed lithiation
(rBuLi, THF, —78°C) of pyridine 15 followed by addition of
N-formyl-N,N,N'-trimethylethylenediamine yielded an a-ami-
no alkoxide. This intermediate was further deprotonated in
situ (nBuLi, —30°C) and the resulting dianion was trapped
with iodine to afford the iodoaldehyde 17 in 49 % yield. A
reductive etherification!"*3!1 of 17 with crotyl alcohol, tri-
ethylsilane (Et;SiH), and trifluoroacetic acid (TFA) then
provided the crotyl ether 18 in 63 % yield. After an intra-
molecular Heck reaction wunder Grigg’s conditions
(Pd(OAc),, K,CO;, BuNBr),[432 the enol ether 19 was
obtained in 69 % yield.

This enol ether was then subjected to the Sharpless AD
conditions (0.2 % mol OsO,, AD-mix-f, MeSO,NH,, 1 % mol
ligand) and the resulting a-hydroxyketal was further oxidized
with iodine and CaCO; to provide the a-hydroxy lactone
20. In this sequence, the ADI! proved to be strongly
influenced by the nature of the ligand used in the reaction
(see Scheme?2 and Table3). The dihydroquinidine-1,3-
phthalazinediyl ligand, (DHQD-PHAL), provided 20 in good
yield but poor enantiomeric excess (ee) (entry 1). The ee
increased dramatically when the reaction was carried out with
the DHQD - pyridine (DHQD-PYR) ligand and the product
was isolated in 87% yield and 94% ee (entry 2). The (S)
configuration in 20 was predicted from Sharpless’s studies!"]
and our model reactions?’ and was later confirmed by the
synthesis of 1a. By comparison, the dihydroquinine—PYR
(DHQ-PYR) ligand provided the (R) isomer in similar yield
and ee (entry 3).

Table 3. Ligands and yields for compound 20.

Ligand Product Yield(%) ee(%)W
1 (DHQD),-PHAL 20(S) 87 32
2 (DHQD),-PYR 20(S) 87 94
3 (DHQ),-PYR 20(R) 84 90

[a] Enantiomeric excess determined by NMR shift experiments with
[Eu(hfc);].

In the subsequent steps, 20 was subjected to ICl-mediated
iododesilylation to provide the iodolactone 21 in 47 % yield.
As with the model study the reaction did not proceed to
completion, but the product could be easily separated from
the unreacted material by chromatography, and the latter was
recovered in 45% yield. Finally demethylation, with either
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aqueous HI or iodotrimethylsilane generated in situ, afforded
the key DE fragment 22 in good yield (72 % ).

With 1a now only two steps away, 22 was N-propargylated
to give the radical precursor 23 in 88 % yield (Scheme 3 and
Table 4). Under these previously optimized conditions,?? the
tertiary hydroxy group was not affected. The final radical
cascade reaction was then performed by irradiating a solution
of 23, phenyl isonitrile (2, 3 equiv), and hexamethylditin
(1.5 equiv) in benzene at 70 °C with a 275 W sunlamp. To our
delight, 1a crystallized directly from the reaction mixture and
was isolated in 63 % yield and over 95 % ee after filtration of
the reaction mixture and washing of the residue with diethyl
ether (entry 1, Scheme 3 and Table 4). A reaction carried out

NaH/LiBr
DME/DMF

Br ggue

PhNC

*

Scheme 3. Syntheses of 1a (see Table 4).

Table 4. Conditions for the radical cascade reaction for the formation of 1a.

Conditions (*) Yield 1a
1 Me¢Sn,, C¢Hg, sun lamp, 70°C, 8 h 63
2 Me¢Sn,, t-BuOH, sun lamp, 70°C, 8 h 45
3 Me,Si,, C¢Hy, sun lamp, 75°C, 8 h 52
4 (Me;Si),Si, CsHg, UV lamp, 75°C, 30 h 57

in fert-butanol provided 1a in 45% yield (entry2). Tin
residues are toxic and usually difficult to separate from the
products of the reaction. We therefore investigated silane
additives in place of ditin.*¥ As shown in Scheme 3, hexam-
ethyldisilane afforded 1a with a penalty of about 10% yield
relative to the ditin counterpart (compare entries 3 and 1),
whereas tetrakis(trimethylsilyl)silane®3! provided 1a in 57 %
yield (entry 4). This last result, obtained only after most of the
other work in this paper was completed, suggests that
tetrakis(trimethylsilyl)silane may be a useful substitute for
hexamethylditin in the syntheses of (205)-camptothecin
derivatives described below.

From this second-generation synthesis of 1la, we then
proceeded to evaluating the generality of the method. Several
4-substituted phenyl isonitriles (24a—c) were prepared from
the corresponding free amines through classical methods,*!
or from the N-formanilide by using a slight modification of
Ziehn’s procedure (Scheme 4).3*! In parallel, several other
N-substituted pyridones 25a—d were synthesized by standard
N-propargylation, N-allylation, or N-cyanomethylation of 22,
as shown in Scheme 5.

Combinations of the appropriate isonitriles and iodopyr-
idones provided 1a (from the allyl precursor 25d) and the
several other derivatives shown in Scheme 5 and Table 5. The
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PPhg, CBry
R10 NHCHO RY

EtsN

Sast
243 pR10 = OMe

24b
R10 = 0OAc
R10 = NHBoc

24c

Scheme 4. Synthesis of aryl isonitriles.

RI—Y=—
B
2 — L
NaH, LiBr
DME, DMF
23 Y=C,R7=H
25a Y=C,R7=Et
25b Y =C, R7 = (CH,),OTHP
25c Y=N
R10,
e
|
MegSn,

CgHe, hv, 70 °C

1f Y=C,R7=H,R¥=0Me

1g Y=C,R7=H,R¥=0OH

1h Y =C, R = Et, R0 = OMe

1i Y=C,R7=Et R=0H

1j Y =C,R7=(CH,);0THP, R1 = H
1k Y=N,R¥©=H

1 Y=C,R7=H,RY=0Ac

1m Y =C, R”=H, R = NHBoc

1n Y =C, R7 =H, R1 = NH,

Scheme 5. Synthesis of camptothecin analogues.

Table 5. Scope of the radical cascade.

Radical Precursor  Isonitrile Product 1
(Yield, %)
1 23 24a 1f (51)
2 25a 24a 1h (57)
3 25b 2 1j (52)
4 25¢ 2 1k (54)
5 23 24b 11 (63)
6 23 24c¢ 1m (58)
o]
7 N o 2 1a (21)
<
254 Bt OH

radical cascade proved to be very tolerant of substituents
either on the B ring (from the iodopyridone) or on the A ring
(from the isonitrile) and provided in each case 50—60 % yield
of (20S)-camptothecin derivatives. In addition to the free
hydroxyl group and the reactive lactone present in all radical
precursors, other unaffected groups include tetrahydropyran
(THP, entry 3), acetate (entry 5), and carbamate (entry 6). In
the last example, the Boc protecting group was easily cleaved
from 1m to provide (20S)-10-aminocamptothecin (1n), a very
active derivative.[®!
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On the reactivity front, a particularly interesting result was
obtained with the cyanomethylpyridone 25 ¢, which provided
(20S)-7-azacamptothecin (1K) in good yield (entry 4). This
nuclear analogue of camptothecin was known as a racemate
but had not been synthesized before in its enantiomerically
pure form.P1 N-Allylpyridone 25d provided 1a through initial
5-exo-trig cyclization and subsequent oxidation (presumably
by air), but in lower yield (entry 7) than that from the N-
propargyl derivative. This result was expected from our
previous model studies.!'>¢

We also applied this method to the synthesis of the useful
intermediates 1g and SN-38 (1i), which are the immediate
precursors of the drug 1¢ and the prodrug 1d, respectively. In
both cases, the cascade transannulation of iodopyridone with
4-methoxyphenyl isonitrile (24a) provided acceptable yields
of the camptothecin derivatives (entries 1, 2). Demethylation
with aqueous HBr then generated 1g (which is converted to
1¢ by aminomethylation) and 1i (which is converted to 1d by
acetylation).l'8! Alternatively, 1g could be obtained by base-
mediated deacetylation of 11.

In an especially important application, a direct synthetic
approach to irinotecan (1d) was also developed as summar-
ized in Scheme 6. All prior approaches to this molecule pass
through the intermediate of the active metabolite 1i. How-
ever, not only is this route indirect, in addition the toxicity of
1i detracts from this type of approach. The requisite isonitrile

o NO2  THF
O A
o EtzN

79%

Benzene, 80°C
hv, 9h

25a

Scheme 6. Synthesis of irinotecan, 1d

bearing the pyrrolidinyl pyrrolidine prodrug functionality of
1d was readily available, as shown in Scheme 6. Reaction of
this intermediate with the appropriate lactone pyridone 25a
provided 1d in 31 % purified yield. Owing to the presence of
basic tertiary amine, 1d was purified by reverse-phase
chromatography. This may have caused a reduction in isolated
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irinotecan, 1d

yield since the crude yield and purity of this product were very
similar to those of the other examples in Table 5.

Scheme 7 shows the synthesis of GI-147211C (1e), a potent
new camptothecin analogue introduced by Glaxo.l 1e is one
of the most complex camptothecin analogues prepared to
date, and the semisynthesis of this compound from 1a does

(0]
1) MegSn,
Cl
/\Q / \ hv
22 ——— 7 R7 _—

Ef’ OH o)
f— 25¢  R7=CH,CI L ]@
7 0 NC

25f R7= CH»N  N-Me
s

Scheme 7. Synthetic route to 1e and 1o.

not appear to be a viable
option. The chemistry

1) H, ,Pd/C,91%
2) DCC,Formic

Acid,83% shown in Scheme 7 nicely
3) Triphosgene, illustrates both the scope
EtsN,79% and a critical limitation of

the isonitrile cascade ap-
proach. Following the usu-
al sequence, the radical
precursor 25f was pre-
pared by N-alkylation of
iodopyridone 22 with 1,4-
dichlorobutyne to give the
intermediate 25 e. This was
then followed by addition
of N-methylpiperazine to
yield 25f. When this was
further reacted with 3,4-
ethylenedioxyphenyl iso-
nitrile (10),5%! an insepa-
rable 60/40 mixture of 1e
and the 9,10-ethylenedioxy
regioisomer lo was ob-
tained. Leaving the regio-
selectivity flaw aside, this
reaction is a prime exam-
ple of the power of the isonitrile cascade strategy. Although
le is considerably more complex than camptothecin, its
synthesis is essentially identical in length to that of campto-
thecin, and requires only a variation of the reagents in the last
two steps. Both tertiary amines and the ethylene dioxy group
survived the radical reaction conditions.

2
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The regioisomeric mixture results because the last radical
cyclization is not selective; addition occurs almost indiscrim-
inately to both ortho-positions of the isonitrile. As described
earlier, this problem of regioselectivity with meta-substituted
isonitriles is general and the selectivity is only slightly
influenced by the nature of the substituents.'! For example,
aryl isonitrile 28, which bears a relatively large substituent,
was prepared from 3-(1-hydroxyethyl)aniline (26) through N-
formylation, alcohol protection, and dehydration.***! When
this intermediate was reacted with iodopyridone 23, the
radical cascade proceeded to provide the product 1p of ortho-
cyclization in 31 % yield together with the minor isomer 1q
(from para-cyclization) in 28 % (Scheme 8). Electronic con-

OH OTBDPS
1) HCOOEY
2) TBDPS-CI
NH» NHCHO
26 27
OTBDPS
Pphg, CBr4 23
Et3N MeGSnz
NC hv
28

OH O

19 28%

Scheme 8. Synthetic route to 1p and 1q.
trol is also largely absent. The model radical reaction with 3-

fluorophenyl isonitrile (29)4] provided 11¢ and 11d in 40 %
and 25 % yields, respectively (Scheme 9).

L,
E NC MegSn,

benzene, hv
29
F
X O AN o
N + I/ N
N \ Yy F N \ Y,
11c 11d
40% 25%

Scheme 9. Synthetic route to 11¢ and 11d.
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At this stage, we had in hand a synthesis of camptothecin
itself along with ready access to any analogue possessing a
symmetry plane through the isonitrile group of the aryl
isonitrile. Through the use of para-substituted isonitriles,
many Cl0-substituted camptothecin derivatives are readily
available. Wide scope is also permitted at C7 (the propargyl
substituent). However, a selective route to important C9- and
Cl1-substituted derivatives was lacking. To date, we have
discovered only one regioselective reaction of a meta-
substituted isonitrile, but this is an especially important one
and it is depicted in Scheme 10. Radical [4+1] annulation of

(0] NHBoc
MegSn;,
X
| CgHg, hv
NG 6He
30 31

BocNH T™MS

\*\-\ [e)
| AN
N \__/
T™S T™S
|\ A N O CH,Cl,, TFA |\ N \ o]
BocNH™ N7 T NH SFONTTY

lle 60% 11f  82%
Scheme 10. Synthetic route to 11e and 11f.

iodopyridone 300! and aryl isonitrile 31 (prepared from the
Boc-amino protected formanilide according to Scheme 4)
occurred smoothly and provided, after deprotection of the
Boc group on 1le, tetracycle 11f to the exclusion of its
regioisomer. This result is in contrast to that with the aryl
isonitrile 28 in the camptothecin series in Scheme 8. In this
case, the regioselectivity of the radical cascade may result
from repulsion between the NHBoc and TMS groups in the
final cyclization. While this solution is not general, it is
important because the amino group can readily be diazatized
and further converted to a number of C11 derivatives. This
approach is less direct than having the desired C11 substituent
on the isonitrile, but this is compensated for by a rough
doubling of the yield in the radical cyclization step, since a
single isomer is formed rather than a mixture of two.

Seeking a more general route to C9- and/or C11-substituted
derivatives, we proposed the strategy depicted in Figure 3.
The idea was to block one of the reaction sites of the isonitrile
with a temporary group which could be removed after the
radical reaction. The trimethylsilyl group was chosen since
this group can be smoothly removed by fluoride or other
protodesilylation methods.[?73¢]

The very robust (205)-9-methylcamptothecin (1s)(!! was
selected as a simple candidate to test the validity of this
notion; its synthesis is shown in Scheme 11. The requisite
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Pd(PPh Pd/C 2) PPhg, CBry, Et.N
cl (PPh3)4 TS N“1ms 2 PPhg, CBry, EtN ™S
32 33 35
Me Me
9c A O ag. HBr, 100 °C X O
® Negsn, A o A
65N N N
hv \_/ \_/
T™S
11g 11h
Me
23 ag. HBr, 100 °C
35 —_——
MegSn,
hv

1r
Scheme 11. Synthetic route to 11h and 1s.

RO
4+1

R11 NC
T™MS

H+

or F

Figure 3. Regiocontrol in the radical cascade.

isonitrile 35 was prepared in four steps starting from 4-chloro-
3-nitrotoluene (32). A Pd’-catalyzed cleavage of hexamethyl-
disilanel”! with 32 provided nitroarylsilane 33 in 64 % yield.
This intermediate was reduced quantitatively under classical
conditions®! and the resulting free amine 34 was formylated
with formic acid/dicyclohexylcarbodiimide (DCC)! followed
by dehydration*! to provide 35 in 90 % yield.

The radical cascade of the model pyridone 9¢ with 35
proceeded very cleanly to give a single isomeric tetracycle 11g
in 46 % yield. This intermediate was easily protodesilylated
with aqueous HBr to afford the 9-methyl-substituted tetra-
cycle 11h. In the camptothecin series, radical reaction
between 35 and 23 gave 1r in 50% yield. Removal of the
TMS group provided 1s in 85 % yield.

Having established that the ortho-TMS group serves
admirably for regiocontrol in the C9-substituted series, we
then turned our attention to the other meta-substitution
pattern, which should provide C11-substituted camptothecins.
Although large C11 substituents are detrimental to antitumor
activity, substitution of the C11 position with small groups
such as oxygen or fluorine can result in a remarkable increase
in activity.”] Promising drug candidates such as GI-147211C
(1e)® and DX-8951 1 have emerged from this trend.
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In this context (20S)-11-fluorocamptothecin (1v) and (20S)-
10,11-methylenedioxycamptothecin (1w) were chosen as good
examples (Scheme 12); both compounds are active, and 1w is
one of the most active camptothecin analogues known. The
requisite TMS-substituted isonitriles (39 a,b) were synthesized in
a straightforward fashion. ortho-Metalation of the a-amino-
alkoxide generated from the lithium salt of N,N,N'-trimethyl-
ethylenediamine and 3-fluorobenzaldehyde (36a) or pipero-
nal (36b) was followed by the addition of chlorotrimethylsi-
lane to provide aldehydes 37a and 37b in 83 % and 51 % yield,
respectively.[*] In these reactions both fluorine- and oxygen-
directed metalations provided the expected regioisomer in
>95:5 selectivity (as shown by NMR analysis of the crude
product). After oxidation of the aldehydes to the free acids*!)
and transformation to the corresponding acyl azides,*? a Curtius
rearrangement provided the isocyanates 38a and 38b in 78 %
and 90% yield, respectively.*** Deoxygenation™! then pro-
vided the isonitriles 39a and 39b in 66% and 68% yield,
respectively.

The model reaction of 39a with 9 ¢ proceeded very smoothly
to give one single regioisomer, tetracycle 11i, in 57 % yield.
Similarly the radical reaction with isonitrile 39b afforded 11j
in 59% yield. The TMS group in both compounds was
removed easily by acid treatment, either with aqueous HBr or
trifluoroacetic acid, and the resulting tetracycles 11k and 111
were obtained in excellent yields (75% and 100 %, respec-
tively). Synthesis of camptothecin analogues 1v and 1w
followed the same series of reactions; 39a and 39b provided
radical adducts 1t and 1uin 64 % and 53 % yield, respectively.
Removal of the TMS group then afforded the expected
camptothecin derivatives 1v and 1w in good yield.

Conclusions

Our first-generation synthesis of camptothecin combined an
A-ring isonitrile with a D-ring pyridone in the key cascade
radical reaction (A +D —ABCD). The lactone ring (E) was
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Scheme 12.

then added. The second-generation synthesis reported herein
first builds a DE-ring pyridone/lactone and then propargyla-
tion and the cascade radical reaction with the isonitrile ring
(A) completes the synthesis (A +DE —ABCDE). In both
cases, the BC pyrrolopyridine segment of the molecule is
constructed in the radical cascade. The two rings are formed in
a sequence of a radical addition followed by two cyclizations
that features a powerful if unusual geminal bond formation
(most radical cascades have only vicinal bond forming
reactions). The scope of the radical cascade and its functional
group tolerance is indicated by the fact that we have been able
to prepare more than fifty different examples in the course of
this work.['>l

The second-generation synthesis has several advantages
over its predecessor. First, the strategy is inherently more
convergent. The early introduction of the E-ring lactone is a
crucial feature that reduces the synthesis of derivatives down
to as few as two steps (depending on the derivative
substitution pattern) from the key intermediate 22. Even
more important than this factor is the functional group
tolerance of the second-generation synthesis; the harsh
conditions required for lactone introduction in the first-
generation route were intolerant of most types of interesting
substituents; in effect only camptothecin itself could be made.
Also, the new synthesis uses a simple catalytic method, the
Sharpless asymmetric dihydroxylation, to introduce the
requisite stereocenter prior to the divergence to make
derivatives.

Last, and perhaps most important, the strategy is ideally
suited to the known structure —activity relationship of the
camptothecin family. Rings D and E are relatively intolerant
of substitution, and accordingly most of the synthetic steps are
spent constructing the invariant DE pyridone/lactone frag-
ment. In the last two key steps, N-propargylation affords a
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ready and diverse source of C7 substituents (as well as a
possible nuclear substitution of carbon for nitrogen), and the
radical annulation of the aryl isonitrile provides the C9-C12
substituents. These substituents are ultimately derived from
commercially available or readily prepared aniline deriva-
tives. The report of about 20 penta- and hexacyclic campto-
thecin analogues in this paper, all prepared in enantiomeri-
cally pure form by total synthesis, attests to the ease of
derivative preparation.

At present, this synthesis is neither the shortest nor the
most efficient synthesis of camptothecin.['l However, camp-
tothecin is itself not a candidate for clinical treatment of
cancer and now serves primarily as a starting material for
synthesis of other derivatives. As far as we know, total
synthesis of camptothecin is not yet competitive with isolation
for large-scale production. From this perspective, the total
synthesis of camptothecin itself is largely an academic pursuit
and the body of existing work provides an important yardstick
with which to measure all new syntheses.

However, the ability to synthesize camptothecin is not the
only and now perhaps not even the most important yardstick.
We must now ask how well a synthesis produces important
existing analogues of camptothecin and whether it has the
scope to produce new analogues. These are challenging
questions because the important existing analogues are quite
diverse. Also most of the simple analogues of camptothecin
have been made over the years, so a new synthesis is useful
only if it can make more complex ones. We believe that our
synthesis has the potential to compete with existing routes to
many important camptothecin analogues, whether these
routes are by total synthesis or semisynthesis. Perhaps more
importantly, the route has allowed us to move further away
from known analogues of camptothecin by introducing new
substituents as well as by combining known substituents in
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new ways. A number of the new derivatives that we have
prepared are considerably more active than camptothecin and
have activities comparable with the best compounds in the
field. These results will be reported in the near future.!'”)

Experimental Section

General: All reactions were run under an argon atmosphere in flame-dried
glassware unless otherwise noted. Tetrahydrofuran (THF) and benzene
(PhH) were freshly distilled from sodium/benzophenone. Toluene
(PhCHs;), methylene chloride (CH,Cl,), N,N-dimethylformamide (DMF),
dimethoxyethane (DME), and triethylamine (Et;N) were distilled from
CaH,.

2-Methoxy-6-trimethylsilylpyridine (15): 1.6N nBuLi in hexanes (37.5 mL,
60 mmol) was added to a solution of 2-bromo-6-methoxypyridine (11.28 g,
60 mmol) in THF (120 mL) at —78°C. After 1h at —78°C, chlorotri-
methylsilane (8.10 mL, 63 mmol) was added and the resulting mixture was
allowed to warm to room temperature. The solution was poured into H,O
(200 mL) and extracted with Et,O (2 x 100 mL). The combined organic
layers were washed with brine, dried (Na,SO,),and evaporated, and the
residue was distilled under reduced pressure to provide a colorless liquid
(10.03 g,92%). B.p.: 95-100°C/15 mmHg; IR (neat): 7= 1566, 1452, 1416,
1282, 1242, 1026, 833 cm~'; "H NMR (300 MHz, CDCl;): 6 =0.27 (s, 9H),
3.93 (s,3H), 6.62 (d, /=82 Hz, 1H), 7.06 (d, / =6.6 Hz, 1H), 745 (dd, J =
8.2, 6.6 Hz, 1H); “C NMR (75 MHz, CDCl;): 6 =— 1.8, 53.1, 110.2, 122.3,
136.8, 163.5, 165.4; HRMS (EI): m/z caled for C,H;sNOSi (M) 181.0923,
found 181.0929; LRMS (EI): m/z =181 (M*, 6), 166 (16), 150 (6).
4-Iodo-2-methoxy-6-trimethylsilyl-3-pyridinecarboxaldehyde (17): 1.7N
tBuLi in pentane (31 mL, 52.5 mmol) was added to a solution of 15
(9.07 g, 50 mmol) in THF (150 mL) at — 78°C. After 1 h, N,N,N'-trimethyl-
N'-formylethylenediamine (6.83 g, 52.5 mmol) was slowly added. The
reaction was allowed to warm to —40°C, 1.6N nBuLi in hexanes (63 mL,
100 mmol) was injected, and the mixture was stirred for 3 h at —30°C. A
solution of I, (30.5 g, 120 mmol) in THF (200 mL) was then quickly added
at —78°C with vigorous stirring. The resulting mixture was allowed to
warm slowly to 0°C (1 h), poured into 5% Na,SO; (500 mL), and extracted
with Et,O (3 x 300 mL). The combined organic layers were washed with
50% brine and with brine, dried (Na,SO,), and the residue obtained after
removal of the solvents was subjected to flash chromatography (hexanes/
AcOEt 95:5) to provide a yellow oil (8.20 g, 49%). IR (neat): 7=1684,
1530, 1505, 1437, 1401, 1321, 1239, 1011, 828 cm™'; 'H NMR (300 MHz,
CDCly): 6 =0.27 (s, 9H), 4.03 (s, 3H), 7.66 (s, 1H), 10.17 (s, 1H); ®*C NMR
(75 MHz, CDCl,): 6 =—2.1, 54.0, 108.4, 118.0, 135.5, 173.0, 191.1; HRMS
(EI): m/z caled for C,(H,INO,Si (M*) 334.9839, found 334.9833; LRMS
(EI): m/z =335 (M+, 60), 320 (100), 306 (13), 292 (20).
3-Crotyloxymethyl-4-iodo-2-methoxy-6-trimethylsilylpyridine (18): Crotyl
alcohol (4.30 mL, 50 mmol), triethylsilane (4.80 mL, 30 mmol), and TFA
(7.70 mL, 100 mmol) were successively added to a solution of pyridinecar-
boxaldehyde 17 (5.05 g, 15.0 mmol) in CH,Cl, (15 mL) at 0°C. After 10 h at
room temperature, the reaction mixture was slowly poured into saturated
NaHCO; and the organic layer was washed with brine and dried (Na,SO,).
The residue obtained after evaporation of the solvent was purified by flash
chromatography (hexanes/AcOEt 95:5) to afford a slightly yellow oil
(3.71 g,63 %). IR (neat): 7= 2942, 1551, 1520, 1446, 1333, 1240, 1084, 1022,
837, 750 cm™!; "H NMR (300 MHz, CDCl;): 6 =0.24 (s, 9H), 1.69 (dd, J =
6.1, 1.0 Hz, 3H), 3.85-4.05 (m, 2H), 3.93 (s, 3H), 4.55 (s, 2H), 5.55-5.83
(m, 2H), 747 (s, 1H); *C NMR (75 MHz, CDCl;): 6 =— 2.0, 17.9, 53.8, 69.7,
71.7, 114.0, 127.8, 129.8, 1332, 161.5; HRMS (EI): m/z calcd for
C;;HINO,Si [M — CH{ ] 376.0230, found 376.0239; LRMS (EI): m/z =
335 (56), 320 (100), 292 (38).

4-Ethyl-8-methoxy-6-trimethylsilyl-1H-3-pyreno[3,4-c]pyridine (19): A
mixture of pyridine 18 (3.44 g, 8.80 mmol), tetrabutylammonium bromide
(2.84 g, 8.80 mmol), anhydrous K,COj; (2.44 g, 17.60 mmol), and Pd(OAc),
(200 mg, 0.88 mmol) in DMF (500 mL) was stirred at 85°C for 18 h. The
final solution was diluted with Et,0 (600 mL), filtered through a pad of
Celite, washed with H,O (4 x300mL), and dried (Na,SO,). After
concentration under reduced pressure, the crude product was subjected
to flash chromatography (hexanes/AcOEt 95:5) to provide a colorless oil
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(1.59 £ 69%). TR (neat): #=2944, 1620, 1570, 1534, 1443, 1333, 1237, 1146,
1109, 858, 829 cm~'; 'H NMR (300 MHz, CDCL): 6 =0.26 (s, 9H), 1.12 (t,
J=173Hz,3H),2.31 (dq, /=73, 1.0 Hz, 2H), 3.94 (s, 3H), 5.00 (s, 2H), 6.51
(t.J=1.0 Hz, 1H), 6.83 (s, 1 H); ®*CNMR (75 MHz, CDCL,): 6 =— 1.8, 13.6,
20.8,53.1,62.7,108.4, 114.5,115.9, 139.0, 145.0, 158.7, 164.5; HRMS (EI): m/
z caled for C,,H, NO,Si (M) 263.1342, found 263.1342; LRMS (EI): m/z =
263 (M*, 40), 248 (100), 217 (21), 189 (16), 166 (11).

($)-4-Ethyl-4-hydroxy-8-methoxy-3-o0xo-6-trimethylsilyl-1H-pyrano[3,4-c]-
pyridine (20): Enol ether 19 (4.28 g, 16.3 mmol) was added to a vigorously
stirred solution of K;Fe(CN)y (16.3 g, 49.5mmol), K,CO; (6.86¢,
49.5 mmol), CH;SO,NH, (3.1g, 31.7mmol), (DHQD),-PYR (0.36 g,
0.41 mmol, 2.5mol%), and OsO, (0.10mL of a 2.5w% in BuOH,
0.50 mol %) in 1:1 tBuOH/H,O (160 mL) at 0°C. The reaction mixture was
stirred for 12 h and Na,SO; (16.0 g) was slowly added. After 30 min, CH,Cl,
(100 mL) and H,O (100 mL) were added, and the aqueous layer was
further extracted with CH,Cl, (50 mL). The combined organic layers were
dried (Na,SO,) and concentrated, and the residue was subjected to flash
chromatography (CH,Cl,/AcOEt 5:1) to give the product, an a-hydrox-
ylactol, as a white solid. This solid was dissolved in MeOH/H,O 10:1
(300 mL), and crystalline iodine (37.1 g, 0.15 mol, 9 equiv) and CaCO;
(3.30 g, 32.5 mol, 2 equiv) were added. The reaction mixture was stirred for
32h at room temperature. Et,0 (300 mL), H,O (300 mL), and Na,SO;
(20 g) were then successively added. The organic layer was separated and
dried (Na,SO,). Flash chromatography (hexanes/AcOEt 5:1) afforded a-
hydroxylactone 20 as an oil (4.1 g 85%), 94 % ee by NMR shift experiment
[Eu(hfc)s]. [a] =+78.3 (¢=0.367, CH,Cl,); IR (neat): #=3536, 1738,
1585, 1455, 1352, 1249, 1227, 1159, 1106, 1035, 842 cm~'; 'H NMR
(300 MHz, CDCL,): 6=0.29 (s, 9H), 0.96 (t, J=74Hz, 3H), 1.79 (q, /=
74 Hz,2 H), 3.65 (s, 1 H), 4.00 (s,3H), 5.25 (d,/=15.6 Hz, 1H), 5.56 (d, J =
15.6 Hz, 1H), 7.35 (s, 1H); *C NMR (75 MHz, CDCl;): 6 =— 1.9, 7.8, 31.9,
53.4, 66.0, 73.0, 110.5, 118.0, 146.1, 150.0, 166.5, 174.6; HRMS (EI): m/z
caled for C,,H;NO,Si (M") 295.1240, found 295.1237; LRMS (EI): m/z =
295 (M, 24), 280 (55), 267 (20), 236 (26), 178 (14).
(S)-4-Ethyl-4-hydroxy-6-iodo-8-methoxy-3-oxo-1H-pyrano| 3,4-c]pyridine
(21): A solution of ICI (3.24 g, 20.0 mmol) in anhydrous CCl, (14 mL) was
added to the hydroxylactone 20 (1.48 g, 5.00 mmol) in CH,Cl, (20 mL) at
0°C, then the reaction mixture was stirred in the dark for 48 h at room
temperature. The final solution was poured with vigorous stirring into an
ice-cold 5 % Na,SOs/brine 1:1 solution (300 mL). The resulting mixture was
extracted with AcOEt (3 x 150 mL). The combined organic layers were
dried (Na,SO,) and concentrated under reduced pressure, and the residue
was subjected to flash chromatography (hexanes/AcOEt 85:15) to afford,
in order of elution, first the starting material 20 (0.70 g, 47 %), then the
iodo-derivative 21 (0.79 g,45 %) as an oil. [¢] % =+34.0 (c=1, CHCl;); IR
(neat): 7=3449, 1730, 1572, 1447, 1356, 1225, 1149, 1088, 1030, 868,
752 cm~'; 'TH NMR (300 MHz, CDCl,): 6 =0.93 (t, /=73 Hz, 3H), 1.72 (q,
J=73Hz,2H), 3.65 (brs, 1H), 3.94 (s, 3H), 5.15 (d, /=15.6 Hz, 1H), 5.46
(d, J=15.6 Hz, 1H), 7.58 (s, 1H); *C NMR (75 MHz, CDCl,): 6 =77, 31.6,
54.8, 65.4, 72.8, 110.6, 113.5, 124.0, 149.5, 1579, 173.7; HRMS (EI): m/z
caled for C;;H,INO, (M*) 348.9811, found 348.9819; LRMS (EI): m/z =
349 (M, 100), 320 (58), 305 (100), 276 (86), 178 (45).
(S)-4-Ethyl-4-hydroxy-6-iodo-3-oxo-1H-pyrano[ 3,4-c]-8-pyridone (22):

i) Cleavage with TMSI: Chlorotrimethylsilane (0.45 mL, 3.45 mmol) was
slowly added to a solution of iodopyridine 21 (0.75 g, 2.15 mmol) and Nal
(0.52 g, 345mmol) in CH;CN (7mL), followed by water (19 pL,
1.05 mmol). The mixture was heated in the dark at 65°C for 5 h, poured
into 5% Na,SOs/brine 1:1 (50 mL) and quickly extracted with AcOEt (4 x
50 mL). After drying (Na,SO,) and removal of the solvents, the residue was
purified by flash chromatography (CHCl;/MeOH 9:1) and recrystallized
(CHCIy/MeOH) to provide a white solid (525 mg, 73%). [a]® =+49.9
(c=1,MeOH); IR (neat): 7= 3532, 2984, 1748, 1594, 1461, 1380, 1162, 1100,
1054, 873 cm™!; '"H NMR (300 MHz, CDCl;): 6 =0.95 (t, /=73 Hz, 3H),
1.77 (m, 2H), 4.12 (brs, 1 H), 5.14 (d,/=15.4 Hz, 1H), 5.55 (d, /= 15.4 Hz,
1H), 7.06 (s, 1H); ¥C NMR (75 MHz, CDCly/CD;0D 4:1): 6 =72, 31.0,
65.3,72.0, 95.1, 115.3, 117.3, 150.7, 160.4, 173.2; HRMS (EI): m/z calcd for
CioH(INO, (M) 334.9655, found 334.9656; LRMS (EI): m/z =335 (M*,
57), 306 (24), 291 (100), 262 (66), 234 (44).

ii) Cleavage with HI: 47% HI (3.50 mL, 21.4 mmol) was added to a
solution of 21 (2.49 g, 7.13 mmol) in AcOEt (10 mL) and the reaction
mixture was stirred overnight in the dark at room temperature. The final
solution was slowly poured into ice-cold saturated NaHCO; (100 mL),
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diluted with brine (100 mL), and extracted with AcOEt (8 x 50 mL). After
drying (Na,SO,) and removal of the solvent, the residue was purified as
above to give of 22, (1.71 g, 72%).

General procedure for the N-alkylation of substituted 2-pyridones; ($)-4-
ethyl-4-hydroxy-6-iodo-3-oxo-7-propargyl-1H-pyrano[3,4-c]-8-pyridone
(23): 60 % NaH in mineral oil (43 mg, 1.06 mmol) was added to a solution of
iodopyridone 22 (322 mg, 0.96 mmol) in DME (3.0 mL) and DMF (1.0 mL)
at 0°C under argon. LiBr (165 mg, 1.92 mmol) was added 10 min later.
After 15 min at room temperature, 80 % propargyl bromide in toluene
(0.36 mL, 2.88 mmol) was injected and the reaction mixture was heated in
the dark at 70 °C for 20 h. The final solution was poured into brine (20 mL),
extracted with AcOEt (6 x 15mL), and dried (Na,SO,). The residue
obtained after removal of the solvents was subjected to flash chromatog-
raphy (CHCLy/AcOEt 85:15) to give a foam (280 mg, 78 %). [a] & =+59.1
(c=1, CHCL); IR (neat): 7= 3381, 3278, 1738, 1644, 1595, 1527, 1225, 1134,
1041, 752 cm™'; '"H NMR (300 MHz, CDCl;): 6 =0.95 (t, /=73 Hz, 3H),
1.75 (m, 2H), 2.35 (t,J =2.5 Hz, 1H), 3.69 (brs, 1 H), 5.07 (brs,2H), 5.10 (d,
J=164Hz, 1H), 548 (d, J=164Hz, 1H), 717 (s, 1H); *C NMR
(75 MHz, CDCl;): 6 =178, 31.6, 44.0, 66.2, 71.9, 73.6, 100.2, 116.8, 118.3,
148.9, 158.2, 173.2; HRMS (EI): m/z caled for C;3sH,INO, (M*) 372.9811,
found 372.9809; LRMS (EI): m/z =373 (M+, 100), 344 (27), 329 (25), 217
7).

General procedure for the radical cascade reaction between aryl isonitriles
and 6-iodo-2-pyridones; (20S)-camptothecin (1a): i) From the propargyl
precursor: A solution of 23 (373 mg, 0.10 mmol), phenyl isonitrile
(0.30 mmol), and hexamethylditin (51 mg, 0.15mmol) in benzene
(1.5 mL) under Ar was irradiated at 70 °C with a 275 W GE sunlamp for
5 h without stirring; every 30 min the vessel was tapped to allow the solid
sticking on the walls to drop to the bottom of the flask where it was
protected from further irradiation by aluminum foil. After cooling, the
solid was filtered, rinsed with Et,O (2 mL) [Note: this procedure was used
for 1a; in the case of most other derivatives, the final solution was diluted
with CHCL;/MeOH and concentrated], and subjected to flash chromatog-
raphy (CHCLy/CH;CN/MeOH 90:5:5) to give 1a (21.8 mg, 63%). [¢] ¥ =+
39.9 (¢=0.2, CHCly/MeOH 4:1) [ref. [16] +42.0, (¢ =0.51, CHCl;/MeOH
4:1)].

ii) From the allyl precursor: In a similar manner 25d (40.1 mg, 0.11 mmol)
provided 1a (7.7 mg, 21 %).

Preparation of aryl isonitriles:

1. 1,4-Bipiperidinyl-1'-carboxylic acid, 4-isocyanophenylester 24:
1,4'-Bipiperidinyl-1'-carboxylic acid, 4-nitrophenyl ester: Triethylamine
(10.7 mL, 76.2 mmol) was added to a solution of 4-nitrophenyl chlorofor-
mate (5.15 g,25.6 mmol) in dry THF (150 mL) at — 78 °C. Next a solution of
4-piperidinopiperidine (4.51 g, 25.6 mmol) in THF (40 mL) was added.
After 2 h, the solvent was removed and the residue was taken up in AcOEt,
filtered, and evaporated. The crude yellow solid was passed through a pad
of neutral alumina with AcOEt to yield, after evaporation, a white solid
(6.73 g, 79%). IR (CHCL;): 7=23046, 2937, 2859, 1704, 1620, 1513, 1466,
1242, 1197 em™!; 'H NMR (300 MHz, CDCl;): 6 =1.20-1.80 (m, 8H), 1.90
(d,J=12.7 Hz,2H), 2.20-2.70 (m, 5H), 2.87 (t,/ =12 Hz, 1H), 3.01 (t,J =
12 Hz, 1H), 4.30 (brs, 2H), 7.29 (d, /=9 Hz, 2H), 8.26 (d, /=9 Hz, 2H);
3C NMR (75 MHz, CDCL): 6 =24.6, 26.3, 27.5, 28.2, 40.1, 44.4, 50.1, 62.0,
122.2, 124.9, 144.8, 151.9, 156.3; HRMS (EI): m/z calcd for C;H,;N;0,
(M*) 333.1676, found 333.1688; LRMS (EI): m/z =333 (M"), 195, 167, 124,
110, 96, 55.

1,4'-Bipiperidinyl-1'-carboxylic acid, 4-aminophenyl ester: The above
carbamate (1.01 g, 3.03 mmol) was dissolved in AcOEt (125 mL) and
10% Pd/C (0.150 g) was added. A balloon of H, was attached and the
mixture was stirred for 12 h. The catalyst was removed by filtration through
Celite and the solvent was evaporated to give a white solid (835 mg, 91 % ).
IR (CHCIl,): 7=3453, 3400, 3028, 2936, 2859, 1703, 1513, 1429, 1242, 1226,
1210, 1197 cm~!; 'H NMR (300 MHz, CDCl,): 6 =1.30-1.70 (m, 8H), 1.86
(d, J=12.6 Hz, 2H), 2.33-2.62 (m, 5H), 2.68-3.04 (m, 2H), 3.58 (brs,
2H), 4.30 (brs, 2H), 6.64 (d, /=6 Hz, 2H), 6.87 (d, /=6 Hz, 2H); 1C
NMR (75 MHz, CDCly): 0 =24.6, 26.3, 27.5, 28.1, 43.8, 43.9, 50.1, 62.3,
115.4,122.3, 143.4,143.7,154.1; HRMS (EI): m/z caled for C,;H,sN;0, (M*)
303.1944, found 303.1947; LRMS (EI): m/z =303 (M*), 195, 167, 124, 108,
96, 80, 65, 55.

1,4'-Bipiperidinyl-1'-carboxylic acid, 4-formylaminophenyl ester: Formic
acid 98% (60.7 mg, 1.32 mmol) was added to a flask containing DCC
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(272 mg, 1.32 mmol) and CH,Cl, (5 mL) at 0°C. The resulting solution was
transferred to a round-bottom flask containing the above amine (200 mg,
0.66 mmol) and pyridine (5 mL). After 3 h the pyridine was evaporated and
the residue was taken up in CH,Cl,, filtered, evaporated, and applied
directly to a basic alumina column (CH,CL/MeOH 95:5) to give a white
solid (118 mg, 83%). IR (CHCLy): #=3025, 3013, 2937, 2888, 2861, 1703,
1517, 1466, 1275, 1226, 1210 cm~!; 'H NMR (300 MHz, CDCl; mixture of
rotamers): 0 =1.38-1.80 (m, 8H), 1.90 (d, /=12 Hz, 2H), 2.40-2.70 (m,
5H), 2.83 (t, J=12 Hz, 1H), 2.97 (t, J= 12 Hz, 1H), 432 (m, 2H), 7.028 -
7.11 (m, 3H), 7.37 (brs, 0.5H, cis), 746 (d, /=10 Hz, 1 H), 7.53 (d, /=11 Hz,
0.5H), 832 (d, /J=2Hz, 0.5H), 859 (d, /J=11Hz, 0.5H); *C NMR
(75 MHz, CDCl,): 6 =24.6,26.3,27.6,28.1,44.2,44.0, 50.1, 82.2, 120.0, 121.0,
122.1, 123.0, 133.9, 134.3, 1475, 148.9, 153.9, 153.4, 159.1, 162.5; HRMS
(EI): m/z caled for CgH,sN;0;5 (M) 331.1884, found 331.1896; LRMS (EI):
m/z =331 (M"), 244, 202, 167, 124, 80, 55.

1,4'-Bipiperidinyl-1'-carboxylic acid, 4-isocyanophenylester (24): A solution
of triphosgene (68 mg, 0.230 mmol) in CH,Cl, (10 mL) was added dropwise
to a flask containing the above formamide (90.1 mg, 0.272 mmol), triethyl-
amine (69.5 mg, 0.688 mmol), and CH,Cl, (10 mL) at 0°C. After 2 h at
22°C, the reaction was extracted with ether (30 mL) and 7% NaHCO;
(5 mL), The organic layer was dried with MgSO,, filtered, and evaporated.
The crude brown residue was subjected to flash chromatography on silica
gel (EtL,O/Et,NH 95:5) to give an off-white solid (67.2mg, 79%). IR
(CHClL,): 7=3034, 2937, 2131, 1718, 1504, 1429, 1233, 1224, 1213, 1198,
1184 cm~'; 'TH NMR (300 MHz, CDCl;): 6 =1.32-1.75 (m, 8 H), 1.90 (brd,
J=12.4Hz, 2H), 2.32-2.65 (m, 5H), 2.84 (t, /=123 Hz, 1H), 2.98 (t, /=
12.1 Hz, 1H), 420-4.40 (m, 2H), 7.14 (d, J=8.8Hz, 2H), 737 (d, /=
8.8 Hz, 2H); *C NMR (75 MHz, CDCl;): 6 =25.0, 26.5, 27.8, 28.5, 44.4,
50.6, 62.7, 123.3, 1278, 152.1, 153.1, 164.4; HRMS (EI): m/z caled for
CsH,;N;0, (M) 313.1779, found 313.1790; LRMS (EI): m/z =313 (M™),
195, 167, 124 ,110, 84, 55.

2. 4-Acetoxyphenyl isonitrile (24b): Tetrabromomethane (730 mg,
2.20 mmol), triphenylphosphine (575 mg, 2.20 mmol), and triethylamine
(310 pL, 2.20 mmol) were successively added to a solution of 4-acetoxy-
formanilide (358 mg, 2.00 mmol) in CH,Cl, (10 mL) at 0°C, and the
resulting mixture was refluxed in the dark for 3 h. After evaporation of the
solvents, the crude mixture was triturated in ice-cold Et,0 (10 mL) and
filtered. The solvent was evaporated and the residue was purified by flash
chromatography (hexanes/AcOEt 8:2) to provide a brownish foam
(243 mg, 76%). IR (neat): 7=2127, 1768, 1501, 1370, 1201, 1180,
909 cm™!; '"H NMR (300 MHz, CDCl;): 6=2.29 (s, 3H), 711 (d, /=
8.8 Hz, 2H), 7.38 (d, /=8.8 Hz, 2H); *C NMR (75 MHz, CDCL,): 6 =
21.0, 122.8, 127.6, 150.8, 164.3, 168.8; HRMS (EI): m/z caled for C,H;NO,
(M+) 161.0477, found 161.0474; LRMS (EI): m/z =161 (M+, 14), 133 (10),
119 (100), 91 (9).

3. 4-tert-Butyloxycarbonylaminophenyl isonitrile (24 ¢): Boc-protection of
4-aminoformanilide (1.71 g, 12.6 mmol) under the conditions of Luchel*!,
after 3 h and flash chromatography (CHCl;/MeOH 95:5) gave 2.85 g (96 %)
of tert-butyloxycarbonylaminoformanilide, as a white solid. As for 24b,
dehydration of this solid (945 mg, 4.0 mmol) followed by flash chromatog-
raphy (hexanes/AcOEt 9:1), provided 24¢ as a brownish solid (502 mg,
58%). M.p.: 128-129°C; IR (NaCl): 7= 3370, 2121, 1691, 1524, 1412, 1364,
1239, 1158, 832 cm~'; '"H NMR (300 MHz, CDCl;): 6 =1.48 (s, 9H), 6.75
(brs, 1H), 726 (d, J=8.8Hz, 2H), 7.37 (d, /=8.8 Hz, 2H); *C NMR
(75 MHz, CDCl;): 6 =282, 81.3, 118.5, 1271, 139.4, 152.3, 162.7; HRMS
(EI): m/z caled for C,H ,N,O, (M*) 218.1055, found 218.1044; LRMS (EI):
m/z =218 (M™, 30), 162 (72), 144 (100).

4. 3-(1-tert-Butyldiphenylsilyloxyethyl)phenyl isonitrile (28): N-Formyla-
tion™®! of 3-(1-hydroxyethyl)aniline (26), followed by standard TBDPS-
protection,®l provided N-3-(1-tert-butyldiphenylsilyloxyethyl)formanilide
(27) in 100% yield as an oil. As for 24b, dehydration of 27 (4.23 g,
10.5 mmol) followed by flash chromatography (hexanes/CH,Cl, 8:2)
provided 28 as a colorless oil (2.38 g, 59%). IR (neat): 7=2126, 1428,
1111, 702 cm™'; "H NMR (300 MHz, CDCLy): 6 =1.04 (s, 9H), 1.30 (d, J =
6.4 Hz, 3H), 4.77 (q, J=6.4Hz, 1H), 7.15-728 (m, 6H), 7.32-750 (m,
6H), 7.65-7.70 (m, 2H); *C NMR (75 MHz, CDCl;): 6 =26.7, 26.9, 71.1,
123.5,124.6, 126.3, 127.6, 129.1, 129.8, 133.2, 133.8, 135.8; HRMS (EI): m/z
caled for C,,HgNOSi [M — t-Bu™] 328.1158, found 328.1149; LRMS (EI):
m/z =328 [M — t-Bu™], 36), 199 (100), 77 (18).

5. 3-tert-Butyloxycarbonylaminophenyl isonitrile (31): Boc-protection of
3-aminoformanilide (1.80 g, 13.2 mmol) under the conditions of Luche,*]
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after 3h and flash chromatography (CHClyMeOH 95:5), gave 2.65¢g
(85%) of 3-tert-butyloxycarbonylaminoformanilide as a white solid. As for
24b, dehydration of this solid (412 mg, 1.74 mmol) followed by flash
chromatography (hexanes/AcOEt 9:1) provided 31 as a brown solid
(190 mg, 50%). M.p.: 95-97°C; IR (NaCl): 7=3318, 2126, 1715, 1603,
1547, 1433, 1236, 1162, 782 cm~'; 'TH NMR (300 MHz, CDCl;): d =1.49 (s,
9H), 6.67 (brs, 1H), 700 (m, 1H), 7.20-7.30 (m, 2H), 7.60 (brs, 1H); BC
NMR (75 MHz, CDCl;): 0 =282, 81.3, 116.0, 118.9, 120.6, 129.8, 139.5,
152.3, 163.6; HRMS (EI): m/z calcd for C,,H,N,O, (M*) 218.1055, found
218.1047; LRMS (EI): m/z =218 (M, 25), 196 (41), 162 (50), 152 (83), 118
(100).

6. 3-Methyl-6-trimethylsilylphenyl isonitrile (35):
3-Methyl-1-nitro-6-trimethylsilylbenzene (33): A solution of 4-chloro-3-
nitrotoluene (32) (2.58 g, 15 mmol), hexamethyldisilane (6.2 mL, 30 mmol)
and tetrakis(triphenylphosphine)palladium (260 mg, 0.22 mmol) in xylene
(7.5 mL) was stirred in the dark in a sealed tube at 150 °C for 40 h. Hexanes
(60 mL) was added, the solution was filtered over Celite, and the solvents
were removed by distillation. The resulting crude product was purified by
flash chromatography (hexanes/AcOEt 95:5) to provide a yellow oil
(2.00 g,64 %). IR (neat): 7= 1516, 1341, 1240, 1109, 839, 746 cm~'; 'H NMR
(300 MHz, CDCl3): 6 =0.31 (s, 9H), 2.43 (s,3H), 741 (brd,J =73 Hz, 1 H),
757 (d, J=7.6 Hz, 1H), 7.98 (brs, 1H); ¥C NMR (75 MHz, CDCl;): 6=
—0.4,20.9,124.5,132.9,134.0, 136.1, 140.7, 153.7; HRMS (EI): m/z caled for
CoH,NO,Si [M — CH{ ]| 194.0637, found 194.0637; LRMS (EI): m/z =194
[M—CHJ], 24), 164 (100), 149 (56), 105 (19).

6-Trimethylsilyl-m-toluidine (34): Reduction of 33 (620 mg, 3.0 mmol)
under the conditions of Ehrenkaufer®! gave a slightly yellow oil (575 mg,
97%). IR (neat): 7= 3365, 1551, 1404, 1293, 1244, 835, 758 cm~'; 'H NMR
(300 MHz, CDCl,): 6 =0.37 (s, 9H), 2.30 (s, 3H), 3.76 (brs, 2H), 6.51 (s,
1H), 6.65 (d,J=8.0 Hz, 1H), 7.24 (d, J=7.5 Hz, 1H); *C NMR (75 MHz,
CDClL): 6=-0.6, 21.3, 116.1, 119.4, 135.1, 140.7, 151.5; HRMS (EI): m/z
caled for C;(H;;NSi (M*) 179.1130, found 179.1130; LRMS (EI): m/z =179
(M+,29), 164 (100), 147 (53), 105 (19).

3-Methyl-6-trimethylsilylphenyl isonitrile (35): Formic acid (0.57 mL,
15 mmol) was added to a solution of DCC (3.09 g, 15 mmol) in CH,Cl,
(20 mL) at 0°C and the mixture was vigorously stirred for 5 min. A solution
of 34 (0.90 g, 5 mmol) in CH,Cl, (5 mL) and pyridine (2.5 mL) was slowly
added and the reaction mixture was stirred for 1 h at 0 °C. The final solution
was diluted with Et,0 (50 mL), filtered, and washed successively with H,O,
1IN HCI (3 x 20 mL), and brine. After drying (Na,SO,) and evaporation of
the solvents, the residue was subjected to flash chromatography (CHCLy/
AcOEt 8:2) to afford 0.94 g (90 %) of a white solid. As for 24b, dehydration
of this solid (0.83 g, 4.0 mmol) followed by flash chromatography (hexanes/
AcOEt 96:4), provided 35 as a colorless 0il(0.68 g, 89 %). IR (neat): 7=
2097, 1590, 1437, 1240, 1129, 1057, 914, 837, 758 cm~!; '"H NMR (300 MHz,
CDCly): 6=0.39 (s, 9H), 2.33 (s, 3H), 7.12-720 (m, 2H), 737 (d, J=
8.1 Hz, 1H); C NMR (75 MHz, CDCL): 6 =—1.6, 20.9, 127.8, 129.5,
133.2, 134.7, 140.4, 164.8; HRMS (EI): m/z caled for C;H;sNSi (M™)
189.0974, found 189.0974; LRMS (EI): m/z =189 (M+, 17), 174 (100), 105
(10).

7. 3-Fluoro-2-trimethylsilylphenyl isonitrile (39 a) and 3,4-methylenedioxy-
2-trimethylsilylphenyl isonitrile (39b):
3-Fluoro-2-trimethylsilylbenzaldehyde (37a): 1.6N nBuLi in hexanes
(13 mL, 21 mmol) was slowly added to a solution of N,N,N'-trimethylethyl-
enediamine (2.70 mL, 20 mmol) in THF (50 mL) at —20°C, followed by 3-
fluorobenzaldehyde (36a) (2.10 mL, 20 mmol) 15 min later. After 15 min at
—20°C, 1.6N nBuLi in hexanes (38 mL, 60 mmol) was injected and the
solution was stirred for 1.5h at —35°C. Chlorotrimethylsilane (15 mL,
120 mmol) was added and the reaction mixture was stirred overnight at
room temperature. The final solution was poured into ice-cold 1N HCI
(150 mL), quickly extracted with Et,0 (3 x 100 mL), washed with brine,
and dried (Na,SO,). After evaporation of the solvents, the residue was
purified by flash chromatography (hexanes/AcOEt 95:5) to give a yellow
0il (3.25 g,83%). IR (neat): 7=1701, 1440, 1252, 1233, 1109, 848, 764 cm™!;
'"H NMR (300 MHz, CDCl;): 6 =0.40 (d, J=2.6 Hz, 9H), 718 (brt, J=
9.0 Hz, 1H), 747 (ddd, J,=J,=8.1Hz, J;=5.4Hz, 1H), 770 (brd, J=
75 Hz, 1H); ®C NMR (75 MHz, CDCL;): 6 =1.8, 120.8 (d, Jcr=29 Hz),
126.8, 128.2, 131.2, 143.3, 167.6 (d, Jor =244 Hz), 192.4; HRMS (EI): m/z
caled for CoH,(FOSi [M — CH 7] 181.0485, found 181.0482; LRMS (EI): m/
z=181 [M — CH7], 100), 151 (6), 125 (13), 103 (9), 91 (33).
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2-Trimethylsilylpiperonal (37b): Use of the procedure described for the
synthesis of 37a and stirring the dianion at —20°C for 3 h, piperonal (36b)
(3.00 g, 20 mmol) gave a yellow oil (2.25 g, 51 %) after flash chromatog-
raphy (hexanes/AcOEt 95:5). IR (neat): 7= 1688, 1570, 1422, 1246, 1213,
1058, 843 cm~'; '"H NMR (300 MHz, CDCL,): 6 =0.31 (s, 9H), 5.93 (s, 2H),
6.82 (d, J=8.1 Hz, 1H), 738 (d, J=8.1 Hz, 1 H), 9.81 (s, L H); ’C NMR
(75 MHz, CDCL,): 0 =14, 100.1, 1084, 119.8, 131.0, 136.0, 151.1, 154.1,
191.4; HRMS (EI): m/z calcd for C,,H,,0,Si [M — CH { ] 207.0477, found
207.0496; LRMS (EI): m/z =222 (M*, 2), 207 (100), 177 (11), 149 (11).

3-Fluoro-2-trimethylsilylphenyl isocyanate (38a): A solution of 80%
NaClO, (2.55g, 22.6 mmol) and NaH,PO,-H,0O (3.10 g, 22.6 mmol) in
H,O (18 mL) was slowly added to a solution of 37a (3.41 g, 17.3 mmol) and
2-methyl-2-butene (12 mL) in tert-butanol (20 mL) over a period of 10 min.
After 16 h at room temperature, fert-butanol was evaporated and the
mixture was poured into 1N NaOH (50 mL). The aqueous layer was washed
with hexanes (3 x 15 mL), acidified with 1N HCI to pH 2, saturated with
brine (50 mL), and extracted with Et,0 (3 x 50 mL). After drying (Na,SO,)
and evaporation of the solvents, 3-fluoro-2-trimethylsilylbenzoic acid was
obtained (3.13 g, 85%), as a white solid. M.p.: 65-67°C; IR (NaCl): 7=
2982, 1700, 1434, 1294, 1271, 1253, 1230, 849, 763 cm~'; '"H NMR (300 MHz,
CDCly): 6=0.39 (d, J=2.6 Hz, 9H), 7.16 (brt, J=9.1 Hz, 1H), 7.41 (ddd,
Ji,=J,=79Hz, J;=5.6 Hz, 1H), 773 (brd, J=77 Hz, 1H); ®C NMR
(75 MHz, CDClL;): 6 =1.3, 119.5 (d, Jor =27 Hz), 126.0, 127.3, 130.9, 138.0,
167.5 (d, Jop =243 Hz), 174.5; HRMS (EI): m/z caled for CoH,(FO,Si [M —
CH{]197.0434, found 197.0433; LRMS (EI): m/z =197 ([M — CH7 ], 100),
179 (10), 133 (9), 115 (14), 105 (15). Oxalyl chloride (1.30 mL, 15.0 mmol)
was added to a solution of this acid (3.03 g, 14.3 mmol) in CH,Cl, (20 mL)
and the resulting mixture was stirred for 3 h at room temperature. The
residue obtained after evaporation of the solvent was diluted with THF
(5§ mL) and injected with vigorous stirring into an ice-cold solution of NaN;
(3.70 g, 57 mmol) in H,O (20 mL) and acetone (50 mL). After 15 min at
0°C and 1 h at room temperature, the solution was extracted with Et,O
(4 x 50 mL) and dried (Na,SO,). The residue obtained after evaporation of
solvents was refluxed in toluene for 1 h to provide, upon solvent removal,
38a as a slightly yellow oil (2.85 g, 79%). IR (neat): 7=2269, 1598, 1433,
1252, 1228, 846, 788 cm~'; 'TH NMR (300 MHz, CDCl;): 6 =0.38 (d, J=
1.9 Hz, 9H), 6.82 (brt, J=83Hz, 1H), 6.90 (brd, J=82Hz, 1H), 7.25
(ddd, J,=J,=8.1Hz, J;=6.6 Hz, 1H); *C NMR (75 MHz, CDCL): 6 =
0.4,112.6 (d, Jop =26 Hz), 120.5, 122.5, 131.5, 139.2, 1674 (d, J ¢ = 241 Hz).

3,4-Methylenedioxy-2-trimethylsilylphenyl isocyanate (38b): This com-
pound was prepared by means of the same sequence of reactions as for
the preparation of 38a. Oxidation of 37b (1.72 g, 7.73 mmol) followed by
flash chromatography (CHCl;/AcOEt 9:1) gave 3,4-methylenedioxy-2-
trimethylsilylbenzoic acid (1.60 g, 87 % ) as a white solid. M.p.: 152-154°C;
IR (NaCl): 7=2976, 1686, 1576, 1422, 1279, 1243, 1147, 1054, 828, 764 cm™;
'"H NMR (300 MHz, CDCLy): 6 =0.37 (s, 9H), 5.97 (s, 2H), 6.82 (d, J=
8.0 Hz, 1H), 7.76 (d, J=8.0 Hz, 1H); *C NMR (75 MHz, CDCL): 6 =1.7,
100.6, 108.1, 121.7, 127.4, 128.1, 150.3, 153.7, 173.7; HRMS (EI): m/z calcd
for C,0H,,0,Si [M — CH{ ] 223.0427, found 223.0425; LRMS (EI): m/z =
223 [M—CHj], 100), 207 (35), 193 (14), 165 (14). This solid (1.61 g,
6.76 mmol) was then converted to the acyl azide and subjected to the
Curtius rearrangement to provide 38b (1.63 g, 92%) as a colorless oil. IR
(neat): 7=2272, 1417, 1248, 1232, 1146, 1048, 886, 842 cm~'; 'H NMR
(300 MHz, CDCl,): 6 =0.34 (s, 9H), 5.90 (s, 2H), 6.58 (d, /=82 Hz, 1 H),
6.70 (d, /=82 Hz, 1H); 3C NMR (75 MHz, CDCl,): 6 =0.0, 100.7, 109.2,
1147, 119.5, 124.1, 144.1, 152.7; HRMS (EI): m/z caled for C,;H;NO,Si
(M) 235.0665, found 235.0657; LRMS (EI): m/z =235 (M+, 15), 221 (100),
190 (20).

3-Fluoro-2-trimethylsilylphenyl isonitrile (39a): Triethylamine (4.10 mL,
29.2 mmol) was added slowly at 0°C to a solution of trichlorosilane
(1.70 mL, 16.8 mmol) in CH,Cl, (40 mL) followed 5 min later by 38a
(2.35 g, 11.2 mmol). After 1.5 h at 0°C and 30 min at room temperature, the
solution was saturated with gaseous NHj, filtered over Celite, washed with
5% NaH,PO, and dried (Na,SO,). The crude residue obtained after
evaporation of the solvent was subjected to flash chromatography
(hexanes/AcOEt 95:5) to give a slightly purple liquid(1.42 g, 66 %). IR
(neat): 7=2114, 1598, 1440, 1254, 1237, 1110, 943, 848, 793 cm~!; 'H NMR
(300 MHz, CDCl,): 6 =0.45 (d, /=18 Hz, 9H), 7.01 (brt, J=8.3 Hz, 1H),
7.17 (brd, J =77 Hz, 1H), 7.32 (ddd, J, =J,=8.0 Hz, J;=6.1 Hz, 1H); *C
NMR (75 MHz, CDCl;): 6 =0.1, 116.5 (d, Jor =26 Hz), 124.3, 131.6, 166.8
(d, Jop=243 Hz), 166.9; HRMS (EI): m/z caled for C,,H,,FNSi (M)
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193.0723, found 193.0715; LRMS (EI): m/z =193 (M*, 30), 178 (100), 150
(39), 116 (33), 105 (41).

3,4-Methylenedioxy-2-trimethylsilylphenyl isonitrile (39b): Use of the
procedure described for the synthesis of 39a with 38b (1.44 g, 6.12 mmol)
provided a yellow solid (0.91 g, 68 % ) after flash chromatography (hexanes/
AcOEt 9:1). M.p.: 81-82°C; IR (NaCl): 7=2115, 1431, 1247, 1150, 1057,
900, 845, 816, 772 cm~'; 'TH NMR (300 MHz, CDCl;): 6 =0.40 (s, 9H), 5.93
(s, 2H), 6.68 (d, J=8.1Hz, 1H), 6.86 (d, /J=8.1Hz, 1H); ¥C NMR
(75 MHz, CDCl,): 6 =-0.4, 101.1, 108.8, 116.3, 122.4, 124.4, 146.8, 152.5,
183.9; HRMS (EI): m/z caled for C,H;;NO,Si (M*) 219.0716, found
219.0715; LRMS (EI): m/z =219 (M*, 55), 204 (67), 174 (100).
Preparation of radical precursor iodopyridones 25a—f:

1. (S)-4-Ethyl-4-hydroxy-6-iodo-3-0xo-7-(2-pentynyl)-1H-pyrano| 3,4-c]-8-
pyridone (25a): As for 23, 22 (100 mg, 0.30 mmol) and 2-pentynyl bromide
(140 mg, 0.48 mmol) gave a slightly yellow oil (80 mg, 67 %) after flash
chromatography (CH,CL/AcOEt 8:1). IR (neat): 7= 3429, 2978,2937, 1748,
1645, 1531, 1140 cm~'; '"H NMR (300 MHz, CDCL;): 6 =0.93 (t, /=74 Hz,
3H), 1.09 (t,J=75Hz,3H), 1.78 (m, 2H), 2.12 (m, 2H), 3.91 (s, 2H), 5.03
(m, 2H), 5.09 (d, J=16.3 Hz, 1H), 5.46 (d, J=16.3 Hz, 1H), 7.16 (s, 1 H);
3C NMR (75 MHz, CDCLy): 6 =77, 12.5, 13.4, 31.5, 44.5, 71.8, 72.3, 81.3,
100.4, 116.5, 118.2, 148.6, 173.2; HRMS (EI): m/z caled for C;sH,(INO,
(M*) 401.0124, found 401.0123; LRMS (EI): m/z =401 (M*, 78), 366 (63),
342 (23), 108 (24).

2. (45)-4-Ethyl-4-hydroxy-6-iodo-3-oxo-7-[5-(2-tetrahydropyranyloxy)-2-
pentynyl]-1H-pyrano[3,4-c]-8-pyridone (mixture of tetrahydropyranyloxy
isomers)(25b): As for 23, 22 (100 mg, 0.298 mmol) and 5-(2-tetrahydropyr-
anyloxy)-2-pentynyl bromide (185 mg, 0.750 mmol) afforded a slightly
yellow oil (67.1 mg, 45 %) after flash chromatography (CHCly;/AcOEt 9:1).
[a]® =+36.2 (c=1, CHCL;); '"H NMR (300 MHz, CDCl,): 6 =0.93 (t,J =
73 Hz, 3H), 1.40-1.90 (m, 6H), 2.48 (m, 2H), 3.40-3.60 (m, 2H), 3.65 (s,
1H), 3.70-3.90 (m, 2H), 4.60 (t, J=3.2 Hz, 1H), 5.04 (brs, 2H), 5.09 (d,
J=164Hz, 1H), 547 (d, J=16.4Hz, 1H), 715 (s, 1H); C NMR
(75 MHz, CDCLy): 6 =77, 19.3, 20.3, 25.3, 30.4, 31.5, 44.5, 62.1, 65.3, 66.3,
74.0, 82.8, 98.6, 100.3, 116.4, 118.1, 148.5, 173.1; HRMS (EI): m/z calcd for
CyHpINOg (M) 501.0648, found 501.0649; LRMS (EI): m/z =501 (M*, 1),
472 (3), 428 (5), 417 (24), 401 (22), 386 (100).

3. (8)-4-Ethyl-4-hydroxy-6-iodo-3-0x0-7-(cyanomethyl)-1H-pyrano|3,4-c]-
8-pyridone (25c¢): As for 23, 22 (60.0 mg, 0.179 mmol) and bromoacetoni-
trile (38 pL, 0.54 mmol) provided a slightly yellow oil (49.3 mg, 74 %) after
flash chromatography (CHClL/AcOEt 6:4). [a] ¥ =+53.0 (c=1, CHCLy);
'"H NMR (300 MHz, CDCl,): 6 =0.96 (t,J =73 Hz, 3H), 1.77 (m, 2H), 3.78
(brs, 1H), 5.10 (d, J=16.5 Hz, 1H), 5.13 (d, /=170 Hz, 1 H), 527 (d, /=
17.0 Hz, 1H), 5.45 (d, J=16.5 Hz, 1H), 722 (s, 1H); ¥C NMR (75 MHz,
CDClLy): 6 =176, 315, 41.7, 65.8, 98.8, 113.5, 117.3, 118.5, 149.8, 157.7, 172.8;
HRMS (EI): m/z caled for C,H;;N,10, (M") 373.9764, found 373.9791;
LRMS (EI): m/z =374 (M, 100), 345 (27), 330 (76), 290 (17), 203 (64), 191
(30), 163 (72).

4. (S)-4-Ethyl-4-hydroxy-6-iodo-3-oxo-7-allyl-1H-pyrano|[3,4-c]-8-pyri-
done (25d): As for 23, 22 (50.0 mg, 0.149 mmol) and allylbromide (40 uL,
0.45 mmol) provided a slightly yellow oil (46.1 mg, 83%) after flash
chromatography (CHCL/AcOEt 90:10). [a] ¥ =+51.9 (c=1, CHCL); IR
(neat): 7=3366, 1732, 1634, 1518, 1422, 1221, 1148, 1039, 749 cm™!; 'H
NMR (300 MHz, CDCl;):  =0.95 (t, /=74 Hz, 3H), 1.76 (m, 2H), 3.70 (s,
1H), 4.94 (m, 2H), 5.09 (d, J=16.3 Hz, 1H), 5.18 (brd, J=16.7 Hz, 1H),
5.29 (brd, /=104 Hz, 1H), 547 (d, J=16.3 Hz, 1H), 5.89 (dd, /=16.7,
10.4 Hz, 1H), 7.15 (s, 1H); *C NMR (75 MHz, CDCl,): 6 =77, 31.5, 56.1,
66.3, 71.8, 101.2, 116.3, 118.1, 118.7, 130.5, 148.7, 158.2, 173.3; HRMS (EI):
m/z caled for C;H,INO, (M*) 374.9968, found 374.9951; LRMS (EI): m/
z=375 (M+, 100), 360 (68), 346 (15), 316 (16), 248 (23).

5. (8)-4-Ethyl-4-hydroxy-6-iodo-3-0x0-7-(4-chloro-2-butynyl)-1H-pyra-
no[3,4-c]-8-pyridone (25e): As for 23, 22 (250 mg, 0.75 mmol) and 1,4-
dichloro-2-butyne (275 mg, 2.24 mmol) provided 25e (200 mg, 63 %) along
with the O-alkylated product (42 mg, 13%) after flash chromatography
(CH,ClL,/AcOEt 8:2). IR (neat): 7= 3370, 2980, 1745, 1646, 1529,1140 cm;
'"H NMR (300 MHz, CDCl;): 6 =0.92 (t,J =7.4 Hz, 3H), 1.77 (m, 2H), 3.90
(s,1H),4.11 (t,/J =18 Hz,2H),5.10 (d,/=16.4 Hz,1H), 5.13 (t,/ = 1.8 Hz,
2H), 5.46 (d, J=16.4 Hz, 1H), 718 (s, 1H); *C NMR (75 MHz, CDCL,):
0="177,30.2,31.6,44.1,66.2, 71.9, 79.6, 79.9, 100.0, 116.7, 118.3, 148.9, 158.0,
173.13.
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6. (S)-4-Ethyl-4-hydroxy-6-iodo-3-0x0-7-(4-methylpyrazinomethyl)-1H-p-
yrano[3,4-c]-8-pyridone (25f): A solution of 25e (180 mg, 0.43 mmol), N-
methylpiperazine (130 mg, 1.30 mmol), and n-Bu,NI (16 mg, 0.043 mmol)
in DME (3 mL) was stirred for 8 h. DME and excess N-methylpiperazine
were removed and the residue was subjected to flash chromatography
(CH,Cl,/MeOH 5:1) to provide a colorless oil (185 mg, 89%). IR (neat):
7=2911, 1732, 1644, 1636, 1520, 1449, 1439, 1414, 1130, 727 cm~!; 'H NMR
(300 MHz, CDCly): 6 =0.97 (t, /=73 Hz, 3H), 1.78 (m, 2H), 2.34 (s, 3H),
2.67 (brs,4H),3.31 (t,J=1.7Hz,2H),5.11 (d,J=16.4 Hz, 1H), 5.12 (t,J =
1.8 Hz, 2H), 549 (d, J=16.4 Hz, 1H), 7.16 (s, 1H); ¥C NMR (75 MHz,
CDCly): =178, 31.6,44.3, 45.9, 47.1, 51.7, 54.9, 66.4, 71.9, 78.5, 80.5, 100.9,
116.5, 118.2, 148.8, 158.1, 173.3; HRMS (EI): m/z calcd for CyHpN;0,1
(M) 485.0812, found 485.0801; LRMS (EI): m/z =485 (M*, 10), 386 (7),
358 (18), 150 (100), 99 (40).

Synthesis of substituted 11H-indolizino[1.2-b]quinolin-9-ones, ABCD
tetracycles:

1. 1-Fluoro-11H-indolizino[1,2-b]quinolin-9-one (11¢) and 3-fluoro-11H-
indolizino[1,2-b]quinolin-9-one (11d): Use of the procedure described for
the synthesis of 1a with 9¢[* (25.9 mg, 0.10 mmol) and 3-fluorophenyl
isonitrile* (73 mg, 0.60 mmol) provided, after flash chromatography
(CHCly/acetone/MeOH 75:25:1) i) 11¢ (less polar, 10.1 mg, 40%), as a
white solid. M.p.: >260°C; 'H NMR (300 MHz, CDCl;): 6 =5.28 (s, 2H),
6.74 (d, /=9.0 Hz, 1H), 725-7.37 (m, 2H), 7.65-7.80 (m, 2H), 7.99 (d, J =
8.6 Hz, 1H), 8.61 (s, 1H); ®*C NMR (75 MHz, CDCl;): 6 =50.0,101.3,111.2
(d, Jop=19 Hz), 121.0, 124.4, 125.4, 128.7, 129.8, 140.3, 145.6, 149.4, 153.8,
1579 (d, Jop =254 Hz), 161.4; HRMS (EI): m/z calcd for C;sH,FN,O (M)
252.0699, found 252.0697; LRMS (EI): m/z =252 (M™, 100), 223 (53), 196
(7), 158 (8).

ii) 11d (more polar, 6.2 mg, 25%), as a white solid. M.p.: >260°C; 'H
NMR (300 MHz, CDCl;): 6 =5.25 (s,2H), 6.73 (d, /=9.1 Hz, 1 H), 728 (d,
J=68Hz, 1H),742 (td,J,=J,=85Hz,J;=2.5Hz, 1H), 767 (dd,J=9.1,
6.8 Hz, 1H), 7.82 (dd, /=10.0, 2.3 Hz, 1H), 790 (dd, /=9.1, 6.1 Hz, 1H),
8.35 (s, 1H); *C NMR (75 MHz, CDCl;): 6 =49.8, 101.2, 113.2 (d, Jor=
22 Hz), 118.3 (d, Jor =24 Hz), 120.8, 125.0, 128.0, 129.9, 130.9, 140.3, 145.7,
150.2, 153.9, 161.5, 163.4 (d, Jcr=251 Hz); HRMS (EI): m/z calcd for
CsHoFN,O (M™) 252.0699, found 252.0690; LRMS (EI): m/z =252 (M*,
100), 223 (57), 196 (7), 158 (8).

2. 3-Amino-12-trimethylsilyl-11H-indolizino[1,2-b]quinolin-9-one (11 f):
Use of the procedure described for the synthesis of 1la with 3005
(33.0 mg, 0.10 mmol) and 31 (65.0 mg, 0.3 mmol) provided 11e (25.2 mg,
60%) as a yellow solid after flash chromatography (CHCl;/MeOH 95:5;
CHCly/acetone 4:1). HRMS (EI): m/z caled for C,3H,;N;O5Si (M)
421.1822, found 421.1838; LRMS (EI): m/z =421 (M*, 46), 365 (100), 347
(32), 321 (95). A solution of this solid (17.2 mg, 0.041 mmol) in CH,Cl,
(500 pL) and TFA (120 pL) was stirred for 4 h at room temperature. The
reaction mixture was poured into saturated NaHCO; (50 mL), extracted
with AcOEt (4 x 10 mL), and dried (Na,SO,). The residue obtained after
evaporation of the solvents was purified by flash chromatography (CHCl,/
MeOH 9:1) to give 11f (9.8 mg, 75 %) as a yellow solid. M.p.: >260°C; 'H
NMR (300 MHz, CDCl,/CD;0D 4:1): 6 =0.49 (s, 9H), 5.13 (s, 2H), 6.58
(dd, J=8.9, 1.0 Hz, 1H), 6.98 (dd, J=9.2, 2.3 Hz, 1H), 7.12 (d, J=2.3 Hz,
1H), 725 (dd, /=71, 1.0 Hz, 1H), 7.62 (dd, J=8.9,71 Hz, 1H), 7.89 (d, J =
9.2 Hz, 1H); C NMR (75 MHz, CDCly/CD;0D 4:1): 6 =1.3, 51.8, 1014,
108.2, 118.9, 119.5, 125.9, 129.1, 141.2, 161.9; HRMS (EI): m/z calcd for
CigHoN;OSi (M) 321.1297, found 321.1307; LRMS (EI): m/z =321 (M*,
100), 306 (10), 220 (11).

3. 1-Methyl-4-trimethylsilyl-11H-indolizino[1,2-b]quinolin-9-one  (11g):
Use of the procedure described for the synthesis of 1a with 9¢l'*l (78 mg,
0.30 mmol) and 35 (115 mg, 0.60 mmol) afforded a slightly yellow solid
(44.3 mg, 46 %) after flash chromatography (CHCL;/MeOH 95:5; CHCly/
acetone 3:1). M.p.: >260°C; '"H NMR (300 MHz, CDCl,): 6 =0.45 (s, 9H),
2.68 (s,3H), 5.21 (s,2H), 6.68 (d, J=9.5 Hz, 1H), 718 (d, /=71 Hz, 1H),
737 (d, J=71Hz, 1H), 765 (dd, /=9.5, 7.1 Hz, 1H), 7.79 (d, /=71 Hz,
1H), 8.43 (s, 1H); *C NMR (75 MHz, CDCl,): 6 =0.1, 19.0, 50.2, 100.4,
120.1, 1273, 1277, 135.9, 136.4, 139.9, 140.4, 146.6, 151.0, 153.0, 161.6;
HRMS (EI): m/z caled for CoH,N,OSi (M*) 320.1345, found 320.1358;
LRMS (EI): m/z =320 (M*, 27), 305 (100).

4. 1-Methyl-11H-indolizino[1,2-b]quinolin-9-one (11h): A mixture of 11g
(15.0 mg, 0.047 mmol) in AcOEt (200 pL) and 48% HBr (200 uL) was
stirred for 18 h at room temperature. The final solution was poured into
saturated NaHCOj; (20 mL), extracted with AcOEt (4 x 10 mL), and dried
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(Na,SO,). The residue obtained after evaporation of the solvent was
subjected to flash chromatography (CHCl;/MeOH 95:5) to provide a white
solid (10.3 mg, 86%). M.p.: 239-243°C decomp.; 'H NMR (300 MHz,
CDCLy): 6=2.75 (s, 3H), 5.28 (brs, 2H), 6.72 (d, J=9.0 Hz, 1 H), 728 (d,
J=6.7Hz, 1H), 744 (d, J=6.7 Hz, 1H), 7.60-775 (m, 2H), 8.04 (d, J =
8.5Hz, 1H), 8.51 (s, 1H); HRMS (EI): /z caled for C,;H;,N,O0 (M")
248.0950, found 248.0940; LRMS (EI): m/z =248 (M*, 100), 219 (25).

5. 3-Fluoro-4-trimethylsilyl-11H-indolizino[1,2-b]quinolin-9-one  (11i):
Use of the procedure described for the synthesis of 1a with 9cl'*l
(259 mg, 0.10 mmol) and 39a (77 mg, 0.40 mmol) afforded a slightly
yellow solid (18.4 mg, 57 %) after flash chromatography (CHCls/acetone
3:1). M.p.: >260°C; 'H NMR (300 MHz, CDCl,): 6 =0.53 (d, J=1.9 Hz,
9H), 5.24 (s, 2H), 6.70 (d, J = 9.0 Hz, 1H), 7.18 (d, J = 6.8 Hz, 1 H), 729 (t,
J=8.7Hz, 1H),7.66 (dd, J = 9.0, 6.8 Hz, 1 H), 7.86 (dd, J = 9.0, 6.1 Hz, 1 H),
830 (s, 1H); 3C NMR (75 MHz, CDCly): 6 = 1.5,49.9, 100.7, 118.3 (d, Joz =
28 Hz), 120.4, 123.0 (d, Jog =26 Hz), 124.9, 127.2, 131.0, 131.2, 140.4, 146.3,
152.2, 154.0, 161.6, 167.7 (d, Jop=248 Hz); HRMS (EI): m/z calcd for
C,sH,,FN,OSi (M*) 324.1094, found 324.1096; LRMS (EI): m/z = 324 (M*,
60), 309 (100), 280 (23), 247 (16).

6. 2,3-Methylenedioxy-4-trimethylsilyl-11H-indolizino[1,2-b]quinolin-9-
one (11j): Use of the procedure described for the synthesis of 1a with 9¢l!*]
(25.9 mg, 0.10 mmol) and 39b (43.8 mg, 0.20 mmol) afforded a brown solid
(20.7 mg, 59%) after flash chromatography (CHCly/acetone 5:1). M.p.:
>260°C; 'HNMR (300 MHz, CDCl;): 6 =0.35 (s, 9H), 5.00 (s, 2H), 5.95 (s,
2H), 6.50 (d,/=8.9 Hz, 1H), 6.93 (s, 1H), 7.04 (d,/ =7.1 Hz, 1 H), 7.58 (dd,
J=8.9,71Hz, 1H), 7.95 (s, 1H); *C NMR (75 MHz, CDCl,): 6 =0.7, 50.0,
100.6, 101.1, 107.2, 115.3, 118.0, 125.7, 126.2, 129.2, 141.2, 147.2, 147.8, 148.4,
151.2,156.3,162.1; HRMS (EI): m/z calcd for C;yHxN,0,Si (M) 350.1087,
found 350.1089; LRMS (EI): m/z =350 (M, 92), 335 (100), 305 (14), 208
(15).

7. 3-Fluoro-11H-indolizino[1,2-b]quinolin-9-one (11k): As for 11h, TMS-
deprotection of 11i (13.2 mg, 0.041 mmol) afforded a slightly yellow foam
(7.7mg, 75%) after flash chromatography (CHCly/acetone/MeOH
100:50:1). 'H NMR (300 MHz, CDCly/CD;0D 5:1): 6 =5.07 (s, 2H), 6.54
(d, J=9.0 Hz, 1H), 721 (d, /=71 Hz, 1H), 726 (td, /=83, 2.5 Hz, 1H),
7.55-7.65 (m, 2H), 7.79 (dd, J =9.0, 6.0 Hz, 1 H), 8.29 (s, 1 H); HRMS (EI):
m/z caled for C;sHFN,O (M) 252.0699, found 252.0700; LRMS (EI): m/
z7=252 (M", 100), 223 (46).

8. 2,3-Methylenedioxy-1-indolizino[1,2-b]quinolin-9-one (111): A solution
of 11 (16.8 mg, 0.048 mmol) in CH,Cl, (500 uL), TFA (500 puL) and Et,O
(50 pL) was stirred for 5 days at room temperature. Same workup as for
11h provided a white solid (13.4 mg, 100 %) after flash chromatography
(CHCly/MeOH 95:5). M.p.: >260°C; 'H NMR (300 MHz, CDCL;/CD;OD
4:1): 6=5.09 (s,2H), 6.06 (s,2H), 6.57 (d,/ =8.8 Hz, 1 H), 7.06 (s, 1 H), 721
(m, 1H), 7.32 (s, 1 H), 7.62 (dd, J=8.8, 7.1 Hz, 1H), 8.13 (s, 1 H); '"H NMR
(300 MHz, CF;COOD): 6 =5.72 (s, 2H), 6.30 (s, 2H), 7.42 (s, 1 H), 7.46 (d,
J=8.8Hz, 1H),7.56 (s,1H),8.14 (d,/ =74 Hz, 1H), 8.31 (brt, 1 H), 8.95 (s,
1H); C NMR (75 MHz, CF,COOD): 6 =55.4, 99.3, 106.3, 107.7, 120.1,
131.3, 132.1, 141.5, 141.7, 142.0, 142.8, 148.7, 152.6, 161.3; HRMS (EI): m/z
caled for C,H,,N,O; (M) 278.0691, found 278.0693; LRMS (EI): m/z =
278 (M, 100), 249 (28), 220 (18), 192 (20).

Synthesis of (205)-Camptothecin Derivatives:

1. Irinotecan 1d: Dry benzene (1.5 mL) was added to a pressure tube with
pyridone 25a (39 mg, 0.097 mmol) and the isonitrile 24 (93.9 mg,
0.3 mmol). Hexamethylditin (50.0 mg, 0.150 mmol) was added, and the
tube was sealed under argon and was irradiated for 9 h at 80°C with a
275 W GE sunlamp. The mixture was evaporated, dissolved in MeOH with
a few drops of DMSO, and injected into a reverse phase HPLC. A gradient
elution, [5:95 MeCN/H,0O (0.1 % TFA) to 30:70 MeCN/H,O (0.1 % TFA)],
over 40 min gave a semipurified grey solid after lyophilization. The grey
solid was further purified (CH,CL/EtOH 70:30) on a chromatotron using a
1 mm plate to give 1d (18 mg, 31%) as a yellow solid. [a]} =+62.9 (c=
0.2, CHCL); IR (CHCL,): v=3038, 3018, 2962, 2929, 1721, 1661, 1602, 1222,
1214 cm™'; 'TH NMR (300 MHz, CDCl;): 6 =1.04 (t, /=73 Hz, 3H), 1.38 -
1.50 (m, /=73 Hz, 3H), 1.50-1.71 (m, 2H), 1.72-1.90 (m, 8 H), 2.05-2.30
(m, 2H), 2.85-3.20 (m, 7H), 3.20-3.48 (m, 2H), 4.38-4.60 (m, 2H), 5.25
(s, 2H), 5.30 (d, J=16.4Hz, 1H), 5.74 (d, J=16.4, 1H), 756 (dd, J,=
9.1Hz, J,=23Hz, 1H) 763 (s, 1H), 782 (d, /=23 Hz, 1H) 821 (d, J=
9.2 Hz, 1H) ®C NMR (75 MHz, CDCl;): 6 =7.90, 12.1, 14.1, 22.7, 23.2, 26.7,
31.6, 43.8, 49.4, 49.9, 63.2, 66.3, 72.9, 98.0, 114.6, 118.5, 125.6, 1273, 1275,
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131.9, 145.3, 146.9, 147.3, 150.0, 150.3, 151.7, 153.0, 157.7, 173.9; HRMS (EI):
miz caled for C33H3N,Of (M) 586.2791, found 586.2810; LRMS (EI): m/
7=586 (M+), 542, 515, 501, 487, 457, 431, 413, 392, 362, 348, 331, 319, 303.

2. (208)-10,11-Ethylenedioxy-7-(4-methylpyrazinomethyl)camptothecin
and  (205)-9,10-ethylenedioxy-7-(4-methylpyrazinomethyl)camptothecin
(1e and 1o, mixture 60:40, respectively): Use of the procedure described
for the synthesis of 1a with 25f (50 mg, 0.103 mmol) and 3,4-ethyl-
enedioxyphenyl isonitrile (10)54] (33 mg, 0.205 mmol) afforded a mixture
of the unseparable regioisomers (30 mg, 57 %) as a yellow solid after flash
chromatography (CH,Cl,/MeOH 4:1). '"H NMR (300 MHz, CDCl;): 6 =
722 (d,J=9.2Hz, 1H), 750 (d, J=9.2 Hz, 1 H), from H11 and H12 of 10;
7.05 (s, 1H), 735 (s, 1H), 7.42 (s, 1H), 743 (s, 1 H), from H9 and H12 of 1e,
and H14 of both isomers; 5.14 (s, 2H) 5.20 (s, 2H) from HS5 of both isomers;
4.9-5.5 (m, 4H) from H17 (-CH,0-) of both isomers; 4.27 (m, 4H) 4.34
(brs, 4H) from ethylenedioxy (-OCH,CH,O-) of both isomers; 2.3 -3.5 (m,
12H) from the piperazine ring and the methylene position linked to the
piperazine ring of both isomers; 2.56 (s, 3H) 2.66 (s, 3H) from N—CHj of
both isomers; 1.7 (m, 4 H) from the methylene of Et of both isomers; 0.8 (m,
5H) from the methyl of Et of both isomers.

3. (208)-10-Methoxycamptothecin (1f): Use of the procedure described
for the synthesis of 1a with 23 (43 mg, 0.12 mmol) and 4-methoxyphenyl
isonitrile (24a)P3* (40 mg, 0.30 mmol) provided a white solid (22 mg, 51 %)
after flash chromatography (CHCly/MeOH 15:1). M.p.: 254-257°C
decomp.; [a]® =+32.0 (c=0.74, CHCL/MeOH 4:1); 'H NMR
(300 MHz, CDCL,/CD,0D 4:1): 6=0.86 (t, J =73 Hz, 3H), 1.78 (m, 2H),
3.23 (s, 1H), 3.82 (s, 3H), 5.08 (s, 2H), 5.13 (d,/ = 16.3 Hz, 1 H), 5.48 (d, J =
16.3 Hz, 1H), 7.03 (d,J =2.7 Hz, 1H), 731 (dd, J = 9.3, 2.7 Hz, 1 H), 7.89 (d,
J=9.3Hz, 1H), 8.16 (s, 1 H); 3C NMR (75 MHz, CDCL/CD,0D 4:1): 6 =
7.4, 31.1, 50.0, 55.4, 65.6, 72.7, 97.1, 105.3, 118.1, 123.8, 129.0, 129.6, 129.8,
130.2, 144.5, 146.1, 149.4, 151.1, 157.7, 158.9, 173.6; HRMS (EI): m/z calcd
for CyyH,N,O; (M*) 378.1216, found 378.1204; LRMS (EI): m/z =378
(M*, 78), 335 (100), 278 (88), 200 (56).

4. (205)-10-Hydroxycamptothecin (1g): A solution of 1f (2.7 mg,
0.0071 mmol) in 48 % HBr (0.5 mL) was heated at 110°C for 3 days in a
sealed tube. The residue obtained after solvent removal was subjected to
flash chromatography (CH,Cly/acetone/MeOH 30:10:2) to provide a
yellow solid (2.1 mg, 82%). [a]¥ =+35.3 (¢=0.11, CH,Cl,/MeOH 4:1);
'"H NMR (300 MHz, CDCl;/CD;0OD 5:1):  =0.92 (t, /=74 Hz, 3H), 1.80
(m, 2H), 5.10 (s, 2H), 5.19 (d, J=16.3 Hz, 1H), 5.56 (d, J=16.3 Hz, 1 H),
707 (d, J=2.7Hz, 1H), 733 (dd, J=9.3, 2.7 Hz, 1H), 791 (d, J=9.3 Hz,
1H), 8.11 (s, 1H); HRMS (EI): m/z calcd for C,)HsN,O5 (M) 364.1059,
found 364.1049; LRMS (EI): m/z =364 (M*, 40), 320 (100), 305 (31), 264
(47), 235 (26).

5. (208)-7-Ethyl-10-methoxycamptothecin (1h): Use of the procedure
described for the synthesis of 1a with 25a (40 mg, 0.10 mmol) and 4-
methoxyphenyl isonitrile (24a)**! (27 mg, 0.20 mmol) gave a white solid
(23 mg, 57 %) after flash chromatography (CHCl;/MeOH 20:1). [a] =+
19.1 (¢=0.11, CHCly/MeOH 4:1); 'H NMR (300 MHz, CDCI;/CD;0D
10:1): 6=0.91 (t,/ =74 Hz,3H), 1.30 (t,/ =76 Hz,3H), 1.81 (q,/ =76 Hz,
2H),3.06 (q,/ =74 Hz,2H),3.88 (s, 3H), 5.12 (s, 2H), 5.18 (d, /= 16.1 Hz,
1H), 5.56 (d,/=16.1 Hz, 1H), 721 (s, 1H), 7.36 (d,/=9.3 Hz, 1H), 7.53 (s,
1H), 798 (d, /=9.3 Hz, 1H); C NMR (75 MHz, CDCl;/CD;0D 10:1):
0=177,13.4,23.1,31.4, 55.6, 66.0, 72.9, 98.0, 101,7, 118.1, 122.8, 127.3, 128.3,
131.5, 144.2, 145.1, 146.1, 149.3, 151.0, 157.8, 158.9, 173.8; HRMS (EI): m/z
caled for C;3Hp,N,O5 (M) 406.1529, found 406.1550; LRMS (EI): m/z =
406 (M, 100), 378 (31), 362 (47), 306 (43).

6. (20S)-7-Ethyl-10-hydroxycamptothecin (1i): As for 1g, hydrolysis of 1h
(15 mg, 0.037 mmol) provided a yellow solid (13 mg, 90%). M.p.: 215-
217°C decomp.; [a]® =+29.3 (¢=0.45, CH,Cl,/MeOH 4:1); '"H NMR
(300 MHz, CDCL/CD;OD 5:1): 0 =0.83 (t, J="74 Hz, 3H), 1.19 (t, /=
76 Hz, 3H), 1.75 (q, J = 7.6 Hz, 2H), 2.95 (q, / = 7.4 Hz, 2H), 5.08 (s, 2H),
5.12 (d,J=16.1 Hz, 1H), 5.47 (d,/=16.1 Hz, 1H), 720 (s, 1H), 722 (d, J =
9.3 Hz, 1H), 745 (s, 1H), 7.85 (d, /=9.3 Hz, 1H); HRMS (EI): m/z calcd
for C,,H,N,O5 (M*) 392.1372, found 392.1338; LRMS (EI): m/z =392
(M, 37), 348 (100), 333 (36), 292 (40).

7. (20S)-7-[2-(2-Tetrahydropyranyloxy)-ethyl]camptothecin (1j) (mixture
of tetrahydropyranyloxy isomers): Use of the procedure described for the
synthesis of 1a with 25b (67.0 mg, 0.134 mmol) afforded a yellow foam
(32.9 mg, 52%) after flash chromatography (CHCly/acetone 9:1 to 7:3).
[a]y =+28.5 (c=0.5, CHCL;); 'H NMR (300 MHz, CDCl;): 6 =1.01 (t,
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J =173 Hz, 3H), 1.30-1.70 (m, 6 H), 1.90 (m, 2H), 3.36 (m, 1H), 3.40—3.60
(m,3H),3.77 (m, 1 H), 3.92 (brs, 1 H), 4.16 (m, 1 H), 4.47 (brt, 1 H), 5.27 (d,
J=16.4Hz, 1H), 5.31 (s, 2H), 5.72 (d, J = 16.4 Hz, 1 H), 762 (t, ] = 8.0 Hz,
1H), 765 (s, 1H), 7.76 (t, J =73 Hz, 1H), 8.10 (d, J=8.0 Hz, 1 H), 8.21 (d,
J=8.0Hz, 1H); 3C NMR (75 MHz, CDCL): 6 =738, 19.3, 25.1, 30.3, 30.5,
315, 50.2, 62.1, 62.3, 66.3, 72.7, 979, 98.9, 118.4, 123.6, 1274, 1277, 130.0,
130.6, 1470, 149.3, 150.1, 1576, 162.5, 176.4; HRMS (EI): m/z caled for
C,yHygN,0, (M*) 476.1947, found 476.1923; LRMS (EI): m/z =476 (M*,
44), 432 (22), 392 (26), 376 (33), 347 (82), 331 (47), 319 (50), 310 (39), 243
(46), 231 (100), 217 (44).

8. (20S)-7-Azacamptothecin (1k): Use of the procedure described for the
synthesis of 1a with 25¢ (38.2 mg, 0.102 mmol) afforded a slightly yellow
solid (19.1 mg, 54 %) after flash chromatography (CHClsy/acetone 9:1 to
7:3). M.p.: >260°C [(RS) isomer: ref. [5f] 280-285°C decomp.]; [a]d =+
29.0 (¢=0.1, CHCly/CH;0H 4:1); '"H NMR (300 MHz, CDCl;): 6 =1.02 (t,
J=173Hz,3H),1.88 (m,2H), 3.87 (brs, 1H), 5.29 (d,/=16.6 Hz, 1H), 5.30
(brs, 2H), 5.73 (d, J=16.6 Hz, 1H), 7.69 (s, 1H), 7.85-7.95 (m, 2H), 8.18
(m, 1H), 8.23 (m, 1H); ®C NMR (75 MHz, CDCL,): 6 =77, 31.6, 50.5, 66.3,
72.5, 99.4, 129.4, 129.9, 131.0, 131.5, 149.7; HRMS (EI): m/z calcd for
CyH sN;O, (M) 349.1063, found 349.1052; LRMS (EI): m/z =349 (M,
100), 320 (29), 305 (33), 290 (22), 276 (24), 249 (33), 220 (21).

9. (205)-10-Acetoxycamptothecin (11): Use of the procedure described for
the synthesis of 1a with 23 (26.1 mg, 0.070 mmol) and 24b (29.0 mg,
0.18 mmol) gave a slightly yellow solid (18.0mg, 63%) after flash
chromatography (CHCL/MeOH 96:4; CHCly/acetone 4:1 to 2:1). M.p.:
257-259°C decomp.; [a]d =+31.9 (¢=0.2, CHCl;/MeOH 5:1); 'H NMR
(300 MHz, CDCly/CD;0D 5:1): 6 =0.86 (t, /=74 Hz, 3H), 1.76 (m, 2H),
2.24 (s, 3H), 5.12 (s, 2H), 5.13 (d, J=16.4 Hz, 1H), 5.49 (d, /J=16.4 Hz,
1H), 741 (dd, J=9.2, 2.6 Hz, 1H), 7.53-7.56 (m, 2H), 8.02 (d, /=9.2 Hz,
1H), 8.26 (s, 1H); *C NMR (75 MHz, CDCly/CD;0D 5:1):  =7.8, 20.7,
31.1,49.9, 65.6,72.6,98.6,118.7,118.8,125.9, 128.4, 129.0, 130.4, 131.1, 149.4,
150.9, 157.6, 169.4, 173.4; HRMS (EI): m/z caled for C,HsN,O¢ (M*)
406.1165, found 406.1168; LRMS (EI): m/z =406 (M*, 96), 364 (100), 335
(18), 320 (43).

10. (208)-10-tert-Butyloxycarbonylaminocamptothecin (1m): Use of the
procedure described for the synthesis of 1a with 23 (35.0 mg, 0.094 mmol)
and 24 ¢ (61 mg, 0.28 mmol) provided a slightly yellow solid (25.3 mg, 58 %)
after flash chromatography (CHClyMeOH 96:4; CHCly/acetone 4:1).
[a]® =+32.7 (¢=0.15, CHCly/MeOH 5:1); '"H NMR (300 MHz, CDCl,/
CD;0D 4:1): 6=0.86 (t,/ =74 Hz,3H), 1.41 (s, 9H), 1.75 (m, 2H), 5.07 (s,
2H), 5.12 (d,J=16.4 Hz, 1H), 5.48 (d, J=16.4 Hz, 1H), 749 (s, 1 H), 7.51
(brd, J=9.0Hz, 1H), 7.87 (d, J=9.0 Hz, 1H), 8.06 (s, 1H), 8.15 (s, 1H),
8.61 (brs, 1H); *C NMR (75 MHz, CDCL,/CD;0OD 4:1): 6 =73, 17.5, 294,
31.0,51.0,65.7,72.6,98.1,113.2,118.2,124.1,128.9,129.1, 130.5, 138.7, 144.8,
146.0, 149.9, 151.1, 153.3, 1577, 173.5; HRMS (EI): m/z caled for
C,sH,sN;Oq (MT) 463.1743, found 463.1739; LRMS (EI): m/z =463 (M*,
14), 407 (46), 363 (100), 319 (51), 263 (30).

11. (20S)-10-Aminocamptothecin (1n): A solution of 1m (174 mg,
0.038 mmol) in CH,Cl, (500 uL) and TFA (100 pL) was stirred for 3 h at
room temperature. The reaction mixture was poured into saturated
NaHCO; (50mL), extracted with AcOEt (10x10mL), and dried
(Na,SO,). The residue obtained after evaporation of the solvents was
purified by flash chromatography (CHCl;/MeOH 9:1) to give a yellow solid
(11.8 mg, 87 %). M.p.: >260°C (ref. [5g] >250°C); [a] ¥ =+29.9 (¢=0.15,
CHCIy/MeOH 4:1); 'H NMR (300 MHz, CDCI;/CD;0D 4:1): 6 =0.86 (t,
J=74Hz, 3H), 1.75 (m, 2H), 5.02 (s, 2H), 5.12 (d, /=16.4 Hz, 1H), 5.49
(d,J=16.4Hz, 1H), 6.80 (d, /=2.5 Hz, 1H), 712 (dd, J=9.1, 2.5 Hz, 1 H),
743 (s,1H),7.77 (d,J =9.1 Hz, 1H), 7.95 (s, 1H); HRMS (EI): m/z calcd for
CyH;N;0, (MT) 363.1219, found 363.1216; LRMS (EI): m/z =363 (M*,
100), 319 (96), 263 (55).

12. (20S)-9-(1-tert-Butyldiphenylsilyloxyethyl)camptothecin  (1p) and
(20S)-11-(1-tert-butyldiphenylsilyloxyethyl)camptothecin (1q): Use of the
procedure described for the synthesis of 1a with 23 (74.6 mg, 0.20 mmol)
and 28 (231 mg, 0.60 mmol) provided, after flash chromatography (CHCly/
AcOEt 7:3):

i) 1p (less polar, 39.2 mg, 31 %), as an oil. [¢] ¥ =+20.3 (c=0.5, CHCL);
'H NMR (300 MHz, CDCl;): 6 =0.95-1.10 (m, 12H), 1.59 (dd, /=73 Hz,
3H), 1.88 (m, 2H), 3.90 (brs, 1H), 5.17 (s, 2H), 5.29 (d, /=16.4 Hz, 1H),
5.42 (m, 1H),5.73 (d,/=16.4 Hz, 1H), 710 (d, /=73 Hz,2H), 721 (d, /=
76 Hz, 1H), 7.30-745 (m, SH), 7.50 (s, 1H), 7.61 (t, J=7.6 Hz, 1H),
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765-7.75 (m, 4H), 8.08 (d, J=8.2 Hz, 1H), 8.66 (d, J=9.2 Hz, 1 H); °C
NMR (75 MHz, CDCl;): 6 =7.8, 19.2, 26.4, 29.9, 31.6, 36.4, 50.2, 66.3, 70.4,
72.7, 98.1, 104.7, 118.5, 125.0, 125.5, 127.3, 127.7, 128.6, 128.8, 129.6, 130.0,
133.0, 133.5, 135.7, 142.6, 146.5, 1479, 149.2, 150.1, 151.6, 1577, 173.9;
HRMS (EI): m/z caled for C3;H3N,05Si [M—COZ] 586.2652, found
586.2667; LRMS (EI): m/z =630 (M, 13), 586 (10), 573 (100), 555 (18), 529
(72), 495 (18), 357 (20), 329 (54).

ii) 1q (more polar, 349 mg, 28%), as an oil. [a]} =+276 (c=0.5,
CHCl;); '"H NMR (300 MHz, CDCl,): 6 =1.03 (t, J=7.4 Hz, 3H), 1.08 (s,
9H), 1.40 (d, J=63 Hz, 3H), 1.89 (m, 2H), 3.80 (brs, 1H), 5.06 (q, J=
6.3 Hz, 1H), 5.28 (s, 2H), 5.29 (d, J=16.4 Hz, 1H), 5.73 (d, J=16.4 Hz,
1H), 7.10 (m, 1H), 7.21 (d, J=7.3 Hz, 2H), 7.30 (d, J=73 Hz, 1 H), 7.35-
747 (m, 3H), 751 (d,J = 7.7 Hz, 2H), 7.65-7.70 (m, 2 H), 773 (d, J = 6.5 Hz,
2H), 784 (d, J=8.5 Hz, 1H), 8.05 (d, /=8.1 Hz, 1H), 8.33 (s, 1H); °C
NMR (75 MHz, CDCLy): 6 =78, 19.3, 27.0, 29.7, 31.6, 37.8, 50.1, 66.3, 71.5,
72.8, 75.8, 98.1, 103.2, 118.5, 125.4, 126.3, 127.1, 1277, 128.1, 129.7, 130.7,
133.3, 134.0, 135.8, 146.5, 149.0, 149.3, 150.1, 152.3, 157.6, 173.9; HRMS
(EX): m/z caled for C3,HpN,O5Si [M —-Bu*] 573.1846, found 573.1857;
LRMS (EI): m/z =630 (M+, 2), 586 (9), 573 (92), 555 (13), 529 (100), 495
(18), 451 (18), 357 (15), 329 (47).

13. (205)-9-Methyl-12-trimethylsilycamptothecin (1r): Use of the proce-
dure described for the synthesis of 1a with 23 (35.0 mg, 0.093 mmol) and 35
(54.0 mg, 0.28 mmol) gave a slightly yellow solid (20.3 mg, 50 %) after flash
chromatography (CHCL;/MeOH 96:4; CHCly/acetone 4:1). M.p.: 229-
231°C decomp.; [a]® =+30.0 (c=1, CHCL); 'H NMR (300 MHz,
CDCly): =047 (s, 9H), 1.04 (t, J=74 Hz, 3H), 1.90 (m, 2H), 2.70 (s,
3H), 3.90 (brs, 1H), 5.26 (brs, 2H), 5.29 (d, J=16.3 Hz, 1H), 5.73 (d, J =
16.3 Hz, 1H), 740 (d, /=71 Hz, 1H), 748 (s, 1H), 7.82 (d, /] =7.1 Hz, 1 H),
8.48 (s, 1H); “C NMR (75 MHz, CDCLy): 6 =0.0, 7.7, 18.9, 31.4, 50.2, 66.2,
727,972, 118.1, 1272, 127.5, 128.0, 136.6, 140.2, 147.0, 150.4, 153.1, 157.6,
173.8; HRMS (EI): m/z caled for C,,H,N,O,Si (M*) 434.1662, found
434.1637; LRMS (EI): m/z =434 (M*, 39), 419 (100), 390 (19), 375 (64).

14. (205)-9-Methylcamptothecin (1s): A solution of 1r (23.2mg,
0.053 mmol) in 48% HBr (1.0 mL) was stirred for 3h at 75°C. The
reaction mixture was poured into saturated NaHCO;/brine 1:1 (60 mL),
extracted with AcOEt (5 x 15 mL), and dried. After evaporation of the
solvent, the residue was purified by flash chromatography (CHCls/acetone
4:1) to afford a slightly yellow solid (16.3 mg, 85%). M.p.: 270-272°C
decomp. (ref. [5g] 278-280°C); [a]® =+38.6 (¢=0.15, CHCl/MeOH
4:1);'H NMR (300 MHz, CDCL,): 6 = 1.04 (t,J = 7.4 Hz, 3H), 1.88 (m, 2H),
2.73 (s, 3H), 3.92 (brs, 1H), 5.28 (brs, 2H), 5.28 (d, J=16.3 Hz, 1H), 5.72
(d,J=16.3 Hz, 1H), 744 (d, /=70 Hz, 1H), 7.66 (s, 1 H), 7.66 (dd, J =8.5,
70 Hz, 1H), 8.05 (d, J=8.5 Hz, 1H), 8.51 (s, 1H); 3C NMR (75 MHz,
CDCL/CD;0D 10:1): =175, 18.7, 31.3, 50.2, 65.7, 72.7, 98.7, 118.8, 127.1,
127.6,128.2,128.6,130.5, 135.0, 145.8, 148.7,151.0, 151.4, 157.7; HRMS (EI):
m/z caled for C,;HgN,O, (M*) 362.1267, found 362.1270; LRMS (EI): m/
7 =362 (M+, 100), 333 (41), 318 (40), 303 (28), 289 (26), 262 (48), 233 (38).

15. (20S)-11-Fluoro-12-trimethylsilycamptothecin (1t): Use of the proce-
dure described for the synthesis of 1a with 23 (37.3 mg, 0.10 mmol) and 39a
(77 mg, 0.40 mmol) gave a slightly yellow solid (28.1 mg, 64 %) after flash
chromatography (CHCly/acetone 6:1). [a] ¥ =+26.1 (¢=0.2, CHCL,); 'H
NMR (300 MHz, CDCL,): 6 =0.54 (d, /=1.8 Hz, 9H), 1.03 (t, /=74 Hz,
3H), 1.89 (m, 2H), 3.91 (brs, 1 H), 5.25 (brs, 2H), 5.28 (d,/ =16.4 Hz, 1 H),
5.71 (d,/=16.4 Hz, 1H), 7.31 (t,/ =8.8 Hz, 1H), 747 (s, 1 H), 7.85 (dd, J =
8.8,6.1 Hz, 1H), 8.31 (s, 1H); *C NMR (75 MHz, CDCL;): 6 =1.6, 7.7, 314,
50.0, 66.3, 72.7, 97.5, 118.7 (d, Jop =32 Hz), 123.3 (d, Jor =27 Hz), 125.0,
127.1, 131.2, 146.7, 150.3, 151.7, 154.1, 157.6, 167.8 (d, Jor =248 Hz), 173.8;
HRMS (EI): m/z caled for C;3Hp3FN,O,Si (M 1) 438.1411, found 438.1411;
LRMS (EI): m/z =438 (M™, 66), 423 (100), 394 (12), 379 (52), 293 (21).

16. (205)-10,11-Methylenedioxy-12-trimethylsilylcamptothecin (1u): Use
of the procedure described for the synthesis of 1la with 23 (37.3 mg,
0.10 mmol) and 39b (43.8 mg, 0.20 mmol) afforded a slightly yellow solid
(24.6 mg, 53 %) after flash chromatography (CHClsy/acetone 6:1). M.p.:
225-228°C decomp.; [a] ) =+26.4 (c=0.2, CHCL;); '"H NMR (300 MHz,
CDCly): 6=0.51 (s, 9H), 1.02 (t, J=7.3 Hz, 3H), 1.89 (m, 2H), 3.85 (brs,
1H), 5.14 (brs, 2H), 5.27 (d, /J=16.2 Hz, 1H), 5.70 (d, /=162 Hz, 1H),
6.10 (s, 2H), 7.03 (s, 1H), 737 (s, 1H), 8.04 (s, 1H); *C NMR (75 MHz,
CDCL): 6=1.1, 7.8, 314, 50.1, 66.3, 72.7, 96.4, 101.3, 103.5, 115.9, 1172,
125.9, 126.6, 129.2, 136.1, 1475, 148.1, 148.6, 150.3, 156.5, 157.6, 173.9;
HRMS (EI): m/z caled for C,,H,,N,O(Si (M) 464.1404, found 464.1391;
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LRMS (EI): m/z =464 (M+, 90), 449 (100), 435 (16), 420 (47), 405 (84), 320
7).

17. (20S)-11-Fluorocamptothecin (1v): As for 11h, TMS-deprotection of
1t for 15h gave a slightly yellow solid (172 mg, 85%) after flash
chromatography (CHCly/acetone/MeOH 100:50:1). M.p.: 248-251°C
decomp. (ref. [5¢] 196-198°C); [a]® =+383 (c=0.2, CHCl/CH;0H
4:1); 'TH NMR (300 MHz, CDCL;/CD;0OD 4:1): 6 =0.90 (t, J =7.3 Hz, 3H),
1.82 (m, 2H), 3.51 (brs, 1H), 5.19 (s,2H), 5.20 (d, /= 16.4 Hz, 1 H), 5.58 (d,
J=16.4Hz,1H),7.36 (td,/=8.5,2.5 Hz, 1H), 7.60 (s, 1H), 7.71 (dd, / = 9.8,
2.4 Hz, 1H),7.85 (dd,J=9.0, 6.0 Hz, 1 H), 8.35 (s, 1 H); ®*C NMR (75 MHz,
CDCL/CD;OD 4:1): =174, 312, 49.9, 65.6, 72.6, 98.8, 112.6 (d, Jor=
21 Hz), 1185 (d, Jor=25Hz), 119.0, 125.1, 130.1, 131.5, 145.4, 149.5,
150.8, 152.9, 157.6, 163.5 (d, Jop =253 Hz), 173.4; HRMS (EI): m/z caled for
C,HsFN,O, (M*) 366.1016, found 366.1011; LRMS (EI): m/z =366 (M,
100), 337 (34), 322 (90), 307 (35), 293 (35), 266 (59), 237 (49).

18. (205)-10,11-Methylenedioxycamptothecin (1w): A solution of 1lu
(24.7 mg, 0.053 mmol) in TFA (2 mL) was refluxed under Ar for 10 h.
Same workup as for 11h provided a slightly yellow solid (15.9 mg, 76 %)
after flash chromatography (CHCL;/MeOH 95:5). M.p.: >260°C (ref.[5g]
270°C); 'H NMR (300 MHz, CF;COOD): 6 =1.01 (t,/=7.3 Hz, 3H), 2.03
(m, 2H), 3.84 (brs, 1H), 5.46 (d, /=171 Hz, 1H), 5.60 (brs, 2H), 5.80 (d,
J=171Hz,1H), 6.31 (s,2H), 742 (s, 1H), 7.56 (s, 1 H), 8.03 (s, 1 H), 8.92 (s,
1H); HRMS (EI): m/z caled for C,H;,N,O4 (M*) 392.1008, found
392.1010; LRMS (EI): m/z =392 (M+, 100), 363 (29), 348 (86), 333 (36),
320 (32), 292 (65), 263 (47).
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X-Ray and NMR Studies on Host — Guest Inclusion Complex Formation

between Crown Ethers and Pyridinium Compounds

Markku Lamsa,* Juhani Huuskonen, Kari Rissanen, and Jouni Pursiainen

Abstract: Inclusion complex formation
between benzene-substituted crown
ethers and electron-deficient pyridinium
ions was studied by crystallographic and
NMR methods. The major attractive
host—guest interactions in these com-
plexes are face-to-face aromatic—aro-
matic and cation-m interactions. In
addition, the crystal structures show that

of the binding strength as a function of
host, guest, and solvent were carried out.
Four pyridinium guests were prepared
for the investigation. Fast atom bom-
bardment (FAB) mass spectrometry was
used to determine the stoichiometry of

Keywords: crown compounds -
cations - host—guest chemistry -

the complexes. The stability constants
were measured by 'H NMR and the
structures of the complexes in acetoni-
trile are discussed. X-ray crystal struc-
tures were determined for complexes of
dibenzo-18-crown-6 with pyridinium tet-
rafluoroborate (2B18C6-PyBF,) and
dibenzo-18-crown-6 with 1-aminopyrid-
inium tetrafluoroborate (2B18C6-1-

hydrogen bonding influences the com-

- . .. . pi interactions
plexation of cations. Individual studies

Introduction

The complexation of cationic substrates with macrocyclic
receptors has been the subject of much interest in recent
years. Molecular complexes are usually held together by
hydrogen bonding, ion pairing, rt-acid to m-base interactions,
metal —ligand binding, van der Waals forces, solvent reorgan-
ization, or partial covalent bonds. In inclusion complexes in
which an organic substrate is incorporated into a host cavity,
the predominant attractive host—guest interactions are the
dipole —dipole, dipole—induced dipole, or induced dipole—
induced dipole van der Waals forces. Face-to-face and edge-
to-face interactions between aromatic rings of the two binding
species are another stabilizing interaction, which is usually
discussed separately from the van der Waals term.!!
Recently, specific interactions of guests with s-donor
systems have attracted interest with regard to biological
processes. Interactions between aromatic rings play an
important role, for example, in controlling the conformations
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NH,PyBF,).

and substrate-binding properties of nucleic acids and pro-
teins.”’l Extensive theoretical®’ and experimental studies!*
have been made of the m—m interactions that stabilize
synthetic host—guest complexes. Additionally, the exploita-
tion of complexes between crown ethers and bipyridinium
dications (paraquat, diquat)® in self-assembly processes has
attracted attention.[’) In the above complexes, an additional
binding force, the cation —x effect, contributes to the stability.
The cation—m effect was observed by Lehn et al.ll and by
Dougherty et al.,®l and it has been of increasing interest in
enzyme —ligand interactions. An example is the interaction
between acetylcholine and its esterase.[% This type of donor—
acceptor interaction also exists between electron-rich aro-
matic receptors and electron-deficient (cationic) guests.*d10]

We have previously observed that m—m stacking and
cation — it interactions play a significant role in the complex-
ation between benzene-substituted crown ethers and elec-
tron-deficient aromatic carbenium ions such as the tropylium
ion.'l Here we report on our studies of the analogous
complexation of pyridinium ions, which provide further
information on the nature of the complexation between
carbenium cations and macrocycles.

Pyridinium salts are both aromatic carbenium ions and
iminium ions. An essential biochemical process associated
with the pyridinium ion is the enzyme-mediated exchange of
hydride between NADH and NADP*.['"”l The chemical trans-
formation involves a transfer of hydride from 1,4-dihydropyr-
idine to a pyridinium salt. Likewise, reduction by hydride and
reversible hydride transfer between tropylium ions and
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substituted cycloheptatriene is an interesting reaction of the
tropylium ion.!3!

The host—guest complexation of a macrocyclic ligand with
a pyridinium ion has been studied on several occasions
previously. Piepers and Kellogg observed in 1980 that
pyridine-substituted crown ethers form complexes with n-
alkylpyridinium salts.'¥l Some pyridinium salts, together with
other quaternary ammonium compounds, have been used as
guests in complexation studies with cyclophanel*$*151 and
calixarenel'®1°l hosts. The 1:1 complex between 18-crown-6
and pyridinium chlorochromate has been prepared in order to
study its oxidation properties towards alcohols.'’l New
catenanes and rotaxanes have been assembled on the basis
of donor—acceptor interactions between bipyridinium ions
and benzo and naphthalene crown ethers.) In spite of
extensive studies of n-alkylpyridinium salts by LD, FD, and
FAB mass spectrometry, according to Laali there are no gas-
phase host — guest studies on crown — pyridinium systems.[¥!

Here we describe binding studies on benzene-substituted
crown ethers and pyridinium salts in the gas phase and in
solution, with characterization of the complexes by FABMS
and 'H NMR spectroscopy. Furthermore, we report crystal
structures for inclusion complexes of pyridinium tetrafluo-
roborate and 1-aminopyridinium tetrafluoroborate with di-
benzo-18-crown-6 (2B18C6).

Results and Discussion

FAB mass spectrometry and complexation in the gas phase:
Since 1981, fast atom bombardment mass spectrometry
(FABMS) has been widely utilized for the detection of 1:1
adducts. During the last five years, it has also been system-
atically applied in the field of host—guest complexation
chemistry and to more weakly bonded complexes.[')] Recep-
tor—ligand (enzyme —substrate) associations have been iden-
tified, for example.’! We have used FABMS as a preliminary
test for the formation of complexes between host and guest.?!!

The mass spectrum of pyridinium tetrafluoroborate in the
presence of dibenzo-18-crown-6 (2B-18-C6) is presented as
an example in Figure 1. The FABMS results provide clear

Abstract in Finnish: Tydssd tutkittiin bentseenisubstituoitujen
kruunueettereiden kompleksoitumista pyridiniumionien kans-
sa rontgendiffraktion ja NMR:n avulla. Kruunueetterit muo-
dostivat pyridiniumionien kanssa inkluusiokomplekseja. Ndiis-
sd isdntd-vierasvuorovaikutus perustui pddosin vastakkaisten
aromaattisten yksikkojen viliseen ja kationi-w-vuorovaikutuk-
seen. Lisdksi kiderakenteet paljastivat, ettd vetysidoksilla oli
vaikutusta kationien sitoutumisessa. Kompleksoitumista tutkit-
tiin isanndn, vieraan ja liuottimen funktiona. Nditd tutkimuksia
varten valmistettiin neljid pyridiniumyhdistettid. FAB-massa-
spektrometriaa kdytettiin kompleksien stoikiometrian mddrit-
timiseen. Stabiilisuusvakiot mitattiin 'H NMR:n avulla ja
tulosten perusteella arvioitiin kompleksien rakenteet asetonit-
riilissd. Dibentso-18-kruunu-6-pyridiniumtetrafluoroboraatin
ja dibentso-18-kruunu-6-1-amiinipyridiniumtetrafluoroboraa-
tin kiderakenteet mddritettiin rontgendiffraktion avulla.
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evidence for complex formation between crown ethers and
pyridinium ions in the gas phase. Peaks at m/z =80, 360, and
440 correspond to the pyridinium cation without counter-
anion, uncomplexed crown ether, and the 1:1 complex after
loss of its BF; ion, respectively. The FABMS results are
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Figure 1. Positive-ion FAB mass spectrum for a mixture of 2B18C6 and
pyridinium tetrafluoroborate (1:1) in an NBA matrix.

summarized in Table 1. All spectra exhibit peaks at m/z =154,
136, and 107, which originate from the NBA matrix, and
cleavage ions at m/z =45, 89, 133, and 177 due to formation of
(G,H,0), fragments from the crown ether. In addition, the
presence of a small amount of sodium impurity (from
glassware) led to crown ether—Na* adduct peaks in several
experiments. The absence of peaks for complexes higher than
1:1 in any FABMS spectrum indicates preferential formation
of 1:1 complexes in the gas phase.

The mostly low intensity of the complex peaks, less than
about 4% of the height of the base peak (frequently a
pyridinium guest ion), suggests that complexation is weak.
The interaction energies involved in aromatic association tend
to be low, and this suggests that complexation between
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Table 1. Partial positive ion FAB mass spectra of pyridinium salts in the
presence of crown ethers (1:1 mixture) in NBA matrix.

mlz (relative abundance /%) ion

pyridinium tetrafluoroborate

1B15C5 77 (5.3) CsHE, 80 (100) Py™, 154 (1.3) [NBA+H]*, 247

(0.7) (Py*),BFy, 268 (7.6) [1B15C5]+, 291 (1.7)

[1B15C5 — Na]*, 348 (2.9) [1B15C5 — Py]*

77 (4.3) C¢H#, 80 (100) Py*, 247 (0.9) (Py*),BFy, 312 (2.8)

[1B18C6]+, 335 (0.5) [1B18C6 — Na]*, 393 (1.5)

[(1B18C6 — Py)+H]*

77 (15.3) C¢Hz, 80 (100) Py*, 154 (11.2) [NBA+H]*, 360

(2.2) [2B18C6]*, 383 (1.6) [2B18C6 — Na]*, 440 (2.4)

[2B18C6 — Py]*

77 (9.9) CHY, 80 (100) Py*, 154 (1.6) [NBA+H]*, 247

(0.9) (Py"),BFy, 404 (2.2) [2B21C7]*, 484 (2.0)

[2B21C7Py]*

77 (5.3) CsHz, 80 (100) Py+, 448 (0.3) [2B24C8]+, 471 (0.2)

[2B24C8 — Na]*, 529 (0.3) [(2B24C8 — Py)+H]"

77 (5.8) CsH{, 80 (100) Py*, 154 (0.2) [NBA-+H]*, 247

(0.7) (Py*),BFg, 537 (0.3) [2B30C10+H]*, 559 (0.3)

[2B30C10 — Na]*, 617 (0.3) [(2B30C10 — Py)+H]*

18C6 80 (100) Py, 247 (2.5) (Py*),BFy, 265 (0.4) [18C6+H]*,
287 (1.6) [18C6 —Na]*, 344 (3.7) [18C6 — Py]*

1-aminopyridinium tetrafluoroborate

1B18C6 77 (8.4) CHy, 95 (100) NH,Py™, 277 (4.0) (NH,Py"),BFj,

312 (0.9) [1B18C6]*, 407 (0.3) [1B18C6 — NH,Py]*

77 (20.2) C¢HZ, 95 (100) NH,Py*, 154 (18,8) [NBA+H]",

360 (0.9) [2B18C6]*, 383 (2.9) [2B18C6 — Na]™, 455 (1.1)

[2B18C6 — NH,Py|*"

77 (9.7) C(H{, 95 (100) NH,Py*, 154 (0.9) [NBA+H]*,

277 (2.5) (NH,Py"),BFg, 404 (0.3) [2B21C7]*, 499 (0.2)

[2B21C7 — NH,Py|*"

77 (16.4) CHy, 95 (100) NH,Py™, 154 (2.2) [NBA+H]",

277 (0.4) (NH,Py*),BF, 448 (1.2) [2B24C8]*+, 471 ( < 0.1)

[2B24C8 — Na]*, 544 (0.6) [(2B24C8 — NH,Py)+H]"

77 (8.4) CsH{, 95 (100) NH,Py™, 154 (4.1) [NBA+H]",

277 (1.5) (NH,Py*),BF, 537 (0.9) [2B24C8+H]", 559

(Na]*, 630 (1.3) [(2B24C8 — NH,,Py) — H]*"

18C6 95 (100) NH,Py™, 154 (1.3) [NBA+H]*, 265 (0.7)
[18C6+H]™, 277 (1.9) (Py*),BFy, 359 (0.1) [18C6 —
NH,Py*

1-methylpyridinium tetrafluoroborate

1B18C6 77 (5.7) CsHE, 94 (100) MePy™, 154 (1.4) [NBA+H], 275

(1.7) (MePy*),BFy, 312 (2.5) [1B18C6]*, 406 (0.1)

[1B18C6 — MePy]*+

77 (179) C¢HZ, 94 (100) MePy*, 154 (15.1) [NBA+H]*,

275 (0.6) (MePy*),BFyz, 360 (2.9) [2B18C6]*, 454 (0.6)

[2B18C6 — MePy]*

77 (10.6) CHZ, 94 (100) MePy*, 154 (2.8) [NBA+H]",

275 (3.1) (MePy*),BFyg, 404 (1.1) [2B21C7]*, 498 (0.1)

[2B21C7 — MePy]*

77 (6.5) CsHY, 94 (100) MePy™, 154 (1.3) [NBA+H]", 275

(1.1) (MePy*),BF;, 448 (0.2) [2B24C8]*, 471 (0.4)

[2B24C8 — Nal*, 542 (0.2) [(2B24C8 — MePy) "

1B18C6

2B18C6

2B21C7

2B24C8

2B30C10

2B18C6

2B21C7

2B24C8

2B30C10

2B18C6

2B21C7

2B24C8

benzene-substituted crown ethers and pyridinium ions in the
gas phase is stabilized by weak 5t —m and cation - interactions.
In addition, the formation of complexes between 18C6 and
pyridinium ions shows that hydrogen bonding contributes to the
stability of complexes. Comparison of the observed intensities
of complex peaks suggests that pyridinium ion forms more
stable complexes with crown ethers than do substituted
pyridinium salts (Py"™>PyNHJ >PyCH7) and that com-
plexes of monobenzo-substituted crown ethers are somewhat
more stable than those of disubstituted crown ethers.

The FABMS results are in good accord with our earlier
work®! and with the NMR and X-ray results reported below.
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However, interpretation of the results to yield quantitative
thermochemical information is not straightforward since the
relative peak intensities from FABMS probably do not fully
reflect equilibrium conditions.??

!H NMR titration and complexation in solution: The nature of
the complexation in solution was studied by 'H NMR
spectroscopy. At room temperature rapid exchange between
complexed and uncomplexed species is observed on the NMR
time-scale at 200 MHz. The '"H NMR experiments involved
titration of a guest solution into a host solution until no
significant change in the chemical shift was observed in
successive NMR spectra. In the cases studied, increasing the
host/guest molar ratio gradually shifted the signals of the
pyridinium protons, but the chemical shift did not reach a
limiting value even at high molar ratios. This indicates the
formation of a weak complex with a low K, value and also
limited accuracy of the NMR titration technique.®!

"H NMR spectra provided several signals for independent
K, evaluations. The '"H NMR spectra of pyridinium tetra-
fluoroborates consist of three separate peak patterns at about
0 =8-8.7 for ring protons and separate signals for the NH, or
CHj; substituent. When benzene-substituted crown ether was
added to a solution of pyridinium ion in CD;CN, an upfield
shift was observed for the resonances of the H4 and H3,5
protons. We postulate that the upfield shift is due to the
aromatic ring currents of the benzene rings. The stability
constants for complexation are calculated directly from the
chemical shift differences of the pyridinium ring protons in
the crown complexes and in the free form by Equation (1).
The chemical shift differences of pyridinium ions are a linear
function of 1/[crown ether]; this indicates 1:1 stoichiometry
and rapid cation exchange.’! Table 2 lists the stability
constants and limiting upfield shifts of complexes calculated

Table 2. Stability constants and limiting upfield shiftsl! for the interaction
of crown ethers with pyridinium ions in CD;CN solution at 298 K measured
by 'H NMR titration.

K, /dm*mol-! Ad¢ Norm["!
pyridinium tetrafluoroborate
1B15C5 46+9 0.26 £0.02 0.0164
1B18C6 9%6+6 0.32+£0.01 0.0100
2B18C6 33+4 0.56 £0.03 0.0377
2B21C7 22+4 0.63 +0.06 0.0206
2B24C8 192+0.3 0.71+£0.01 0.0020
2B30C10 28+5 0.46 £0.04 0.0170
18C6 113+10 —0.24£0.01 0.0060
1-aminopyridinium tetrafluoroborate
1B18Co6 33+1 0.54+0.01 0.0081
2B18C6 1342 1.14+0.13 0.0346
2B21C7 57+03 0.85+0.04 0.0020
1-methylpyridinium tetrafluoroborate
2B18C6 9+1 0.15+0.02 0.0010
2B21C7 10£5 0.25+0.146 r?=0.964

[a] The Adc values indicated relate to the chemical shift changes
experienced by probe protons (H-4 for pyridinium ions) on 1:1 complex-
ation. [b] The norm represents the closeness of fit of iteration; numerically,
it is the square root of the sum of squares of the residuals. [c] The use of
Equation (2) may lead to incorrect values of Adc in systems where the
stability constants are small because of an extrapolation. [d] Regression
correlation (7?) for Benesi - Hildebrand plot.
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from the pyridinium H4 chemical shift by a nonlinear least-
squares curve-fitting procedure. The stability constants calcu-
lated from the pyridinium H4 and H3,5 chemical shifts are
the same (within 3—-15%). The complexation-induced shift
for the pyridinium H2,6 protons (except with 18C6) was very
small (A0 < 0.1), and the calculated stability constants did not
agree with the K, values calculated from the H4 chemical
shift. Evaluation of stability constants from chemical shifts of
the crown ethers was not possible since no shift occurred in
the presence of a guest molecule. This result was expected
since the concentration of host was always at least ten times
greater than the concentration of guest.

The 'H NMR data indicate the formation of inclusion
complexes between benzo-substituted crown ethers and
pyridinium ions in CD;CN. In these 1:1 complexes the most
significant chemical shift changes are experienced by the H4
and H3,5 protons on the pyridinium ring. The sign of the
chemical shift difference of the H2,6 protons on complexation
depended on the size of the macrocycle: a small downfield
shift was observed when the macrocycle ring contained less
than 21 atoms, and an upfield shift when it contained more
than 21 atoms. In addition, the 'H NMR spectra of the
complexes between crown ethers and 1-aminopyridinium
tetrafluoroborate revealed a notable downfield shift for the
NH, protons on complexation in CD;CN. The stability
constants calculated from the pyridinium H4 and NH,
chemical shifts were comparable. Evidently the complex is
also stabilized by N~ H -+ O hydrogen bonding. The 'H NMR
results established that the electron-deficient pyridinium ion
is wrapped by benzene-substituted crown ethers in a similar
manner in solution as in the solid state. The data suggest that
pyridinium ions are oriented face-to-face, such that the phenyl
ring(s) and N-H, N-NH,, and N-CH; substituents point
away from the cavity of the crown ethers. The orientation may
have its origin in the distribution of electron density in the
pyridinium ring.

In an attempt to shed light on the charge separation and the
dipole moment of pyridinium ions, we carried out ab initio
calculations for the pyridinium cations. The calculations
involve Hartree—Fock (HF) treatments with RHF/3-21 G*
basis sets at optimized geometries with Spartan 4.0.2b.>°] The
dipole moment from formal charges of 1.99 D for pyridinium
supports structures with some charge separation. The pres-
ence of an amino group at the N atom will decrease this
charge separation, and thus the 1-aminopyridinium ion has a
dipole moment of only 1.53 D. The effect of the methyl group
can be expected to be similar since an alkyl group is electron-
donating relative to a hydrogen atom. The calculated dipole
moment of 1-methylpyridinium is 1.38 D. Thus the substitu-
ents decrease the positive charge on the pyridinium ring and
reduce the binding between crown host and pyridinium guest
molecules. This polarization effect, together with the orienta-
tion of the substituent and steric factors in the complex,
influences the m—m interaction. In addition, the negative
charge on the benzene rings of the crown ether skeleton is
enhanced by the ether oxygen atoms. Charge recognition is an
electrostatic effect in which the negative face of the aromatic
ring interacts with the positive charge of the pyridinium ring.
This simple electrostatic view of the interaction predicts that
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maximizing the positive charge on the pyridinium ring will be
favorable for binding.

Table 2 shows that the K, values are much higher for the
crown ether—pyridinium complexes than for the crown
ether—substituted pyridinium complexes. Also, the mono-
benzene-substituted crown ether complexes have enhanced
stability compared with their disubstituted counterparts.
However, stability constants are small for all complexes,
indicating only weak interaction between host and guest
molecules. The differences in stability are a consequence of
the steric and electrostatic dissimilarities between the pyr-
idinium ions and the crown ethers. The small pyridinium ring
can penetrate deeper into the cavity of the macrocycle than
substituted pyridinium ions, and this allows increased inter-
action between the phenyl ring(s) of the crown ethers and the
electron-deficient pyridinium cation. The amino group is
smaller than the methyl substituent and can form hydrogen
bonds, which explains the greater K, values for the 1-
aminopyridinium complexes than the 1-methylpyridinium
complexes. The 'H NMR data indicate that the aromatic—
aromatic, t— 7, and cation — i interactions play a major role in
the complexation between benzene-substituted crown ethers
and 1-amino- and 1-methylpyridinium ions, but under favor-
able conditions hydrogen bonds can enhance the stability of
crown ether complexes.

To exclude the influence of m—m interactions, we inves-
tigated the complexation between unsubstituted 18C6 and
pyridinium tetrafluoroborate. Recently, Kasmain et al.l'7]
prepared a solid 18C6-pyridinium chlorochromate (PyCl-
CrO;) 1:1 complex in order to study the oxidation of alcohols.
However, no information was given on the thermodynamic
parameters or structure of the 18C6—PyCICrO; complex. The
FAB mass spectrum we recorded for 18C6 and pyridinium
tetrafluoroborate in NBA matrix showed a peak at m/z =344,
which corresponds to that in the 1:1 [18C6-Py]* complex
after loss of its BF; counterion. The "TH NMR chemical shift
data indicated formation of a complex in CD;CN at 298 K. In
this 1:1 complex the most significant change in chemical shift
was observed for the H2,6 protons of the pyridinium ring. The
signal for H2,6 showed a downfield shift, indicative of
hydrogen-bonding interactions with host oxygen atoms. The
chemical shifts of H4 and H3,5 of the pyridinium ring were
almost identical in the free and the complexed form. The
unsubstituted crown ether—pyridinium complex is likely
stabilized by N*—H---O hydrogen bonds and possibly also
by secondary C—H - O interactions.”!l The measured stabil-
ity constant of 113 dm®*mol~! shows that 18C6 — Py is the most
stable of the complexes studied. However, in the crystal
structures of the 2B18C6- pyridinium complexes (Figures 2
and 4), hydrogen bonding seems to play a secondary role.
Obviously, the m—m interaction is dominant in these com-
plexes, because the benzene rings decrease the negative
charge of the oxygen atoms and hence their ability to undergo
hydrogen bonding. This is in full agreement with the observed
stability constants, which decrease in the order unsubstituted
crown ether > benzo-substituted crown ether > dibenzo-sub-
stituted crown ether.

To investigate the solvent effect, we studied the complex-
ation of pyridinium tetrafluoroborate with 2B18C6 in CDCl,

0947-6539/98/0401-0087 $ 17.50+.25/0 — 87





FULL PAPER

M. Lamsi et al.

by the 'H NMR titration method. A small amount of
CD;CN was added to the CDCl; solution because
pyridinium salts are insoluble in apolar solvents. The
stability constant of the crown ether complexes
increased with decreasing polarity of the solvent. 'H
NMR spectroscopy with the H4 proton of the
pyridinium ring as probe revealed a K, value of
314(12) dm*mol~' [Ad-=0.59(0.03)] in CDCl,
(4 mol% CD;CN) at 298 K.

True molecular recognition and a physical attrac-
tion between host and guest should result in a
favorable enthalpy change (— AH) on complexation,
and in organic media the cation—m effect is primar-
ily enthalpic in origin.*! For 2B21C7 and 2B24C8,
the enthalpies of complexation were evaluated by
means of least-squares fit of InK, versus 1/7 to give
AH and the corresponding standard deviations. The
accuracy of the resulting thermodynamic values
depends on the temperature range, which should be
sufficiently narrow to ensure that the variation in
the absolute value of the enthalpy is small, but also
sufficiently large that the plot can be evaluated with
minimum error. A typical compromise is a range of
about 30°C. The enthalpy and entropy values of
crown —pyridinium tetrafluoroborate interactions
show a small difference between the two ethers.

Figure 2. Ball-and-stick representation of the solid-state structure of 2B18C6-
pyridinium tetrafluoroborate complex. The disorder of the pyridinium cation is about
0.5. Selected atomic distances [A] and bond angles [°]: 1) pyridinium ring: N(30A) -
C(31A) 1.368(9), N(30A)-C(35A) 1.359(8), C(31A)-C(32A) 1.377(9), C(32A)—
C(33A) 1.365(8), C(33A)-C(34A) 1.361(9), C(34A)-C(35A) 1.382(9), C(35A)-
N(30A)-C(31A) 120.5(8), N(30A)-C(31A)-C(32A) 121.2(8), C(31A)-C(32A)-C(33A)
118.4(9), C(32A)-C(33A)-C(34A) 120.1(10), C(33A)-C(34A)-C(35A) 121.7(9),
C(34A)-C(35A)-N(30A) 118.0(8); 2) crown ether: C(26) - C(8) 6.523, C(21)-C(15)
6.017, C(24) — C(10) 9.592, C(23) - C(11) 9.568, O(1) - O(14) 5.517, O(20) - O(7) 5.580;
3) intermolecular distances: N(30A)—C(13) 3.441, N(30A)-C(8) 3.499, N(30A)-
O(14) 3.363, N(30A)-0O(7) 3.436, N(30A)-C(26) 3.477, N(30A)-C(21) 3.504,
N(30A)-0O(1) 3.342, N(30A)-0(20) 3.395, H(B0A)-O(1) 2.734, H(30A)-0O(4)
2.889, H(30A)-0(7) 3.178, H(30A)-0O(14) 3.191, H(30A)-0O(17) 3.012, H(30A) -
0(20) 2.863, H(35B)—0(4) 2.118, H(30B) - O(17) 2.103.

The relevant thermodynamic parameters for the

2B21C7 complex are AH°=-19(2)kJImol,

AS°(298 K)=—34(6) Jmol'K-!, and for the 2B24C8
complex AH°=-12.6(0.5) kJmol, AS°(298 K) =
—18(1) Jmol'K-L It can be concluded from the AH® and
ATS® contributions to the AG® value that the complexes are
enthalpy stabilized in CD;CN. This and the overall negative
entropy indicate that the cation—m interaction influences the
binding of the complexes.

X-ray crystallography and solid-state complexes: Complexes
between 2B18C6 and pyridinium tetrafluoroborate and
between 2B18C6 and 1-aminopyridinium tetrafluoroborate
were isolated by slow evaporation of solutions. The solid-state
structures of the complexes were determined by single-crystal
X-ray crystallography. Crystal data and data collection
parameters are presented in Table 3.

Crystal structure of the 2BI18C6-pyridinium tetrafluoro-
borate complex: A characteristic feature of the crystal
structure of a mw—m complex is the presence of stacks of
nearly parallel donor and acceptor molecules. Interplanar
distances between adjacent donor and acceptor molecules
within a stack are somewhat shorter than the van der Waals
contact distance (ca. 3.4 A in aromatic hydrocarbons). The
condition of maximum interaction does not usually corre-
spond to the center-on-center donor—acceptor orientation.
The angle between the normal to the molecular plane and the
stacking axis is 5—30°."]

All the features noted above are found in the crystal
structure of the 2B18C6 - pyridinium tetrafluoroborate com-
plex. As can be see from Figure 2, the atoms of the benzene
rings form two planes. The pyridinium ion is located between
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phenyl substituents at the van der Waals distance, and this
interaction is probably the principal factor in the packing of
units. Inspection of the crystal packing of the molecules of the
complex reveals an array of symmetrically arranged
2B18C6—pyridinium complexes (Figure 3) that form approx-

Figure 3. Part of the continuously stacked array of 2B18C6-pyridinium
tetrafluoroborate in the crystal. The complex is packed such that the
macrocycles form separate channels containing pyridinium cations and
tetrafluoroborate anions in the crystallographic b direction.

imately orthogonal alternating units with respect to each
other. The array is stabilized by m—m interactions and
hydrogen bonds. The interplane separations between the
centroids of two phenyl rings are 8.00 A, and the interplanar
separations between m-donor and m-acceptor lie within the
range 3.48-5.83 A. The midpoint distances between the
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phenyl and pyridinium rings are 3.94 and 4.60 A. The single-
crystal X-ray structure of the 2B18C6-pyridinium tetra-
fluoroborate complex shows that the interplanar angles of
electron-deficient pyridinium and electron-rich benzene rings
are 54 and 26°, and the angle between the two phenyl rings is
about 79°. The pyridinium ion is disordered, and, as illustrated
in Figure 2, adopts two alternative orientations with almost
equal probability [site occupation factors (SOF) of 0.53 and
0.47].

In the crystal structure of the pyridinium complex (Fig-
ure 2) the nitrogen atom was assigned to the position close to
the macrocycle cavity, since this orientation gave the best
results on refinement. The distances between nitrogen atom
(N30A) and the oxygen atoms of the macrocycle are 3.39 +
0.05 A. On this basis, it is not unreasonable to suggest that N—
H--- O hydrogen bonding can occur. This bonding would lead
to deeper inclusion of the pyridinium unit in the cavity of
2B18C6 and hence enhance overlap between the host and
guest 7 systems. The short distance between O 1 and the N-H
group (H30A-0O1 273 A) supports this conclusion. In
solution, however, the '"H NMR results suggest that the N -
H group is located outside of the cleft formed by the phenyl
rings.

The molecular dimensions of the 2B18C6 ligands are
similar to those expected. The mean C— O bond length of the
catechol oxygen atoms is 1.37 A, while the C— O distances for
the other oxygen atoms are about 1.43 A. The aliphatic CH,—
CH, bond lengths are 1.47-1.49 A, but appear to be normal
for this type of ligand.?®?1 Most of the dimensions in the
benzene ring are normal, but the outermost C—-C bond
lengths are 1.3654 and 1.3804 A, again similar to findings in
previous analyses of crown complexes.

Crystal structure of the 2 BI8C6—I-aminopyridinium tetra-
fluoroborate complex: The solid-state structure of the 1:1
complex formed between 2B18C6 and 1-aminopyridinium
tetrafluoroborate (Figure 4) shows that the electron-deficient
1-aminopyridinium ring system is inserted into the cavity of
the macrocycle between two adjacent phenyl substituents.
The structure and the superstructure (stacking) are similar
those of the 2B18C6-pyridinium complex, suggesting that
complexes of benzene-substituted crown ethers with pyridi-
nium ions may in general exhibit a stacking structure provided
the size and shape of the acceptor are suitable.

In 2B18C6, the mean planes of the two opposite phenyl
substituents are separated by 8.00 A, and the planes form an
angle of 77°. The planes of the pyridinium cation and the
phenyl rings form two different angles (22 and 55°). The
centroid — centroid distances between the phenyl rings and the
pyridinium unit are 3.84 and 4.65 A, and the shortest
intermolecular contact between crown ether and pyridinium
ion is 343 A (C8-C38). Despite this somewhat large
separation between benzene and pyridinium rings, w—m
interaction is a primary force stabilizing the complex. The
distances between the oxygen atoms of the polyether chains
and the closest carbon atom of the pyridinium ring (C38) vary
between 3.40 and 3.47 A. Inspection of the 2B18C6-1-
aminopyridinium ion complex in the crystal reveals a short
hydrogen bond interaction between a hydrogen atom of the
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N36

Figure 4. Ball-and-stick representation of the solid-state structure of the
complex between 2B18C6 and 1-amino-pyridinium tetrafluoroborate.
Selected atomic distances [A] and bond angles [°]: 1) pyridinium ring:
N(36)—N(30) 1.414(5), N(30)-C(31) 1.341(4), C(31)-C(32) 1.357(6),
C(32)-C(33) 1.366(6), C(33)-C(34) 1.377(6), C(34)-C(35) 1.359(5),
C(35)-N(30) 1.332(5), N(36)-N(30)-C(31) 116.9(3), N(36)-N(30)-
C(35) 121.2(3), C(31)-N(30)-C(35) 121.9(3), N(30)-C(35)-C(34) 119.7(3),
C(35)-C(34)-C(33) 119.7(4), C(34)-C(33)-C(32) 119.2(4), C(33)-C(32)-
C(31) 119.9(3), C(32)-C(31)-N(30) 119.6(3); 2) crown ether: C(26)-C(8)
6.509, C(21)-C(13) 6.520, C(24)-C(9) 8.819, C(23)-C(11) 9.499, O(1) -
0O(14) 5.541, O(20) - O(4) 4.642; 3) intermolecular distances: C(32) - C(8)
3.430, C(32) - C(13) 3.442, C(32) - C(21) 3.538, C(32)— C(26) 3.549, C(32) -
O(1) 3.469, C(32)-0(4) 3.449, C(32)-0(14) 3.398, C(32)-0O(17) 3.408,
C(35)-C(11) 4.428, C(35)-C(10) 4.318, C(35) - C(23) 5.882, C(35) - C(24)
5.863, H(31)-O(4) 2.471, H(33) - O(17) 2.578, N(30) - C(11) 4.713, N(36) —
C(10) 4.697.

amino group and 020 (N36-H36A ---020: 2.22 A, 167°)
and two weak, nonlinear C—H --- O hydrogen bonds between
C-H of the pyridinium ring and ether oxygen atoms (C31-
H31:-04:247 A,135°and C33-H33--017:2.58 A, 131°).
Again the structural features of the macrocyclic ligand are
similar to those reported for other polycyclic ether mole-
cules.?®»] The structure of the complex shows no disorder of
the 1-aminopyridinium ring. The amino group points out-
wards at an angle of about 25° from the vectors through
catechol oxygens (Figure 5), allowing hydrogen bonding with
the adjacent polyether chain.

Conclusions

Aromatic—aromatic, m—m, and cation—7 interactions are
among the many noncovalent intermolecular forces that
contribute to biological structures. They also play a significant
role in self-assembly processes when large ordered nano-
meter-scale structures are formed selectively from relatively
small molecular compounds. Pyridinium ring systems occur in
many natural products, including nicotine, nicotinic acid, and
pyridoxine (vitamin Bg). In addition, nicotinamide adenine
dinucleotide (NAD™) is an important and widespread redox
coenzyme that owes its reactivity to the pyridinium moiety.
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NH;

Figure 5. X-ray crystal structure of 2B18C6—1-amino-pyridinium com-
plex showing the position and direction of the amino group.

Our studies emphasize the stabilizing interactions between
positively charged organic guests and the electron-rich face of
an aromatic ring in crown ethers. The research described here
has shown that benzene-substituted crown ethers form stable
1:1 complexes with electron-deficient pyridinium cations.
Benzene-substituted crown ether—pyridinium cation com-
plexes can be detected and studied in gas, solution, and solid
state. The present results indicate that the complexes are
stabilized by m—m and cation—m interactions. The X-ray
crystal structure analyses reveal the characteristic features of
7t — 7 interactions: the structures contain partially offset nearly
parallel (twist angle 25°) cofacial arrangements of pyridinium
phenyl rings, with approximate interplane separations of 3.4 —
4.6 A. We have demonstrated that simple macrocyclic poly-
ethers with phenyl substituents can provide attractive host
compounds for the study of weak noncovalent interactions
with aromatic organic cations such as tropylium3% and
pyridinium ions.

Experimental Section

Materials and methods: Acetonitrile (Fluka), CD;CN (CEOL C.E.),
dichloromethane (Lab-Scan), 1,2-dichloroethane (Lab-Scan), diethyl ether
(Fluka), diethyl acetate (Lab-Scan) and pyridine (Fluka) were dried and
distilled according to literature procedures.’!! Dibenzo-24-crown-8
(2B24C8, Fluka) was purified by dissolving in MeOH and precipitation
by addition of water (m.p. 104°C). The following crown ethers were
obtained from the indicated suppliers and used without further purifica-
tion: benzo-15-crown-5 (1B15C5), benzo-18-crown-6 (1B18C6), dibenzo-
21-crown-7 (2B21C7), and 18-crown-6 (all Fluka), dibenzo-18-crown-6
(2B18C6, Parish Chemical Co), and dibenzo-30-crown-10 (2B30C10,
Aldrich). All other reagents, unless otherwise noted, were obtained from
Fluka and were used without further purification.

'H and '*C NMR spectra were recorded on a Bruker AM 200 spectrometer.
NMR chemical shifts are reported relative to internal TMS. EI and FAB
mass spectra were obtained on a Kratos MS 80 mass spectrometer with the
DART data system. The UV -Vis spectra were recorded with a Phillips
PUS8740 spectrophotometer. Small amounts of the compounds were
accurately weighed with a Perkin—Elmer AD-2 autobalance. Elemental
analysis was carried out with a Perkin—Elmer 2400. Melting points were
determined with a Thermopan microscope (Reichert, Vienna) and are
uncorrected.
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Pyridinium tetrafluoroborate was prepared according to literature proce-
dures from pyridine and tetrafluoroboric acid (HBF,), which was dried with
Sikkon (CaSO,, Fluka).52 M.p. 203 °C; 'H NMR (200 MHz, CD;CN, 25°C,
TMS): 6=8.73 (m, *J(HH)=5.25Hz, 2H, H2,), 8.63 (m, 3J(HH)=
7.87 Hz, 2H, H4), 707 (m, 1H, H3,5), 7.11 (s, 1 H, NH); FABMS (NBA):
mlz (%) =280 (100) [M — BF,]*. The '"H NMR spectrum was in accordance
with that reported in the literature.?!

1-Aminopyridinium tetrafluoroborate was prepared from pyridine and
hydroxylamine-o-sulfonic acid®! by the method of Gosl and Meuwsen!*!
slightly modified. The desired tetrafluoroborate salt was prepared by action
of tetrafluoroboric acid instead of hydriodic acid. M.p. 143°C; 'H NMR
(200 MHz, CD;CN, 25°C, TMS): 6=8.56 (m, *J(HH)=5.38 Hz, 2H,
H2.6), 829 (m, 3(H,H)=7.87 Hz, 2H, H4), 793 (m, */(H,H) =1.76 Hz,
1H, H3,5), 7.04 (s, 2H, NH,); FABMS (NBA): m/z (%) =95 (100) [M —
BF,]*.

1-Methylpyridinium iodide was prepared as described elsewhere.**! M.p.
118°C; 'H NMR (200 MHz, CD;CN, 25°C, TMS): 6 =8.76 (m, *J(H,H) =
5.87 Hz, 2H, H2,6), 8.51 (m, 3J(H,H)=7.85Hz, 2H, H4), 8.03 (m, 1H,
H3,5), 4.35 (s, 3H, CH,).

1-Methylpyridinium tetrafluoroborate was prepared by treating 1-methyl-
pyridinium iodide with excess of boron trifluoride etherate under a dry
nitrogen atmosphere.’”’ M.p. 14°C; 'H NMR (200 MHz, CD;CN, 25°C,
TMS): =8.64 (m, 3/(H,H)=5.74 Hz, 2H, H2,), 8.49 (m, 3/(HH)=
7.86 Hz, 2H, H4), 8.01 (m, 1H, H3,5), 431 (s, 3H, CH;); FABMS
(NBA): m/z (%) =94 (100) [M — BF,]*.

General procedure for the synthesis of solid crown ether—pyridinium
tetrafluoroborate complex: Crown ether (0.25 mmol) and pyridinium salt
(0.25 mmol) were dissolved in MeCN (4 cm?). EtO, was used to precipitate
the solid complex, which was collected by filtration.

Fast atom bombardment mass spectrometry (FABMS): Argon was used to
provide the primary beam of atoms, and samples were mixed with a small
amount of 3-nitrobenzyl alcohol (NBA, Aldrich) matrix on a stainless steel
probe. Spectra were recorded in the positive-ion mode.

General method of computing stability constants by 'H NMR titration: The
solubilities of the molecules studied placed some limits on the choice of
NMR solvents. Deuterated acetonitrile was chosen as primary solvent
because it is polar with a moderately high polarity parameter (EY =
0.460P%1) and dissolves all species of interest. A standard solution of
pyridinium salt in CD;CN was prepared with the concentration of acceptor
just sufficient to give an observable NMR signal [ (4-10) x 107 m]. A small
amount of TMS (Aldrich) was added as internal standard. A series of donor
solutions (6—10) was made by weighing out an appropriate amount of
donor (0.1-0.01m). A 2—4 mL portion of the standard solution was then
added, and the flask was reweighed. After initial preparation of the samples
a portion was transferred to a sample tube (5 mm). The tube was sealed
with parafilm and capped with a plastic top, and the spectra were recorded
immediately to avoid evaporation. The temperature was held constant
within +0.3 K. The stability constant K, for 1:1 complexation was
calculated from the NMR chemical shifts [Eq. (1)], where C, and Cp, are

Cp/Adgs =[1/6c = 04)|(Ca+ Cp— Cc) +1/K,(0c — 0a) ™

1/0gps =1/K,(0c — 04)Cp +1/(0c — 94) (2)

concentrations of acceptor and donor, Ady, = Ogps — Oa s Oops is the observed
NMR shift of a specific acceptor proton (or an equivalent set) in the
equilibrium solution, and J, is the shift of the free acceptor proton.
Equation (1) contains two unknown terms, concentration of the complex
Cc and the shift of the complex proton d., which can be calculated by
means of a simple iterative procedure based on successive approximations.
If C, > C,, Equation (1) reduces to the equivalent relationships given by
Equation (2), the Benesi—Hildebrand form.?!

The errors in K, and Ad. were evaluated numerically by standard
deviations of single K, and Ad values usually obtained from six to eight
measurements. The regression values for the least-squares fitting [Eq. (2)]
were generally better than 0.99.

X-ray crystal structure analysis. X-ray diffraction measurements were
performed on an Enraf-Nonius CAD4 diffractometer with graphite-
monochromatized Moy, radiation and w/26 scan mode. Table 3 summa-
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Table 3. Crystal data and data collection parameters.

2B18C6 - PyBF,

2B18C6—1-NH,-PyBF,

formula C,sH;3B F,N,04 CysH;, B FN,O4
M, 527.31 542.33

T (K) 296 +£2 296 +£2
wavelength (A) A(Mog,) =0.71069 A(Mog,) =0.71069
crystal system monoclinic monoclinic
space group Cc Cc

a (A) 18.327(3) 18.303(4)

b (A) 13.3380(12) 13.179(3)

c(A) 14.099(2) 13.841(2)

a (°) 90.000 90.000

B () 133.353(10) 129.20(2)

y (°) 90.000 90.000

volume (A3%) 2506.0(5) 2587.3(9)

V4 4 4

Pearea (2Cm™) 1.398 1.392

u (Mog,, mm™) 0.272 0.117

F(000) 1104 1136

crystal size (mm) 0.25 x 0.45 x 0.45 0.25 x 0.35 x 0.45
0 range (°) 2.11-24.97 2.11-24.97
index ranges 0<h<21,0<k<15, —16<I<16 0<h<21,0<k<15, —16<I<16
reflections collected 2282 2352
independent reflections 2282 2352

refinement method Full-matrix least-squares on F?
data/restraints/parameters 2282/170/390 2352/2/344

GoF § 1.034 1.043

final R indices [I > 20(])]

R indices (all data)
extinction coefficient

largest diff. peak/hole (e A~%)

0.0073(12)
0.322/ —0.230

R, =0.0406, wR,=0.1192
R, =0.0561, wR,=0.1321

R,=0.0389, wR,=0.1108
R, =0.0527, wR,=0.1204
0.0100(12)

0.355/ — 0.200

rizes the crystal data, data collection, and refinement parameters for
complexes 2B18C6-pyridinium tetrafluoroborate and 2B18C6—1-ami-
nopyridinium tetrafluoroborate. The structures were solved by direct
methods with the SHELXS program system![*! and subjected to full-matrix
refinement with SHELXL-93.141

2 B18C 6-pyridinium tetrafluoroborate complex: Single crystals suitable for
X-ray crystallography were grown by slow evaporation of an equimolar
solution of 2B18C6 and pyridinium tetrafluoroborate in a 5:3 mixture of
CH,Cl, and MeCN. C,sH;BF,NOy (527.31): caled C 56.94, H 5.73, N 2.66;
found C 56.70, H 5.70, N 2.66.

2 BI8C6-1-aminopyridinium tetrafluoroborate complex: Single crystals
suitable for X-ray crystallography were grown by slow evaporation of an
equimolar solution of 2B18C6 and 1-aminopyridinium tetrafluoroborate in
a 5:1 mixture of CH,Cl, and MeCN. C,sH;,BF,N,O (542.33): caled C 55.37,
H 5.76, N 5.17; found C 55.05, H 5.71, N 5.20.

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-100664.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code + (1223)336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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Liquid Crystalline Octahedral Iron(ir) Complexes with 1,4,7-Tris[3,4-bis-
(decyloxy)benzyl]-1,4,7-triazacyclononane: Thermal Characterization and
Maossbauer Investigations of Bridging and Redox Behavior

G. Henning Walf, Riidiger. Benda, F. Jochen Litterst,* Uwe Stebani, Steven Schmidt, and

Giinter Lattermann *

Abstract: The complexation of iron(ur) chloride with 1,4,7-tris[3,4-bis(decyloxy)-
benzyl]-1,4,7-triazacyclononane leads to a liquid crystalline product, which forms a

second mesophase after thermal treatment at around 70°C above the first clearing
temperature. Polarizing microscopy, DSC, and UV observations reveal a trans-
formation, which was further investigated by Mossbauer spectroscopy. In different

Keywords: bridging ligands -
iron - liquid crystals - Moessbauer
spectroscopy - redox chemistry

temperature ranges, various octahedral, binuclear iron(u1) complexes are present
along with a monomeric species. In the presence of water and oxygen, the iron(11n)

center participates in a redox equilibrium.

Introduction

The possibility of combining the properties of liquid crystals
and metal complexes has led to intensive research on metal-
lomesogens.'*l The great majority of them exhibit linear or
square planar geometry at the metal center. However,
because of the dependence of the physical properties (e.g.
magnetism, color) on the geometry of the related ligand field,
it is highly desirable to vary the geometry of the complex. In
1992 an octahedral liquid crystalline nickel(i) complex was
reported.l) Details of a further series of octahedral metal
complexes, containing various ligands and forming smectic or
columnar mesophases, have been published recently.'4 In
the past, a limited number of low molecular(">?>8 and
polymeric221l liquid crystalline iron(ii)) complexes have
been investigated with regard to their magnetic properties.
Besides ESR, Mossbauer spectroscopic investigations have
also been performed.l'1%? In this paper, we describe the
mesomorphism of iron(ii1) complexes containing the ligand
1,4,7-tris[3,4-bis(decyloxy)benzyl]-1,4,7-triazacyclononane

(L), their thermal transformations, and the results
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of Mossbauer spectroscopic investigations, which revealed
their octahedral structure, their bridging behavior, and a
redox equilibrium of the iron centers.

Experimental Section

Materials: Tetrahydrofuran (THF) and dioxane were dried and purified
under inert gas by refluxing with potassium and subsequent distillation.
Inert gas for chemical reactions (N, or Ar) was purified and dried in
columns filled with a molecular sieve and potassium on aluminum oxide.
3,4-Bis(decyloxy)benzoyl chloride was obtained from methyl 3,4-dihydrox-
ybenzoate (Lancaster) by a reported procedure.?’)

Instruments: FTIR: Bio Rad/Digilab FTS40. UV/VIS: Hitachi U-3000. 'H
NMR: Bruker AC250 (250 MHz). GC: Waters model 510 with UV
detector (Waters 440, 254 nm), RI detector (Waters 410); eluent THF;
calibration with PS standards; column combination: PL-gel 600 x 7.5, pore
width 100, 500 A; particle size: 5 pm. EI/MS: Finnigan, MAT8500;
MAT112 S Varian. Elemental analysis: Mikroanalytisches Labor Beetz
Kronach; Fe: Mikroanalytisches Labor Pascher Remagen. Polarizing
microscopy: Leitz Labolux 12-Pol, hot stage Mettler FP82, Mettler
FP80; camera Wild MPS45/51S. DSC: Perkin-Elmer DSC7; standard
heating rate: 10 Kmin~!. TGA: Netzsch STA 409C.

Maossbauer absorption experiments: *’Co-in-Rh source at RT, standard
Mossbauer cryostat; spectra were recorded between 4 K and 250 K;
calculation of the spectra by least-square fits. Isomer shifts are referred to
metallic iron at RT, the values for linewidth are not calculated in thin
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absorber approximation but by solving the transmission integral as
described previously.P*!l Thermal treatments were performed in a stand-
ard oven under defined atmospheric environments (air, O,, or Ar). The
Mossbauer spectra of thermally treated samples were obtained after the
sample had cooled to RT, been removed from the oven, and been
immediately loaded into the He atmosphere of the Mdssbauer cryostat.
1,4,7-Tris[3,4-bis(decyloxy)benzyl]-1,4,7-triazacyclononane: Under inert
gas, 1,4,7-triazacyclononane ([9]aneNs, 2 mmol, Fluka), 3,4-bis(decyloxy)-
benzoyl chloride (6.1 mmol), and 4-dimethylaminopyridine (DMAP)
(6.1 mmol) were dissolved in dry dioxane (100 mL). The reaction mixture
was stirred under reflux for 12 hours. After cooling to room temperature,
DMAP-HCI was filtered off, the solvent evaporated, and the slightly
yellow, oily residue purified by chromatography [alumina N, activity
grade I (ICN)] with hexane/ethyl acetate 1:1, and subsequent recrystalliza-
tion (methanol/THF 5:1). Yield: 50 % as a white waxy solid, freeze-dried
from benzene solution.

The corresponding amine ligand L was obtained by reduction of the
reaction product as described earlierl” and freeze-dried from benzene
solution. The purity of the products was checked by 'H NMR, IR, GPC, EI-
MS, and elemental analysis.

L-FeCl;1® (Samples B and C): Anhydrous FeCl; (1.43 mmol) in dry THF
(70 mL) was added dropwise at 40°C to a solution of L (1.43 mmol) in dry
THF (70 mL). The mixture was stirred at 40 °C for 12 hours, and the solvent
evaporated. The residue was dissolved in hexane, insoluble particles were
filtered off, and the solvent evaporated again. The residue was freeze-dried
from benzene solution (sample C). Sample B was recrystallized from
isooctane over a period of several weeks in the refrigerator. Yield: 96 %.

Sample B: IR (KBr): 7=2955, 2924, 2855, 1605, 1588, 1516, 1467, 1429,
1391, 1267, 1144, 1016 cm™"; Cg;H,5;CLsFeN;04 (1499.32 gmol!): caled: C
69.89, H 10.28, N 2.80, Cl 7.09, Fe 3.72, O 6.40; found: a) no thermal
treatment, freeze-dried: C 68.99, H 10.24, N 3.08, Cl 7.17, Fe 3.76, O 6.76;
b) annealed for 30 minutes at 130°C (H,O atmosphere), freeze-dried: C
68.66, H 10.24, N 2.91, Cl 7.11, Fe 3.74, O 7.34; c¢) annealed for 2 days at
130°C (H,O atmosphere), freeze-dried: C 67.73, H 9.50, N 2.82, C1 6.95, Fe
3.79, 0 9.21.

L-FeCl;-6H,0 (Sample A): The same synthetic procedure as for [L-
FeCl;], but with FeCl; - 6 H,O. Recrystallization from diethyl ether/ethanol
1:1 over a period of several weeks in the refrigerator. Yield: 94%. IR
(KBr): 7=2955, 2924, 2855, 1605, 1588, 1516, 1467, 1429, 1391, 1267, 1144,
1016, 667 cm™!; CgH;5;ClFeN;O4 (1499.32 gmol™!): caled: C 69.89, H
10.28, N 2.80, CI 7.09, Fe 3.72, O 6.40; found: C 69.22, H 10.36, N 3.00, CI
6.18, Fe 3.98, O 7.26.

[a] Empirical formulae only are used here, since we do not know the precise
structural formulae of the complexes.

Results

Thermal behavior: after melting at 48 °C, the two complexes
of L with anhydrous FeCl; (L-FeCl;, samples B and C)
formed a viscous phase, M;, which exhibited slight double
refraction under the polarizing microscope (Figure 1, top). A
transition to the isotropic phase was observed at 59°C. DSC
measurements of a second heat treatment (Figure 2) revealed,
besides the clearing temperature, only a glass transition
around 25°C. Some small black particles still existed in the
isotropic phase, but they disappeared at 130—140°C. Surpris-
ingly, after heating to 130-140°C, a new mesophase was
observed under the polarizing microscope on cooling to 98°C
(Figure 1, bottom). On subsequent heating, this new meso-
phase, M,, exhibited a clearing temperature of 103.5°C.

In principle, the complex of L with FeCl;- 6 H,O (L - FeCl; -
6H,0) exhibited the same behavior with somewhat different
transition temperatures. Above the melting point (47 °C), M,
cleared at 56 °C. When heating for the first time to a maximum
temperature of 140°C (Figure 3a), DSC measurements

94 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Figure 1. Optical textures of complex L - FeCl;: top) M,, at 53°C ( x 120);
bottom) M,, at 95°C ( x 120).
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Figure 2. DSC thermogram of complex L-FeCly; Tp.,=70°C, heating
rate: 2 Kmin~!: a) first heating; b) second and further heatings; c¢) cool-

ing.
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Figure 3. DSC thermogram of the complex L-FeCl;-6H,0 on first
heating up to 140 °C (heating rate: 10 Kmin~!): a) first heating; b) cooling.
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showed a significant change in the heat flow above 95 °C. The
clearing temperature of M, on heating for the first time is
about 125°C. On cooling from higher temperatures in the
isotropic phase (Figure 3b), M, reappears at 130°C. There
was no transition at ~95°C, no transition to M,, and no
recrystallization; however, a glass transition was detected. On
further heating, besides the glass transition at 20°C, only the
clearing peak of M,, stabilized at 136°C, was observed. The
transition temperatures of both complexes are summarized in
Table 1.

Table 1. Transition temperatures, transition enthalpies (in brackets) and AC, values of the

complexes L-FeCl; and L - FeCl;- 6 H,0.[?

reprecipitated from isooctane over a period of several weeks
in the refrigerator, sample C was used directly after synthesis.

The spectra given in Figure 4 show superpositions of two
quadrupole doublets (I and IT) for all three samples A, B, and

relative transmission {1]

T, AC,
[°’C] [kJmol'K™]

K—-M, M, —-M,

M, —I1
[°C (kImol )] [°C (kJmol™)] [°C (kJmol!)]

[L-FeCl] 25 023
[L-FeCl,-6H,0] 20 0.18

53.0 (11.3)0)
470 (10.0)®

60.5 (1.1t
56.0 (0.8)1

103.5 (1.7)4
136.0 (2.6)

[a] T,=glass transition temperature; K = crystalline phase; M =mesophase; I =isotropic
phase. [b] Only on first heating. [c] Only at a maximum heating temperature of 7,,,,=70°C. 095
[d] Only on further heating, after a first maximum heating temperature of T,,,=140°C.

The change of the heat flow around 95°C does not
correspond to the onset of the pyrolytic decomposition of
the complexes at 170°C, which was revealed by thermogravi-
metrical measurements (TGA). Furthermore, a dissociation
(without weight loss) to the free ligand and the salt cannot
explain the transition around 95 °C because of the existence of
the mesophase M,, which in consequence must then be caused
by another process: a transformation of the original complex,
for example. This transformation is also indicated by UV
spectroscopy. In the samples not heated above 70°C, a new
band at 330 nm appeared for both complexes after annealing
for 30 minutes at 130°C.

X-ray measurementst of M; of both complexes (L - FeCl; -
6H,0 and L-FeCl;) revealed only one reflection at 29.7 A
and a halo at 4.4 A for the fluid alkoxy chains. This indicates
the existence, but not the type, of the mesophase. In M,, in
addition to the first-order reflection at 33.7 A and the halo at
4.4 A, a second-order reflection at 16.9 A was observed. This
is consistent with either a columnar or a lamellar phase.

The fact that the observed transformation is not due to
decomposition leads to the assumption of a modification in
the coordination sphere of the complexes.

A precise determination of the complex structure by X-ray
structural analysis is not possible, because of the very poor
recrystallization behavior of the complexes before the ther-
mal transformation (common for liquid crystals) and the total
disappearance of the crystalline phase after the thermal
transformation, even for months.

Mossbauer spectroscopy:

The initial state of the samples: In order to shed light on the
situation, three samples were investigated by Mossbauer
spectroscopy: Sample A corresponds to the complex L-
FeCl;- 6 H,O, reprecipitated from a 1:1 mixture of ethanol/
diethylether over a period of several weeks in the refrigerator.
Both samples B and C correspond to L - FeCl;; sample B was
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Figure 4. a—c) Mdssbauer spectra of samples L-FeCl;-6H,0 (A), L-
FeCl; (B and C) in the initial state (i.e. without thermal treatment) at
different temperatures; d) Mossbauer spectrum of sample C (L - FeCly)
after heating under Ar to 130°C.

C, along with a further signal in the middle (IIIA, B, C). In all
the samples, each of the doublets I and II exhibits the same
hyperfine parameters, and the areas of the two doublets are in
a ratio of 1:1. The values of the quadrupole splittings are 4;=
1.58+0.01 and A4;=126+0.02mms™!. They are nearly
temperature-independent, slightly decreasing at higher tem-
peratures (dAA/dT=—(2.5+£0.3) x 10~* mms~'K-!). The
temperature dependence of the isomer shifts d;=0.37 £ 0.01
and 0;=0.45+0.02 mms~! is negligible. The parameters of
linewidth for doublet I and II could be kept at the same value
and the doublets’ relative areas remained as 1:1 between 4 K
and 200 K when fitting all the spectra (within a limit for
deviation of 1%).

These characteristics are typical for octahedrally coordi-
nated, binuclear high-spin iron(iil) complexes, for example
haemerythrin derivativesP*] as well as for nonmesogenic
iron(irn) complexes with 1,4,7-triazacyclononane ligands.[%37)
The two kinds of iron sites, present in a 1:1 ratio, have two
slightly different environments. Therefore, this species can be
regarded as an asymmetric dimer. The spectra differ in shape
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and intensity with respect to the third signal in the middle.
Futhermore, signal IIT A of sample A (L -FeCl;-6H,0) shows
a broadened doublet. The quadrupole splitting (4, =0.7 £
0.03 mms~!) and the weak temperature dependence of the
isomer shift (Oy4 =0.45+0.01 mms™!; dd./dT as for dou-
blets I and II) are typical for monomeric high-spin iron(11n)
species.?¥l At higher temperatures, the recoil-free fraction of
the y-radiation (f-factor) is found to decrease much more
slowly than for all the other signals. Therefore, we were able
to obtain spectra consisting only of the signal III A at temper-
atures as high as 250 K (Figure 5c¢).

relative transmission 1]

relative transmission [1]
e
=

c)

=]
T

09951

relative transmission [1]

2

Rl

P2
T

>4
©

relative transmission [1]

-3.0 20 2.0 3.0

-1.0. 0.0 10
velocity [mm/s]

Figure 5. Mossbauer spectra of sample B L - FeCl; a—c) after heating in air
to 130°C, at different temperatures; d) after storage for a few days in air at
RT.

The spectra of samples B and C (L -FeCl;; Figure 4b-d)
show broad signals IIIB and IIIC, which are supposed to be
equivalent. Because of the weakness of 111 B, we shall discuss
only III C. Variation of temperature between 4 and 200 K does
not change the relative area of signal III C, which is constant
at all temperatures and amounts to 46 +2 % of the total area
of all the lines added together. The fitted linewidth I and
the small quadrupole splitting Ay are, however, highly
correlated, which causes large uncertainties in both the
parameter values (Table 2). A significant reduction of signal
IIIC was obtained on heating this sample in an argon

96 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Table 2. Mossbauer hyperfine parameters. Isomer shifts are relative to
metallic iron, quadrupole splittings and isomer shifts are at 70 K.

0 [mms~1] A [mms~'] I' [mms'] Byf [T]
Doublet I 0.37+0.01 1.58+£0.01 0.151+0.002 -
Doublet I 0.4540.02 1.26 £0.02 0.151+0.002 -
IIIA 0.4540.01 0.70+0.03 0.35+0.05 50
IIIC 0.45£0.02 01<4<025 03<I<05 -
Fe(i1) 1.04 +£0.03 2.90+0.01 -
Fe(i1) 1.00 +£0.06 2.40+0.01 -
Doublet IV 0.374+0.03 1.30 £0.05 0.25+0.01 -

atmosphere. This treatment transformed equal parts of the
intensity of line IIIC into the doubletsI and II (see Fig-
ure 4d). Therefore, III C could be interpreted as a metastable
molecular modification, which is, despite a very small quadru-
pole splitting, closely related to the binuclear or dimeric
structure corresponding to doublets I and II (asymmetric
dimer), but with a high local symmetry. This interpretation as
a symmetric dimer is supported by the temperature depend-
ence of the f-factor, which is exactly the same for III C as for
doublets I and II, but quite different from III A, which
corresponds to the monomeric iron(im) structure (discussed
in detail below). Apparently, the symmetrical dimer is a
metastable modification first formed in the water-free com-
plex at low temperatures and then rearranged irreversibly to
the thermodynamically more stable asymmetric dimer (in the
spectra seen as doubletI and II) by heating above 130°C
under an atmosphere of inert gas.

The f-factor is proportional to the negative exponent of the
mean square displacement of the Mdssbauer nucleus. In the
harmonic approximation®#)! for the atomic vibrations it is
possible to derive a Debye temperature from the temperature
dependence of f: a value of Opgyme; =65 K was determined
from signals I, II, and III C, and Op yenomer = 86 K from IITA.
We performed calculations on the f-factors of these two
different molecular configurations, using the model of a chain
of harmonic oscillators for the intramolecular oscillations and
the Debye model for the intermolecular oscillations. We
obtained a relative change in the Debye temperatures for
monomeric molecules in comparison to dimeric ones, result-
ing in OD,monomcr=\'7§9D,dimcr for intermolecular oscillations
(bigger molecules/longer chains have more phonon modes, i.e.
they are softer) and Op onomer = \/EQD,dimer for intramolecular
oscillations (since the integrals over all Debye frequencies
have to be normalized by the number of molecules, the
normalization has to be done by N for bridged molecules and
by 2N for monomer molecules), respectively. The experimen-
tal ratio of the two Debye temperatures is 0.77, which lies
between the calculated values (intermolecular: 0.71, intra-
molecular: 0.79). This result confirms the assignment of
monomeric and dimeric molecules to the related signals in the
spectra.

Thermal transformations: An irreversible transformation
above 130°C was observed by DSC measurements and
polarizing microscopy for samples B and C (L - FeCl;) under
Ar. Similar behavior was found for sample A (L-FeCl;-
6H,0). For a more detailed description of these transforma-
tions, we performed Mossbauer spectroscopy on all the
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samples after thermal treatment in air. In principle, the results
are comparable for all three samples. However, we explain the
results on the basis of the spectra of sample B (L :FeCl,).
Figure Sa—c shows a temperature scan (40-250 K) of sam-
ple B. The spectra were recorded immediately after heating to
130°C in air and subsequent cooling to the indicated temper-
ature. The spectrum in Figure 5d was taken after storage of
the heated sample for a few days at RT in air or pure oxygen,
which led to equivalent results.

The observed differences between spectra Sa—c and those
obtained in the initial state prove that there has been a
fundamental change of the iron environment: after
heating, the initial Fe(11)) compound has changed and shows
at least two quadrupole doublets typical for Fe(u)
(4=290+0.01l mms™!, 6=1.04+0.03mms™! and 4=
2.40+0.01 mms~!, 6=1.00+0.06 mms~!). Their intensities
become negligible for higher temperatures (Figure 5¢) due to
their small f-factor. The quadrupole splittings decrease
strongly with increasing temperature; this indicates that the
iron(11) centers are in the high-spin state.

The values A4 and d of doublet IV in Figure 5d come close to
those of the doublets I and II of the spectra of the same
sample before thermal treatment. However, 6;y,=0.37+
0.03 mms~! and A4,y,=1.30+0.05 mms™! do not agree per-
fectly with either doublet I or with doublet II. The relatively
high quadrupole splitting and the extremely small f-factor
indicate a dimeric bridged structure again, but one which
contains two similar iron environments that cannot be
distinguished. This behavior implies that heating the samples
for the first time leads to an irreversible change of the bridged
iron centers from an asymmetric species with two different,
well-defined iron environments to a modified bridged struc-
ture with two identical iron sites. Repeated heating of this
reoxidized sample leads to the Fe(i)-dimeric configuration
again, independent of the atmosphere during the heating
process. This reversible Fe(i)—Fe() cycle has been run
several times without any significant changes to either of the
two different kinds of spectra (a—c and d).

The oxidation and reduction process involving binuclear
molecules suggests the eventual appearance of a mixed-valent
species containing a Fe(i) - Fe(i) bridge. The dynamics of
charge fluctuations should show up in relaxational broadening
and eventual averaging of the hyperfine interactions for fast
(>GHz) fluctuations that could give more insight into the
chemical process. However, our data gives no indication of the
existence of such a species for the whole Fe(i1) — Fe(t1) cycle.

Low-temperature behavior: Some Mossbauer spectra of
sample A obtained below 30 K are shown in Figure 6. A
defined magnetic hyperfine pattern with six lines develops
from the doublet IITA. We have attributed these to the
monomeric species. Similar spectra are obtained at low
temperatures for samples B and C after heating in air above
130°C.

No clear onset of the magnetic splitting can be defined, and
the resonance lines are severely broadened, which points to a
relaxational phenomenon with a fluctuation rate of the local
magnetic field at the iron nucleus slowing down below
the nuclear Larmor precession frequency. The doublet
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Figure 6. Mossbauer relaxation spectra at different temperatures observed
for sample A L-FeCl;-6H,O before heating to 130°C, and for all samples
after the thermal transformation in air.

signal IIT A transforms to the magnetic sextet, and the relative
amount of the sextet increases with decreasing temperature.
This indicates a wide distribution of relaxation frequencies.
This is typical for a wide distribution of particle volumes and/
or of magnetic anisotropies. The magnetic splitting reaches its
saturation below about 9 K and corresponds to an effective
magnetic hyperfine field of 50 T, which is typical for high-spin
Fe(i11). The angle between the main axis of the electric field
gradient and the direction of the effective magnetic field can
be derived by the relative line intensities of the six-line
pattern and the distances between the lines 1-2 and 5-6.533
The Mossbauer spectra reveal this angle to be 68°, which is
clearly distinct from the magic angle of 55° for a random
encirclement.

Even in this temperature range, the lines are still broad-
ened, which indicates a considerable inhomogeneous static
distribution of the magnetic hyperfine interaction.

Similar relaxational spectra are usual for small particles of
different iron oxides or hydroxides whose magnetizations
become blocked at low temperatures. Such particles could
have precipitated in our samples as decomposition products.
There are, however, arguments against this interpretation.
Firstly, the recoil-free fraction of the observed signal is very
low: for oxide precipitates one would expect a strong
absorption signal to persist above room temperature, which
is not the case here. Secondly, the relative amount of
signal IIT A with respect to the total spectral area increases
upon slower cooling and decreases for fast quenching. These
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reversible changes are not expected for a decomposition
product; rather, they reflect the kinetics of the monomer
formation.

Slow paramagnetic relaxation of isolated Fe3* as the origin
of the relaxation spectra can be excluded, since the splitting of
Kramer’s doublets for an S-state ion is very small compared to
the thermal energies. We thus propose that the magnetic
hyperfine patterns arise from magnetic ordering between the
monomeric species. This means that the monomeric mole-
cules form regular structures that enable the iron centers to
couple magnetically through exchange interactions and to
establish a static magnetic order at low temperatures
(<40 K). This magnetic order becomes possible only for the
expected regular stacking of the monomeric molecules, which
brings the magnetic ions into close proximity. Both the
dynamic and the static broadenings observed result from
short-range order connected with structural disorder, but also
with the low-dimensional character of the magnetic coupling.
A thorough investigation of the magnetic properties and their
dependence on the molecular structure is in progress.

Discussion and Conclusions

Mossbauer spectroscopic measurements demonstrate that the
peculiar thermal behavior of the liquid crystalline iron(iir)
complexes with the 1,4,7-tris[3,4-bis(decyloxy)benzyl]-1,4,7-
triazacyclononane ligand, L, is due to the existence of various
monomeric and dimeric species as well as reversible redox
reactions. The results are summarized in Scheme 1.

The presence of water or oxygen is of crucial importance for
the formation of the monomeric iron(i) species as well as for
the redox reaction. Under inert gas in anhydrous conditions,
samples B and C (L-FeCl;) do not form the monomeric
iron(I1T) species (see Figure 5d). In the presence of water, the
monomeric species is formed directly in sample A (L - FeCl;-
6H,0; see Figure 5a). In samples B and C it is formed after
thermal treatment or even if kept in air (Figure 5d).

On the other hand, the reduction of Fe(i) to Fe(i1) occurs
on heating A, B, or C above 130°C; for A (L-FeCl;-6H,0)
the reduction occurs even under argon.
Therefore, the reduction process seems to

Iron (11I)
monomer structure
doublet IITA

[l

Bridged structure
doublet I1IC

heating

under Ar storage

Iron(1II) in air at RT

bridged structure
doublets T + II

heating
— 5,
in air

Iron(I1I)
bridged structure
doublet IV

Tron(1I)

heating

Scheme 1. Reaction scheme of iron(ir) complexes with the 3,4-bis(decyl-
oxy)benzyl-substituted 1,4,7-triazacyclononane ligand L deduced from
Mossbauer spectroscopy.

for 30 min (annealing in air for 2 days gives the same results)
increased the oxygen content and decreased the chlorine
content in the sample, as shown by elemental analysis, which
demonstrates the suggested replacement of chloro ligands.

From these facts we propose a possible reaction scheme in
terms of molecular structures (Scheme 2). A pentacoordinat-
ed iron(in) center (belonging here to the asymmetric dimer)
has also been postulated in binuclear haemerythrin iron
complexes.® The existence of p-hydroxo or p-oxo bridges has
been reported in complexes with a 1,4,7-triazacyclononane
derivative core.F3%411 Additionally, responsibility for the
formation of oxo bridges in a liquid crystalline, ferrocene-
containing Schiff base has been ascribed to atmospheric
moisture.”l With respect to the redox process, a similar
mechanism involving oxygen and H,O was established for the
interconversion of various forms of haemerythrin.*!

With respect to liquid crystallinity, the investigations
presented here lead to the conclusion that the low-temper-
ature mesophase, M, is related to the asymmetric dimer. The
high-temperature mesophase, M,, formed after the thermal
treatment at 130 °C must then result either from the monomer
or the dimeric compound formed by the hydrolysis process.

Analogous or similar complexes of iron(i)chloride with
[9]aneN; derivatives have always been reported as mono-
meric.?38 Bridged binuclear complexes have only been
obtained by subsequent specific reactions.?*3%4 To our
knowledge, a thermally induced redox equilibrium has never
been described. Only an air oxidation of a binuclear iron(ir)

B q1 R
be connected with the presence of water— ]\ }1 ¥ \
air humidity in the case of B and C, crystal N /\ N\ Cl
. . . N a o/ /
water in the case of A. It is possible that / R—N-— Fe —OH
. R=SN-|— Fe—Cr— Fe —["N—R \
the process depends on the formation of / Na a A\ \/ \/ / “a
aquo or hydroxo ligands (doublet IV), f‘{ /N
which would have replaced chloro ligands. L R R B R
A further hydrolysis product could then be
the monomeric iron(ii) species. Another AT "
indication for the role of water in a
hydrolysis and reduction process is the 2+ R 2+
observation that the thermal transforma- R\ }* \ f
tion around 130°C apparently occurred N N/\ /\ N\ Cl JN/\
. s / [H,0] ¥y 3

much faster for L-FeCl;-6H,0, which R—N-— Fo—Cr— Fe—}N—R —— |R—N-}— Fe —0 —Fe —FN—R
allows the detection of the transformation \/ / e\q o \N \/ \/ / \Cl CI/ \ \/
in DSC measurements (see Figure 3). N \ /N N\

R R R R

Finally, annealing the water-free sample
L-FeCl; (B, C) in water vapor at 130°C
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Scheme 2. Possible reaction scheme for hydrolysis of iron(iir) complexes with ligand L.
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complex with a substituted [9]aneN; ligand to a stable iron(11)
product has been observed.*® On the other hand, redox
processes involving metal complexes of 1,4,7-substituted
[9]aneN; ligands are described for binuclear complexes with
manganese,! which can be used in detergent additives as
very efficient catalysts for low-temperature bleaching proc-
esses.[#4:4]

It is obviously significant that the described behavior of the
presented iron complexes is closely related to the presence of
ligand L. At the present, we do not know whether it is only the
steric situation of the bulky substituents, the influence of long
alkyl side chains on transition temperatures, or the liquid
crystalline state, with its additional degree of order, which is
responsible for the described bridging and redox reactions of
this example of metallomesogen.
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Synthesis, Molecular Structure, and Binding Properties of a Hemispherand
Incorporating a Phosphoryl Hard Donor Group

Pascale Delangle, Jean-Pierre Dutasta,* Jean-Paul Declercq, and Bernard Tinant

Abstract: Phosphahemispherand 3 was
synthesized in 63 % yield from its mac-
rocyclic precursor 2 and 1,3-propanediol
ditosylate in the presence of NaH in
THF. Host 3 exhibited temperature-
dependent 'H, 3C, and 3'P NMR spectra
owing to conformational exchange
throughout the molecular framework.
Exo and endo conformers are in equili-
brium in solution, and the energy barrier
between the two forms is 61 kJmol~.

cavity, were predominant at low temper-
ature. The major form was assigned to
the C, symmetry exo conformation. The
minor exo form was assigned to the
asymmetric conformation that has one
methoxy group on each face of the
macroring. The energy barrier for inter-

Keywords: cation complexation
conformation analysis NMR

conversion between the two exo forms is
56 kJmol~!. The binding energies of
alkali metal and ammonium cations to
2 and 3 were measured by the picrate
extraction technique. The highest K,
values were obtained for the complexes
of 3 with K* and Rb*. The conforma-
tional changes observed upon complex-
ation were examined by NMR spectro-
scopy and X-ray analysis and are dis-
cussed in terms of preorganization. The

Two exo conformers, with the P=O bond
directed away from the macrocyclic

macrocycles -

Introduction

The majority of the work on molecular hosts for metal and
ammonium cations involves structures based on crown ethers
and more elaborate systems such as cryptands, spherands, and
cavitands. In these systems, the necessary donor atoms are
those in oxygen or sulfur ethers or nitrogen binding units,
depending on the hard or soft character of the cationic guests
involved. Cram et al. introduced the concept of preorganiza-
tion, which identified the criteria, both structural and
electronic, for optimal affinity of guests and hosts.'! This is
exemplified by the spherand structures with enforced con-
formational strain, which induces high recognition and
selectivity towards alkali metals. Hemispherands are a more
flexible system, though they include a rigid part. Cram et al.
and Reinhoudt et al. have extensively investigated the
complexation behavior of hemispherand molecules with
various binding sites.>3]
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spectroscopy .
structure elucidation

phosphorus
formation of 1:1 complexes was only

observed with the endo conformer.

The P=O phosphoryl group possesses strong binding
properties towards cationic guests and is a good hydrogen-
bond acceptor. Therefore, incorporation of the phosphoryl
unit in preorganized structures can provide powerful hosts for
the recognition of cationic guests. Macrocyclic phosphorus
ligands have attracted much attention in recent years, and new
developments in the synthesis of organized hosts for complex-
ation by means of the phosphorus moieties have been
described.[*! Nevertheless, only a few examples of phosphorus
ligands bearing a phosphoryl or thiophosphoryl donor group
directed towards the interior of a host cavity have been
published. Only molecules with cryptand- or cavitand-like
structures have been reported to date.’) Recently, we reported
that phosphorus macrocycles could be obtained by the
reaction of a diamine with a diaminophosphane and subse-
quent oxidation of the P! species.®”) We have extended this
chemistry to rigidified phosphorus molecules,®°! and this
paper deals with the synthesis and the properties of the first
phosphorylated hemispherand 3 and its macrocyclic precursor
2. The binding activities of 2 and 3 towards alkali metal and
ammonium cations were examined to assess the role of the
phosphoryl group and of the conformational flexibility in
recognition. The solid-state structures of the free ligand 3 and
its sodium complex are discussed along with the detailed
NMR analysis of the conformational behavior of the host and
its complexes. Energy barriers for interconversion between
different conformations of the host were determined.
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Results and Discussion

Synthesis: As has already been demonstrated, macrocyclic
phosphorus derivatives can be prepared most efficiently by a
ring-closure reaction of an appropriate diamine precursor
with a diaminophosphane and subsequent oxidation by
sulfur.[*®! There are several simple methods for the oxidation
of phosphorus compounds; the most common synthetic
procedure requires the in situ oxidation of the P compounds.
The oxidation of thiophosphoryl derivatives to their oxo
analogues has been studied extensively and can be conven-
iently carried out by treatment of the thiophosphonamide
with 3-chloroperoxybenzoic acid in dichloromethane. In
keeping with this strategy, we developed an efficient route
to macrocycles 1-3.

Scheme 1 summarizes the route used to obtain the phos-
phorylated hemispherand 3. Macrocycle 1 was produced by

O O

(\ N

ii

OCH; CHgO ( ) OCH3 CH30
c\P 0
N/ >N

. 1 X=S8
0} 3
—» 2 X=0
Scheme 1. i) MCPBA in CH,Cl,; ii) TsOCH,CH,CH,OTs, NaH in THF.

reacting the appropriate aromatic diamine with bis(dimethyl-
amino)methylphosphine, followed by in situ treatment with
sulfur by a procedure already described.l! In this procedure,

Abstract in French: Le phosphahemispherand 3 a ete syn-
thetise¢ avec un rendement de 63 % a partir du précurseur
macrocyclique 2 et du ditosylate de 1,3-propanediol en
présence de NaH dans le THF. Les spectres de RMN 'H, 3C
et 3P du recepteur 3 montrent une dependance avec la
temperature due a des échanges entre plusieurs conformations.
La barriere energetique entre les conformeres exo et endo est de
61 kJ mol=.. Deux conformeres exo avec la liaison P=0 dirigée
vers Uexterieur de la cavite macrocyclique prédominent d basse
temperature. La forme majoritaire est attribuée ala conforma-
tion exo de symetrie C,. La forme exo minoritaire est attribuée
a la conformation présentant un groupe methoxy sur chaque
face du macrocycle. L’eénergie d’interconversion entre les
formes exo est de 56 kJmol~.. La complexation des picrates
de cations alcalins et ammoniums par 2 et 3 a ete mesuree par
une methode extractive. Les plus grandes valeurs des cons-
tantes d’associations K, ont ete obtenues pour les complexes de
3 avec les ions K et Rb*. Les changements conformationels
observes durant le processus de complexation ont éte etudies
par spectroscopie de RMN et diffraction des rayons-X, et
discutes en terme de préorganisation. La formation de
complexes 1:1 n’est observee qu’avec le conformere endo.
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the macrocyclic phosphorus(iil) intermediate was formed but
not isolated, although it is of particular interest as a ligand,
especially for transition metals. Macrocycle 1 was converted
into the corresponding phosphoryl derivative 2 by reaction
with 3-chloroperoxybenzoic acid in dichloromethane (yield
85%). Surprisingly, by-
product 4 was isolated dur-

ing the preparation of 2 and d %

was characterized by NMR (\ /w
analysis (0°'P =43.8). It cor- o o
responds to the rather un-

OCH3 CH30
usual oxidation of one of the
two amido groups in 1 by HO
the 3-chloroperoxybenzoic NH\ N
acid to produce hydroxyl- S¢P\CH3
amine 4.
For the rigidification step, 4

the use of the biphasic tech-

nique described by Cram,!'”!

which had proved to be efficient with nonmethoxylated
derivatives,® failed in the case of the thiophosphorylated and
phosphorylated derivatives 1 and 2. Therefore, we performed
the rigidification step under anhydrous conditions. The
macrocyclic phosphonamide 2 was mixed under moderate
dilution with 1,3-propanediol ditosylate and NaH in dry THF
to give the new host 3 in 63% yield. The formation of the
phosphoramide anion was indicated by *P NMR spectro-
scopy, which gave a broad signal at 6 = 14.0; the NMR signal
of the starting 2 (6 =23.0) reappeared when hydrolyzed.

NMR study of phosphahemispherand 3: Phosphahemispher-
ands can exist as two conformers because of their bicyclic
structure and the stereochemistry around the phosphorus
atom. We defined the endo and exo forms as the conformers in
which the P=0O phosphoryl bond is oriented towards or away
from the center of the macrocyclic cavity, respectively. A
possible endo —exo exchange pathway is the inversion of the
chair conformation of the six-membered diazaphosphorinane
ring, which inverts the axial and equatorial orientations of the
P=0O phosphoryl bond (Scheme 2). This conformational

X R
—PON, —_— N—F SN,
m /ROy == N N
N o N o
o G0
exo endo

Scheme 2. A possible endo —exo exchange pathway: inversion of the chair
conformation of the diazaphosphorinane ring inverts the orientation of the
P=0 bond (X=0, R=CH,).

behavior is important as it could be involved in the complex-
ing properties of the hosts. An endo orientation of the P=0O
bond allows the phosphoryl group to participate in intracavity
complexation, whereas the exo conformation does not.
Consequently, preorganization of the ligand can only be
accomplished with the endo conformer and will depend on the
relative stability of the preformed cavity in this structure.
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Therefore, it was important to estimate the conformational
behavior and the degree of preorganization of 3 before
complexation. This was achieved by solution NMR and X-ray
structural investigations.

Conformational analysis in solution: In the P NMR spectrum
of 3 at 300 K in CD,Cl,, two signals at 6 =31.3 and 23.3 in a
9:1 ratio indicate the presence of the two slowly exchanging
conformers in solution (exo and

endo conformers, respectively).

The assignment of the stereo-

(f\ O/]ﬁ chemistry of the conformers was

o) o) based upon comparison of the
NMR data of 3 with those of the
corresponding unsubstituted de-

X\\P/CH3 rivatives 5.181 The similarity of the
N7 SN NMR data allows the assignment

of the highfield signal to the endo
conformer and the downfield
signal to the exo one. The pro-
ton-decoupled *'P NMR spec-
trum of 3 (CD,Cl,, 80 MHz) is
given as a function of temper-
ature in Figure 1, and emphasizes the dynamic nature of the
conformational equilibrium. At low temperatures the signal
of the exo conformer at d =31.3 broadens and gives two

|

L

5 X=5,0;n=1,2

|

¥

|
| ~
! L?@MK

263 K

293K

exo-1
exo-2

endo

233K

30.0 25.0 20.0
Figure 1. Low-temperature *'P NMR spectra of 3 (CD,Cl,, 80 MHz).

resonances (exo-1 and exo-2) at temperatures below 278 K.
The chemical shifts of the different species exhibit a linear
temperature dependence, and at 233 K three resonances are
observed at *'P=34.5, 31.7, and 24.2 (62%, 33%, and 5%
respectively). The activation parameter was determined by
analysis of the 3'P NMR band shape, and gave a barrier
AG*=56kJmol™! for the exo-1=exo-2 process. If the
temperature of a (CDCl,), solution of 3 is increased, then a
broadening of the 3'P resonances is observed. The minor
conformer almost disappears in the noise; analysis of the
linewidth of the major exo species gave a barrier AG* =
61 kJmol~! for the exo—endo process.
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The conformers in solution were characterized by analysis
of the 500 MHz 'H NMR spectrum. At room temperature,
only a broad unresolved proton spectrum of 3 was observed
(Figure 2, bottom). Increasing the temperature results in
narrowing of the lines to give an averaged spectrum for the
rapidly exchanging conformers. More information was ob-
tained from the low-temperature experiments. The 500 MHz
'H NMR spectrum of 3 at 203 K shows mainly the two exo
conformers (Figure 2, top). Complete analysis was achieved

v exo-1

v exo-2 S

e ; ; e I
7 6 5 a 3 2 ppm

Figure 2. 500 MHz 'H NMR spectrum (CD,Cl,) of phosphahemispherand
3. Top: 203 K (S =solvent); bottom: 293 K.

by means of two-dimensional correlation experiments. Most
of the protons were assigned from the 'H DQCOSY
correlation map at 203 K (a complete assignment of the
signals for the two exo conformers is given in the experimental
section). The methoxy signals, which are not correlated to any
other protons through J couplings, were assigned from a 2D
NOESY experiment run at 203 K. Exchange cross-peaks
between the resonance at d =3.89 (exo-1) and the two signals
at 0 =3.74 and 3.69 (exo-2) revealed the methoxy signals of
both conformers. The major exo-1 conformation adopts a C;
averaged symmetry, as evidenced by the two aromatic signals
of the anisyl groups. Most of the characteristic signals of the
less abundant exo-2 species are split up and four different
aromatic resonances and two methoxy signals were observed,
indicative of an asymmetrical conformation. The similarities
of the PCH; 'H chemical shifts are in accord with a similar
environment of the phosphorus group in the two exo forms;
the PCH; group of the endo conformer resonates at lower
field. Selected NMR data for the three conformers are
presented in Table 1.

Table 1. Selected NMR data of the three conformers of 3 in CD,Cl,
solution.

exo-1 exo-2 endo
(sym) (unsym)
o3Pl 34.94 32.02 24.41
ArH 721 7265717 -
ArH 6.95 6.87; 6.84 -
O'HI OCH, 3.89 3.74; 3.69 -
PCH, 1.13 1.06 1.67
(¥Jpu/Hz) (15.5) (15.5) (13.5)

[a] 223 K. [b] 203 K.
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We identified the asymmetrical exo-2 conformation as the
one in which the aromatic rings are in different orientations
relative to the phosphorus group. This conformation does
indeed lead to the differentiation of the aromatic protons and
of the two methoxy groups, which are in different environ-
ments. The process mainly involves the rotation of the
aromatic rings through the macrocyclic cavity, a process that
indicates a relative flexibility of the macrocyclic structure.

Attempted preorganization by the solvent: The ratio of the
two conformers observed at room temperature depends on
the polarity of the solvent, so the formation of complexes,
which will be favored for only the endo conformer, could be
modulated by the solvent. In Table 2 the different conformer

Table 2. Exolendo conformers ratiol® of 3 vs solvent polarity, and *'P NMR
chemical shifts (9).

Solvent E(T) exolendo 0P exo; endo
CDCl, 0.259 95/5 31.2;24.6
C,D,Cl, 0.269 95/5 31.5;24.6
CD,Cl, 0.309 90/10 31.3;233
CD;COCD; 0.355 85/15 29.1;23.3
DMSO 0.444 69/31 28.8;24.3
CD,CN 0.460 78122 28.8;23.0
CD,;0D 0.762 95/5 35.3;28.8

[a] Determined from the *'P NMR spectra.

ratios at 300 K are reported for various solvents whose
polarity is expressed through their E(T) factors.'!] The exo
form is still the major conformation, but the endo form is
favored more in a polar solvent. The situation in methanol is
an exception: the association of the host with methanol
molecules through hydrogen bonding could favor the outward
orientation of the phosphoryl P=O group (exo conformation).

Complexation properties: Hemispherands are very efficient
hosts for alkali metal and ammonium ions. They form mainly
1:1 complexes, and solid-state structural analyses show the ion
perching above the macrocyclic cavity of the host.?! In order
to assess the role of preorganization of the host molecule
during the complexation process, the association constants
(K,) and the free energies of complexation (— AG®) for alkali
metal and ammonium picrates of phosphahemispherand 3
and its macrocyclic precursor 2 were determined with the
picrate extraction technique.'”? They were calculated on the
basis of an assumed 1:1
complex formation and
are reported in Table 3.
For comparison, the values
of host 6, containing three
anisyl units, are also includ-
ed in Table 3.0

The free energies of
binding of the [3-cation]
complexes are more nega-
tive than — 25 kJmol~!, in-
dicating that the phospha-
6 hemispherand acts as a
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Table 3. Association constants K, (dm*mol~') and free energies of binding
—AG° (kJmol™) of picrate salt guests to host 2 and 3 at 293 K in CHCl;
saturated with H,O.

Cation 2 3

K,x10° —AG° K,x10- —AG° —AG" endo

-6

Lit 0.003 19.5 0.027 24.8 32.0 (28.0)tal
Na* 0.0078 21.7 0.26 30.4 37.6 (30.9)t!
K* 0.017 23.6 142 40.1 473 (45.6)t
Rb* 0.031 25.1 18.3 40.7 479 (46.8)l
Cs* 0.037 25.6 6.6 38.2 45.4 (45.1)lal
NH; 0.014 232 6.7 38.3 455
CH;NH7 0.0036 19.9 2.5 359 43.0
t-BuNH7{ 0.00069 15.8 0.097 28.0 35.1

[a] Free energies of binding of 6 (ref. [3]).

good ligand for hard cationic guests. The data in Table 3
show a marked selectivity of 3 for Rb*" in CHCl; (AG° =
—40.7 kImol™!). The same trend was observed for the
structural analogue hemispherand 6. The decrease in the
binding power of 2 is consistent with the greater conforma-
tional freedom of the macrocycle. The most stable complex is
obtained with cesium (AG° = —25.6 kI mol™!), clearly indicat-
ing poor structural preorganization of the host. The lower
affinity of 3 compared with 6 is due to the residual conforma-
tional flexibility of the phosphahemispherand. Indeed, as we
know, phosphahemispherands can exist as two main confor-
mations, depending on the orientation of the phosphorus
substituents. The measured free energy of complexation AG®
essentially corresponds to the formation of the [3-MT]
complex, in its endo form, from the free ligand in its exo
conformation (95 % exo in CHCl;).

As depicted in Scheme 3, the free energy of complexa-
tion of the preorganized endo conformer is given by

3exo == 3endoeM* ==—2= 3endo
T| AG® —AG°endo $|

AG°exolendo

Scheme 3. Schematic representation of the thermodynamic equilibria for
the formation of the [3-cation] complexes.

AGoi = —AG iy enio + AG®, where AG,,, .4, is the energy
expenditure for the conformational reorganization of 3. The
AG,,,, values are thus comparable to those of compound 6
(Table 3).

Solid-state structures: Phosphahemispherand 3 crystallized as
the 3-(CH;),CO-CH;0H disolvate. The crystal structure
reveals the C; symmetrical exo conformer (Figure 3). The
molecule contains a crystallographic plane of symmetry. The
two aryl groups are arranged on the same side of the ring, with
the methyls of the OCHj; groups diverging from the cavity and
the orbitals of the unshared lone pairs of the oxygens
converging on the center of the cavity. The diazaphosphor-
inane ring is in the chair conformation with the axial P=O
bond directed outwards. The macrocyclic cavity is filled by the
methyl group of the phosphorus atom and the disordered
methylenes C12 and C12* directed inwards.
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Figure 3. Crystal structure of 3-(CH,),CO-CH;OH.['l Selected bond
lengths [A] and angles [°]: P28—N1 1.677(3), P28—C31 1.777(6), P28 -
032 1.489(4), C28-N1-P28 115.9(2), C5-N1-P28 113.5(2), C5-N1-C28
114.9(2), N1-P28-032 114.93(13), N1-P28-C31 106.1(2), N1-P28-N1*
101.2(2), C31-P28-032 1125 (2).

Upon complexation, conformational changes are expected
to produce the endo conformer with the inward orientation of
the P=O bond. Interestingly, the conformational reorganiza-
tion needed for intracavity complexation is observed in the
X-ray structure of the corresponding sodium dihydrate
complex 3-NaSCN -2 H,O. In the six-membered heterocycle,
the P=0O bond adopts an equatorial orientation and is directed
towards the macrocyclic cavity. The Na* ion is located inside
the cavity, and there is an almost planar coordination of Na*
by four ether oxygens. The coordination sphere of the guest is
completed by the phosphoryl oxygen atom and one H,O
molecule (Figure 4). The O --- Na* distances vary from 2.25 to
2.63 A, with the shortest distance to the phosphoryl oxygen.
Atoms O8 and O17 are not coordinated, reflecting the small
size of the cation compared to the available macrocyclic cavity.

Figure 4. Crystal structur® of 3-NaSCN -2H,0.l') Selected bond lengths
[A] and angles []: P28-N24 1.665(3), P28—N1 1.670(3), P28-C35
1.792(4), P28— 036 1.465(3), Na— O 11 2.488 (4), Na— O 14 2.454 (4), Na—
033 2.634(3), Na— 036 2.249(3), Na— 037 2.546(3), Na— 039 2.363 (4),
C1-N24-P28 119.0(2), C3-N24-P28 116.9(2), C1-N24-C3 116.9(3), C5-
N1-P28 117.7(2), C7-N1-P28 115.6(2), C5-N1-C7 115.5(3), N24-P28-
036 114.0(2), N1-P28-036 114.3(2), N24-P28-C35 109.0(2), N1-P28-
C35108.1(2), N24-P28-N1 100.1(2), C35-P28-036 110.7 (2).
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Solution studies: *'P NMR was used to investigate the effects
of potassium thiocyanate complexation on the conformational
reorganization of host 3. In acetone solution at 300 K, the free
ligand 3 gave two signals corresponding to the two slowly
exchanging exo and endo conformers (6 =29.1 (85%) and
233 (15%) respectively). When potassium thiocyanate is
added to the acetone solution of 3, the 'P NMR signal of the
less abundant species reveals an increase in intensity and a
lowfield shift (deshielding) with ¢*'P varying from 23.3 to 27
when the [guest]/[ligand] ratio reaches 1:1. Concomitantly, the
intensity of the lowfield resonance (8°'P=29.1) decreases
with addition of K*, but its chemical shift is not affected.
When exactly one equivalent of salt had been added, the exo
form disappeared. Even in the presence of an excess of K+
salt, the 0 =27 resonance remained, and could be unambig-
uously assigned to the complex [3-K*]. This indicates that the
free and complexed endo forms are rapidly exchanging at
room temperature. Meanwhile the exo conformer, slowly
exchanging with its free endo partner, disappears in favor of
the preorganized endo form to allow efficient intracavity
complexation of the K™ cation.

On addition of a large excess of K* salt, the signal at 6 =27
does not shift further, indicating that this signal is the
resonance of the complex and that there is no more free
ligand present after the addition of one equivalent of guest
ions. Furthermore, a new signal appears at lower field. This
new species increases and its resonance is shifted to lower
fields when the concentration of the cation increases. These
two signals do not correspond to a conformational equili-
brium between two conformers of the complex, as their
relative intensities depend on the added salt concentration.
They correspond to two slowly exchanging complexes, as
demonstrated by ROESY experiments (Figure 5). Investiga-
tions of the 'H and C NMR spectra and 2D NMR

v complex I

v v
t I

v complex I 7 ! | |
§

; =
- @
Ar-H - 132 —@J ; 5% PCH;/s <
7.0 - - ’ ’
N 38 3_‘§? i 4 R4
72] © e - e 20 o
= 44 ocHs | | _f
! H ArCHj3
7.4 2 . ‘25 cgf ™
© O 301 F = - ArCHz R o ceH,
74 72 70 68 50 44 38 32 25 2.0 1.5

Figure 5. 2D ROESY spectrum (500 MHz) of 3 at 293 K in [Dg4]acetone
with a tenfold excess of K* salt showing the two complexes (complex I and
complex II; S =solvent).

correlation experiments of a mixture of 3 and a tenfold excess
of KSCN in acetone solution, permitted the identification of
the C, averaged symmetry of complex I and the unsym-
metrical conformation of complex II (Table 4). Under these
conditions, the 3P NMR spectrum shows two resonances at
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Table 4. Selected NMR data for the two forms of the complexes [3- KSCN]
in [Dg]acetone and [3- CsNOj;] in [Dg]DMSO at 300 K.

[3-K'] [3-K] [3:Cs'] [3-Cs']
complex I complex II complex I complex II
0P 2175 29.9 26.1 271
ArH 718 744;725 709 7.35; 7.06
ArH 7.02 7.02 6.98 6.99; 6.93
o'H OCH;, 4.01 3.77;371 3.88 -
PCH, 1.41 1.84 1.33 1.65
(Jpu/Hz)  (13.6) (14.7) (13.4) (14.5)
oBC PCH, 5.35 9.50 5.38 9.58
(Jpc/Hz)  (106.2) (114.1) (104.9) (110.5)

0 =275 (88 %, complex I) and 29.9 (12 %, complex II) for the
two slowly exchanging species. However, it is difficult to
ascertain the structure of complex II based on its NMR data.
We suggest the formation of a polynuclear complex for this
second species, which could involve the extracavity coordi-
nation of a bound cation to the P=O group in an exo
orientation.

A similar study was performed with cesium nitrate as the
guest. The same changes were observed in the P NMR
spectra on adding increasing quantities of cesium salt to the
solution of 3 in [D¢]DMSO. After addition of two equivalents
of cation, two signals at 0 =26.1 (70%) and 27.7 (30 % ) were
observed. The 500 MHz 'H NMR spectrum and 2D COSY,
ROESY, and HMQC experiments allowed the character-
ization of the two [3- Cs*] complexes in solution, as described
above for the [3-K*] complexes (Table 4).

Conclusion

From the viewpoint of its structure and binding abilities, one
may regard the macrocyclic phosphonamide 3 as a model for a
new family of hemispherand hosts. Furthermore, it empha-
sizes that, in a sufficiently preorganized structure, the P=0O
group is an efficient donor unit for the coordination of metal
ions in solution. The difficulty of incorporating the phosphoryl
hard donor group in a well-defined structure, with conver-
gently arranged binding sites, has been partly reduced with the
design of the phosphorylated hemispherand 3. Preorganiza-
tion of the ligand is accomplished only with the endo
conformer. At 300 K, in chloroform solution, the free ligand
is mainly in its exo conformation (AG° =7 kJmol™) so that
the host molecule has to be reorganized into its endo
conformation for intracavity complexation to occur. In the
case where the [guest]/[3] ratio is <1, we observe only the
endo complexed form. The stability of the complexes is close
to that of the originally designed hemispherand 6, if account is
taken of the energy expenditure during the structural
reorganization of the phosphahemispherand during complex-
ation.

Experimental Section

General: All manipulations involving air-sensitive species were carried out
under dry argon. THF was freshly distilled from Na/benzophenone ketyl.
Toluene was distilled from Na. Other chemicals were of reagent grade, and
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were used without further purification. 'H, *C, and 3P NMR spectra were
recorded on Bruker AC200 or Varian Unity 500 spectrometers. Chemical
shifts ¢ are quoted relative to Me,Si (*H and **C) or 85 % H;PO, (*'P). *C
and 3P NMR spectra are proton-decoupled unless otherwise noted. The
reported multiplicities of *C NMR spectra represent 3'P—C couplings.
Mass spectra were obtained by the fast atom bombardment (FAB) or
electrospray methods. Elemental analyses were performed by the Service
Central d’Analyses, CNRS. Melting points were determined on a DSC
apparatus or with a Reichert melting point apparatus. Reactions were
monitored by 3P NMR and thin-layer chromatography (Merck Kieselgel
60F,s,). Silica gel used for column chromatography was Merck Kieselgel 60
(0.040-0.063 mm, 230-400 mesh). The procedure for the preparation of
the thiophosphorylated macrocycle 1 has been published previously.[”) 1,3-
Propanediol ditosylate was synthesized according to the literature proce-
dure.["3]

3,7,24-Trimethyl-26,27-dimethoxy-11,14,17,20-tetraoxa-2,4,3-diazaphospha-
tricyclo[20,3,1,15°]heptacosa-1(26),5,7,9(27),22,24-hexaene-3-oxide (2): A
solution of 3-chloroperoxybenzoic acid in CH,Cl, (20 mL) was added
dropwise to a solution of macrocycle 1! (0.4 g, 0.76 mmol) in CH,Cl,
(75 mL) at 0 °C. The reaction mixture was stirred for 2 h under reflux. After
cooling to room temperature, a concentrated aqueous K,COs; solution
(100 mL) was added. The aqueous layer was extracted with CH,Cl, (25 mL)
and the combined organic extracts were washed with concentrated K,CO;
solution (50 mL) and a saturated aqueous solution of NaCl (50 mL), and
then dried over MgSO,. The solution was evaporated under reduced
pressure and the residue was chromatographed over silica gel (EtOAc, then
acetone) to give the oxidized macrocycle 2 in 85% yield. M.p. 158°C; 'H
NMR (200.1 MHz, CDCl;, 300K): 6=1.78 [d, 2/(PH)=15.6 Hz, 3H;
PCH;], 2.16 (s, 6H; CHs), 3.44-3.54 (m, 12H; OCH,), 3.57 (s, 6H; OCHy;),
4.39,4.40 [dap, Jap =10.0,4H; ArCH,], 5.46 [d, 2J(PH) =8.3 Hz, 2H; NH],
6.72 (s,2H; ArH), 7.08 (s, 2H; ArH); *C NMR (50.3 MHz, CDCl;, 300 K):
0=15.69 [d, 'J(P,C) =119.3 Hz, PCHj;], 20.91 (CHj), 62.02 (OCH,), 67.95,
69.35, 70.54, 70.68 (OCH,), 121.03 [d, J(P.C)=2.8 Hz, ArCH], 125.27
(ArCH), 130.69, 132.75 (ArC), 134.08 [d, J(P,C) =2.9 Hz, ArC], 146.90 [d,
J(PC) =170 Hz, ArC]; *'P NMR (81.0 MHz, CDCl;, 300 K): 6 =23.0; MS
(FAB): m/z =509.3 [M+H]*, 531.3 [M+Na]*; C,sH3;N,O,P (508.54): calcd
C59.05, H 733, N 5.51, P 6.09; found C 58.77, H 7.35, N 5.59, P 6.02.
Macrocyclic thiophosphorylated hydroxylamine 4 was isolated during the
preparation of 2 by the oxidation of the thiophosphorylated macrocycle 1
with 3-chloroperoxybenzoic acid, and was characterized by NMR spectro-
scopy. '"H NMR (499.8 MHz, CDCl;, 293 K): 6 =1.83 (s, 3H; CH,), 1.97 [d,
2J(PH)=14.5Hz, 3H; PCH.], 2.34 (s, 3H; CHj;), 3.19 (s, 3H; OCH,),
3.41-3.65 (m, 12H; OCH,), 3.61 (s, 3H; OCHs;), 4.17, 4.53 (dag, Jag = 10.5,
2H; ArCH,), 4.4, 4.46 (ds, Jog=12.5, 2H; ArCH,), 5.07 (s, 1H; OH),
5.78 [d, 2/(P.H) =14.0 Hz, 1H; NH], 6.58 (s, 1 H; ArH), 6.62 (s, 1H; ArH),
6.74 (s, 1H; ArH), 746 (s, 1H; ArH); *C NMR (50.3 MHz, CDCl;, 293 K):
0=18.19 [d, Y(P,C)=91.9 Hz, PCH;], 20.90, 21.21 (CHj;), 61.19, 61.42
(OCH3), 67.05, 68.83, 69.40, 69.73, 70.40, 70.40, 71.06, 71.15 (OCH,), 118.24
[d, J(P,C)=3.6 Hz, ArCH], 114.73, 121.43, 125.28 (ArCH), 130.27, 130.27,
133.12, 134.22, 134.72, 13799, 144.07 (ArC), 144.88 [d, J(P,C)=8.7 Hz,
ArC]; 3P NMR (81.0 MHz, CDCl;, 300 K): 6 =43.8.
4,21,28-Trimethyl-29,30-dimethoxy-8,11,14,17-tetraoxa-1,24,28-diazaphos-
phatetracyclo[22,3,1,12¢,1'*%]triaconta-2,4,6(29),19,21,23(30)-hexaene-28-
oxide (3): A solution of 1,3-propanediol ditosylate (0.292 g, 0.76 mmol,
1.1 equiv) in anhydrous THF (10 mL) was added dropwise to a solution of
the phosphorylated macrocycle 2 (0.35 g, 0.69 mmol) and NaH (0.061 g,
1.52 mmol, 60 % in oil) in anhydrous THF (70 mL). The reaction mixture
was stirred under reflux for 2 h. After cooling to RT, the mixture was
quenched with a minimum amount of water and the THF was evaporated.
The residue was taken up in CH,Cl, (80 mL) and H,O (80 mL). The
aqueous layer was extracted with CH,Cl, (2 x40 mL), and the organic
extracts were washed with a saturated aqueous solution of NaCl (60 mL)
and dried over MgSO,. The solution was evaporated under reduced
pressure and the residue then chromatographed over silica gel (EtOAc,
then acetone) to give the phosphahemispherand 3 as an oil that was
recrystallized from an acetone/hexane mixture (0.24 g, 0.44 mmol, 63 %
yield). M.p. 78.1°C; 3C NMR (50.3 MHz, CD,Cl,, 300 K): 6 =11.21 [d,
1J(P,C) =119.6 Hz, PCHj;], 20.78 (CHs), 27.67 (CH,), 49.12 (NCH,), 61.46
(OCH3), 68.38, 69.01, 70.53, 70.76 (OCH,), 129.6 (ArCH), 130.51 (ArCH),
131.83, 133.90 (ArC), 137.75 (ArC), 154.52 (ArC); 3P NMR (81.0 MHz,
CDCl;, 300 K): 0 =31.2, 24.6 (exo, endo); MS (electrospray): m/z =549.7
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[M+H]*, 571.7 [M+Na]*, 587.6 [M+K]*; CyHyN,O,P-H,0 (566.61):
caled C 59.35, H 7.65, N 4.94, P 5.47; found C 59.02, H 7.83, N 4.88, P 5.29.
Conformer exo-1: '"H NMR (499.8 MHz, CD,Cl, 203 K): 6=1.13 [d,
2J(PH)=15.5 Hz, 3H; PCH,], 2.01 (m, 1H, CH), 2.26 (s, 6H; CH,), 2.32
(m, 1H, CH), 2.90—3.40 (m, 12H; OCH,), 3.18 (m, 2 H, NCH,), 3.89 (s, 6 H;
OCHs;), 4.06 (m, 2H, NCH,), 4.06, 4.80 (dag, Jag=11.5, 4H; ArCH,), 6.95
(s,2H; ArH), 721 (s, 1H; ArH); *'P NMR (81.0 MHz, CD,Cl,, 223 K): 6 =
34.94.

Conformer exo-2: 'H NMR (499.8 MHz, CD,Cl, 203 K): 6=1.06 [d,
2J(PH)=15.5 Hz, 3H; PCHj], 1.96 (m, 1H, CH), 2.26 (s, 6H; CH;), 2.42
(m, 1H, CH),2.90-3.40 (m, 12H; OCH,), 3.18 (m, 1 H, NCH), 3.54 (m, 1 H,
NCH), 3.69 (s, 3H; OCH,), 3.74 (s, 3H; OCHj;), 4.11 (m, 2H, NCH,), 3.87,
4.75 (dag, Jag = 12.0,2H; ArCH,), 3.94, 4.86 (dsp, Jag = 11.5, 2H; ArCH,),
6.84 (s, 1H; ArH), 6.87 (s, |H; ArH), 7.17 (s, 1 H; ArH), 7.26 (s, 1 H; ArH);
3P NMR (81.0 MHz, CD,Cl,, 223 K): 6 =32.02.

Conformer endo: 3'P NMR (81.0 MHz, CD,Cl,, 223 K): 6 =24.41.

Crystal structure analysis of 3-(CH;),CO-CH;0H: Crystal size 0.32 x
0.26 x 0.14 mm, orthorhombic, Pnma, a=9.607(1), b=14.513(1), c=
24563(2) A, V=3424.7(5) A3, Z=4, pogea=124 gem=3, u=1.15mm"",
20, = 135°, Cuy, radiation, 1 =1.54178 A, 626 scan mode, 293 K, 3225
independent reflections, 2385 with />20(l); data corrected for Lorentz
polarization but not for absorption; structure solved by direct methods with
SHELXS 86,14l anisotropic least-squares refinement (SHELXL 93[%1) with
F? values, 256 parameters (12 restraints). H atoms in calculated positions.
R=0.083, R(all data)=0.100, S$=1.07, wR*=0.248; w=1/[c*F%+
0.1609 P2+ 1.66 P]. Maximum and minimum density in final Fourier
synthesis 0.43 and —0.42 e A-3. Hemispherand 3 and the two solvent
molecules lie on a crystallographic mirror plane of symmetry. Two positions
for atoms O 8 and C12 were refined (site occupation factors 0.76 and 0.24).
Crystal structure analysis of 3-NaSCN-2H,0: Crystal size 0.28 x 0.20 x
0.16 mm, monoclinic, P2,/n , a=10.599 (1), b =23.182(2), c=13.787(2) A,
B=92.84(1)°, V=3383.4(6) A3, Z=4, peyea=1.31 gem™3, u=1.74 mm~,
20max =135°, CuK,, 1=1.54178 A, 0-260 scan mode, 293K, 6100
independent reflections, 3799 with />20(l); data corrected for Lorentz
polarization but not for absorption; structure solved by direct methods with
SHELXS 86,/ anisotropic least-squares refinement (SHELXL 93[)) using
F? values, 436 parameters (18 restraints). H atoms in calculated positions,
those of the water molecules from Fourier difference synthesis (one H not
localized). R=0.074, R(all data)=0.109, S=1.08, wR>=0.208; w=1/
[0°F2% +0.1354 P?]. Maximum and minimum density in final Fourier
synthesis 0.67 and —0.49 e A3, Two positions for atom O 8 (site occupation
factors 0.81 and 0.19) and for atoms C17, C18 (site occupation factors 0.53
and 0.47) were refined.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited at the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100210.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code +44 1223 336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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Electrochemically Induced Hetero-[4-+2]-Cycloaddition Reactions
Between 2-Vinylpyrroles and £-Acceptor-Substituted Enamines

Thomas Peglow, Siegfried Blechert,* and Eberhard Steckhan

Abstract: Recently, we reported on rad-
ical cation cycloaddition reactions be-
tween 2-vinylindoles and [-acceptor-
substituted enamines, which provide a
new pathway to pyrido[1,2-aJindoles.!!)
In order to broaden the synthetic scope
of this reaction, we have developed
hetero-[4+2]-cycloaddition  reactions

2-vinylpyrroles, acting as heterodienes,
and [-acceptor-substituted enamines.
This reaction is induced by electrochem-
ically generated radical cations of either

Keywords: cations -
- electrochemistry
transfer - radical ions

cycloadditions
electron

the 2-vinylpyrrole diene or the enamine
dienophile. These electron-transfer-in-
duced reactions open up a novel route
to highly substituted indolizines in mod-
erate yields. We propose a mechanism
that explains both the complete regio-
control of this cycloaddition as well as
the product formation, irrespective of

between a number of readily accessible

Introduction

The synthetic applications of [4+2]-cycloaddition reactions
are limited by the demand for reactants of complementary
electronic character to ensure that the frontier orbitals can
overlap sufficiently. In contrast, electron transfer, as the most
simple method for a redox umpolung, permits [4+2] cyclo-
additions between reactants with similar HOMO energies
under mild conditions via electrochemically or photochemi-
cally generated radical cations. These radical-cation-initiated
reactions have a reaction rate several orders of magnitude
greater than the neutral reactions owing to a very low
activation barrier. Thus, electron-transfer-induced cycloaddi-
tions have proved to be a promising tool for organic syn-
thesis.”!

Originally, the application of this methodology was re-
stricted to non-heterosubstituted dienes and dienophiles, for
example cyclohexadienes,Pl 1,3-pentadienes!® or styrenes.!
Subsequently, heterosubstituted dienophiles were reported
by Bauld in radical cation [4-+2] cycloadditions by the reaction
of butadiene-type dienes and phenylvinyl thioether as a step
in the synthesis of (—)-A-selinenel® and also by one of us in the
very efficient application of indole as a heterodienophile.”

[*] Prof. Dr. S. Blechert, Dipl.-Chem. T. Peglow
Institut fiir Organische Chemie der Technischen Universitit Berlin
Strasse des 17. Juni 124, D-10623 Berlin (Germany)
Fax: Int. code +4930-31423619
e-mail: sibl@wap0105.chem.tu-berlin.de
Prof. Dr. E. Steckhan
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the inducing radical cation species.

We also demonstrated the ability of electron-transfer-induced
cycloadditions to produce carbazole derivatives in good yields
from reactions of several cyclohexadienes and styrenes (act-
ing as dienophiles) with acceptor-substituted 2-vinylindoles
(acting as heterodienes).®! In conventional Diels— Alder
reactions, these vinylindoles react only with very electron-
deficient dienophiles, and often require drastic conditions.”]
In the course of these studies aimed at the use of hetero-
substituted dienes and dienophiles in radical cation [4+2]
cycloadditions, we recently developed a new annellation
reaction between f-acceptor-substituted enamines, acting as
dienophiles, and 2-vinylindoles to provide a method of
synthesising pyrido[1,2a]indoles.'!. Based on this work, we
report here an electrochemically induced hetero-[4+2]-cyclo-
addition reaction between acceptor-substituted 2-vinylpyr-
roles and f-acceptor-substituted enamines, which opens up an
efficient route to highly substituted indolizines.

Results and Discussion

Diacceptor-substituted 2-vinylpyrroles 1 were chosen as
suitable heterodienes for the anticipated electron-transfer-
induced indolizine syntheses, since they are analogous to the
successfully employed 2-vinylindoles.'! These compounds,
which must be completely substituted at the pyrrole nucleus
to avoid polymerisation at the electrode surface,!'") are readily
accessible by addition of dimethyl acetylenedicarboxylate
(DMAD) or but-2-ynedinitrile to 2H-pyrroles. Mixtures of
(Z)/(E) isomers were obtained from these reactions; however,
except for 1¢, only the major isomers shown in Scheme 1 were
employed in the single electron transfer (SET) reactions.
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H CO,CH;
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CoHs0.C CoHs0,C_ OCoHs
7\ COsCH, [ Y CO:LCHs
N N
‘ H
H COZCHg CO.CH;
1c 1d

Scheme 1. 2-Vinylpyrroles 1 employed as dienes in electron-transfer-
initiated cycloaddition reactions.

The dienophiles 2 (Scheme 2) were prepared by Michael
addition of dimethylamine to a,(-acetylenic esters and nitriles
(2a and 2b),l"J treatment of 8-bromo methacrylonitrile with

CO.CHs CN NO,
-N e —N
| | |
2a 2b 2c
0 CO.CHs
= —NX =
—N N | /\do HN
2d 2 2

Scheme 2. f-Acceptor-substituted enamines 2 employed as dienophiles in
electron-transfer-initiated cycloaddition reactions.

dimethylamine (2d),['? condensation of y-butyrolactone with
Bredereck’s reagent!’ (2e) or hydrogenation of the appro-
priate pyridine (2 f).['¥

It has been previously shown that for an efficient radical-
cation-induced [442] cycloaddition, the oxidation potentials
of the diene and dienophile should not differ by much more
than 500 mV.® Therefore, the oxidation potentials of the f-
acceptor-substituted enamines and the 2-vinylpyrroles were
measured by cyclic voltammetry in acetonitrile. At scan rates
up to 400 mVs~, totally irreversible voltammograms were
obtained in all cases. This indicates a fast follow-up reaction of
the radical cations under these conditions. The linear depend-
ence of the anodic peak current on the square root of the scan
rate indicates a diffusion-controlled process. The anodic peak
potentials are taken as a relative measure of the redox
potentials of the compounds (Table 1). Thus, a hetero-[4+2]-

Table 1. Oxidative (E,) peak potentials (V) of the 2-vinylpyrroles (1) and
the B-acceptor-substituted enamines (2).

2-Vinylpyrrole E, . [a] Enamine E, . [a]
1a 0.61 2a 0.77
1b 0.85 2b 0.86
1c 0.92 2¢ 1.12
1d 0.79 2d 0.64
2e 0.68
2f 0.62

[a] Peak potentials from cyclic voltammograms at 25 to 400 mVs™! scan
rates vs. Ag/AgNQO;; electrolyte: acetonitrile (0.1m LiClO,).
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Table 2. Reactions of 2-vinylpyrroles 1a—d with enamines 2a—ec.

Diene Dienophile Method Product Yield
8%
SET
-— | CO,CHj3
1a + 2a -2, -2¢ 3
- HN(CHa)2 +
A I N _cO,CHy
N 49%
X CO,CHy
4 CO,CHs
7 Y. _cOCH,
1a + 2b A N° 43%
5 " CO,CHgy
CN
7\ coN ;
b + 2b A N" 60%
X CN
6
CN
CaHs0:C
| N cocH,
1€ + 2b A Ny 47%
7 X" CO,CHg
CN
CaHs0.C.
! Y _COCHy
1c + 2 A N 43%
s X CO,CH;
NO,
CHs0.C. OG5
! N\ CO,CH,
1d + 2b A N3 66%
0 X" C0o,CHg
CN

cycloaddition reaction occurs between two compounds of
nearly identical HOMO energies by a redox umpolung of
either the diene or the dienophile to the corresponding radical
cation. In all cases, the desired indolizines, which have a
higher oxidation state than the reactants, were formed under
complete regiocontrol in yields of 25 to 66 % (Tables 2 and 3).
No dimers of the diene or the dienophile were observed.

In cycloadditions with enamines 2a-c, yields were gener-
ally good and were not affected by functional groups on the
pyrrole nucleus (Scheme 3). However, subsequent aromatisa-
tion of the initially formed dihydroindolizines, with loss of
dimethylamine, could not be prevented. This aromatisation
occurred almost instantaneously in the reaction with nitroen-
amine 2¢, whereas the respective cycloadducts formed from
cyanoenamine 2b lost dimethylamine during work-up, and
the dihydroindolizine 3a, which decomposes within several
weeks, was isolated. Consequently, the trend towards aroma-
tisation increased with the strength of the acceptor adjacent to
the dimethylamino moiety.

If the o'-methyl-substituted enamine 2d was used, then
aromatisation of the cycloadducts was impossible, but the
yields were lower than those from the reactions of its a'-
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Table 3. Reactions of 2-vinylpyrroles 1a and 1b with enamines 2d-f.

Diene Dienophile Method Product Yield

SET
1a + 2d -2H" -2¢ 37%
A
1b + 2d A 54%
1a + 2e A 33%
! W _COsCH,
1a + 2f A N 25%
. CO,CHs
HN 2
\\/: COCH3
13

unsubstituted analogue 2b, and dropped even further in
reactions with the bulky enamines 2e and 2 f (Table 3). This
can be explained by a greater steric hindrance of the enamines
2d-f compared to 2a—c, rather than by a higher thermody-

1a 2d

SET lSET
gl

— » CN
@ @ \
N —N
14 H R1 | 15
l+2d l+1b

— 1 1
\ﬁ '~ R intra- /N\ . R
) 1 molecular ) 1
H R electron H R
transfer el
—n ' CN o T'cN

10 R1=CO,CH;
11 R1=CN

Scheme 3. Proposed mechanisms for electron-transfer-initiated cycloaddi-
tion reactions between 2-vinylpyrroles 1 and [-acceptor-substituted
enamines 2.

Chem. Eur. J. 1998, 4, No. 1
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namic stability of the aromatic products, because aromatisa-
tion does not occur during the course of the cycloaddition
reaction. In contrast to the stereoselective formation of 3 and
13, the dihydro-indolizines 10, 11 and 12 were obtained as a
1:1 (10, 11) or 1:4 (12) mixture of the cis/trans-diastereomers,
which we did not separate.

As a basis for the mechanistic interpretation of these
reactions, ab initio calculations (UHF/3-21G+) of the radical
cations 14, derived from 2-vinylpyrroles 1, were performed.
These indicated the formation of a radical cation with the
positive charge stabilised as an iminium ion, while the spin
density is increased at the terminus of the former vinylic double
bond. This was verified by the fact that a mixture of the (E)
and (Z) isomers was found in the recovered material after the
reaction: there had been a rotation around the former double
bond at the radical cation stage. Consequently, product forma-
tion should not be sensitive to the double-bond configuration of
the 2-vinylpyrroles. Because the oxidation potentials of several
enamines 2 are lower than those of the applied 2-vinylpyr-
roles, the initial formation of the radical cations 15 must also be
considered. On the basis of previous mechanistic investigations
of radical cation [4+2] cycloadditions,? we propose two
reaction pathways starting with the attack of the electrophilic
radical cation of either diene (14) or dienophile (15) at the
nucleophilic site of the respective reactant to give the distonic
radical cations 16 and 17, respectively (Scheme 3). Radical cation
16 would then undergo an intramolecular electron transfer to
give the thermodynamically favoured 17. Thus, both pathways
lead to the same key intermediate 17, which would immedi-
ately undergo cyclisation by an intramolecular attack of the
pyrrole nitrogen on the iminium carbon to give radical 18. In
both intermediates 17 and 18 the radical is stabilised by both
an electron-donating and an electron-withdrawing group
(captodative effect). The reaction is terminated by single-
electron oxidation followed by deprotonation leading to the
cycloadducts 10 and 11 as the only products.

Obviously, the slightly improved yields obtained with
dicyano-substituted 2-vinylpyrroles, as compared to the
corresponding dialkoxycarbonyl-substituted substrates (Ta-
bles 2 and 3), can be rationalised by the enhanced stabilisation
of the radical centre next to the cyano group, as well as by the
lower steric demand.

The proposed mechanism also accounts for the mixtures of
diastereomers observed when the dienophiles 2d or 2e were
employed. Rotation around the newly formed single bond before
ring-closure should be possible, especially if the substitutents
at the newly built quaternary carbon are of similar size. On the
other hand, an equilibration on the product stage due to ring
opening of the aminal substructure, can be ruled out.'”! The
highly diastereoselective addition of the tetrahydro-pyridine
2 fto give the pyrrolonaphthyridine 13 could be explained as a
hindered rotation of the tetrahydropyridine ring at the stage
of the intermediates 16 and 17, respectively.

Experimental Section

Melting points: Leica GalanIIl. Melting points are uncorrected. Mass
spectra and high-resolution MS: Varian MAT711 and MAT955Q mass
spectrometer (EI) with an ionisation potential of 70 eV. Infrared spectra:
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Nicolet 750FT infrared spectrometer. 'H NMR spectra: Bruker AM400
and AC200; chemical shifts relative to CDCl;. *C NMR spectra including
DEPT: Bruker AM400 and AC200. UV/Vis spectra: Beckman DU-64
spectrophotometer. Elemental analysis: Mikroanalytisches Labor Beller,
Gottingen. Oxidation potentials: BAS (Bioanalytical System) CV-50W
voltammetric analyser; platinum working electrode (1.6 mm diameter),
Ag/AgNO; reference electrode, electrolyte: acetonitrile (0.1m LiClO,).
Unless otherwise noted, all chemicals were of the highest purity commer-
cially available, and were used without further purification. All the
reactions were monitored by thin-layer chromatography on Merck 60F,s,
(0.2 mm) sheets, which were visualised with ethanolic molybdophosphoric
acid, UV light or a solution of p-dimethylaminobenzaldehyde in methanol/
hydrochloric acid. Preparative flash chromatography was performed on
Merck (0.04-0.063 mm) silica gel with positive air pressure. HPLC was
performed on a Waters-590 module equipped with a Knaur refractometer,
a Eurospher 100-C18 (7 um) 20 x 300 mm column and a solvent rate of
20 mL min~. PE (light petroleum, b.p. 40—-60°C), MTBE (methyl terz-butyl
ether) and other solvents used for chromatography were distilled before
use. Tetrahydrofuran (THF) was distilled from potassium.

Compounds 1a,/° 2a,[111 24,121 2 e['*l and 2 {1l were prepared according to
literature procedures. Compounds 2b (Aldrich) and 2¢ (Lancaster) were
used as supplied.

General procedure: The reaction solution was potentiostatically electro-
lysed at the potentials given below in an electrochemical cell (undivided)
(max. volume 100 mL) under vigorous stirring. Anode: carbon, 20 cm?;
cathode: carbon, 20 cm?; reference electrode: Ag/AgNOs; electrolyte:
acetonitrile (0.1m LiClO,); separation of the electrodes: 3 cm. Prior to use,
the electrodes were activated by ultrasonic treatment in acetonitrile. In the
course of the electrolysis, the current dropped from 20 mA to 2 mA and the
reaction solutions darkened slightly. The current consumption is given in
Coulombs for each experiment. At the end of the reaction, the electrodes
were subjected to ultrasonic treatment: i) 10 min in methanol (60 mL),
ii) 5 min in acetonitrile (60 mL). The combined solutions were evaporated
under reduced pressure and then treated with brine. The aqueous layer was
extracted five times with chloroform and dried over MgSO, and the solvent
evaporated. Chromatographic separation was performed on silica gel,
unless otherwise stated. With the exception of 6, yields are based on
recovered material (90 % turnover).
2-(3,4,5-Trimethyl-1H-pyrrol-2-yl)-but-2-enedinitrile (1b): A solution of
2,3,4-trimethyl-1H-pyrrolel'”! (86 mg, 0.79 mmol) and but-2-ynedinitrile!'*!
(60 mg, 0.79 mmol) in THF (3 mL) was stirred for 1 h at RT. Evaporation
and separation of the reaction mixture by flash chromatography (MTBE/
PE 1:5) afforded 93 mg of 1b (63 %) and 13 mg of the (Z) isomer (9%),
which readily isomerises, to give a total yield of 72% of the (E) isomer.
(E) Isomer 1b: Bright yellow solid; m.p. 128—-129°C; '"H NMR (200 MHz,
CDCl;, 25°C): 6 =9.13 (br, 1H, NH), 5.21 (s, 1 H, vinyl-H), 2.34 (s, 3H, 4"-
CHs;), 2.27 (s, 3H, 5-CH;), 1.93 (s, 3H, 3'-CHj;); *C NMR (50.3 MHz,
CDCl,;,25°C): 6 =134.3 (s), 130.0 (s), 120.3 (s), 119.8 (s) 119.5 (s), 118.8 (s),
116.4 (s, Ar, C=C), 89.1 (d, C=C), 11.8 (q), 10.8 (q), 8.6 (q, CH3) cm!; IR
(film, CCL,): #,,, = 3443 (m), 30.84 (w) 2923 (w), 2863 (w), 2198 (s), 1533
(vs), 1474 (vs), 1457 (s) cm~'; MS (70 eV, EI): m/z (%) =185 (100, M), 170
(50), 158 (39), 143 (20); HR-MS calcd for C;H;;N;: 185.0953, found
185.0953; UV/Vis (MeOH): 1,,,,, =402, 270 nm.

Dimethyl 2-(4-ethoxycarbonyl-3,5-dimethyl-1H-pyrrol-2-yl)-but-2-enedioate
(1¢): A solution of ethyl 2,4-dimethyl-1H-pyrrole-3-carboxylatel'”) (150 mg,
0.90 mmol) and DMAD (127 mg, 0.90 mmol) in THF (3 mL) was stirred for
12 h at RT. Evaporation and separation of the reaction mixture by RP-
HPLC (methanol/water 7:3) afforded 190 mg of 1¢ (68 %) as a 1:3 mixture
of (Z)/(E) isomers. Bright yellow solid; m.p. 94°C; 'H NMR (200 MHz,
CDCl;, 25°C): 6=11.70 (br, 0.75H, NH), 8.43 (br, 0.25H, NH), 5.97 (s,
0.75H, vinyl-H), 5.95 (s, 0.25H, vinyl-H), 4.28 (q, */(H,H) =7.0 Hz, 0.5H,
OCH,) 4.27 (q,*J(H,H) =70 Hz, 1.5H, OCH,) , 3.93 (s, 0.75H, OCH,), 3.86
(s, 2.25H, OCH,), 3.77 (s, 2.25H, OCHs;), 3.76 (s, 0.75H, OCHs;), 2.53 (s,
2.25H, 5'-CHs;), 2.48 (s, 0.75H, 5'-CHj), 2.39 (s, 0.75H, 3'-CHj;), 2.29 (s,
2.25H, 3-CH;), 134 (t, 3/(H,H)=70Hz, 3H, OCH,CH;); “C NMR
(50.3 MHz, CDCl;, 25°C): 6 =168.5 (s, 0.75C), 168.3 (s, 0.25C), 168.1 (s,
0.75C), 165.8 (s, 0.25C), 165.4 (s, 0.75C), 165.2 (s, 0.25C, C=0), 139.6 (s,
0.25C), 139.2 (s,0.25C); 138.7 (s, 0.75C), 137.7 (s, 0.75C), 128.2 (s, 0.75C),
126.4 (s,0.25C), 120.7 (s, 0.25C), 120.6 (s, 0.75 C), 114.4 (d, 0.75C), 113.8 (s,
0.25C),113.0 (5,0.75C), 115.5 (d, 0.25 C, Ar, C=C), 59.3 (t, 1 C, OCH,), 52.9
(q,0.75C), 52.7 (q, 0.25C), 52.2 (q, 0.75C), 51.6 (q, 0.25C, OCH,), 14.5 (q,
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1C), 14.3 (q, 0.25C), 14,0 (g, 0.75C), 12.0 (g, 0.75C), 11.4 (q, 0.25C, CH,);
IR (ATR): . = 3315 (brm), 2981 (m), 2952 (m), 1697 (vs), 1592 (s), 1432
(s), 1256 (vs), 1205 (vs), 1092 (vs) cm~'; MS (70 eV, EI): m/z (%) =309
(100, M*), 278 (14), 264 (6), 249 (22); HR-MS caled for C,sH,NO:
309.1212, found 309.1212; UV/Vis (MeOH): A, = 360, 265 nm.

Dimethyl 2-(3-ethoxy-4-ethoxycarbonyl-5-methyl-1H-pyrrol-2-yl)-but-2-
enedioate (1d): A solution of ethyl 4-ethoxy-5-methyl-1H-pyrrole-3-
carboxylate®! (115 mg, 0.58 mmol) and DMAD (81 mg, 0.58 mmol) in
THF (3 mL) was stirred for 3 h at RT. Evaporation and separation of the
reaction mixture by flash chromatography (MTBE/PE 1:1) afforded
132 mg of (E)-1d (67%) and 14 mg of the (Z) isomer (7%) to give a
total yield of 74 %.

(E)-1d: Yellow solid; m.p. 72°C; '"H NMR (200 MHz, CDCl;, 25°C): 6 =
12.14 (br, 1H, NH), 5.51 (s, 1H, vinyl-H), 4.29 (q, *J(H,H) =7.0 Hz, 2H,
COOCH,), 3.96 (q,*J(H,H) =7.0 Hz, 2H, OCH,), 3.85 (s, 3H, OCH,), 3.77
(s, 3H, OCH,), 2.54 (s, 3H, 5-CH,), 1.35 (t, 3/(HH)=70Hz, 3H,
COOCH,CH;), 132 (t, 3/(HH)=70Hz, 3H, OCH,CH,);*C NMR
(50.3 MHz, CDCl;, 25°C): 6 =169.1 (s), 168.5 (s), 163.5 (s, C=0), 150.5
(s), 138.7 (s), 137.8 (s), 114.3 (s, Ar), 107.0 (d), 105.8 (s, C=C), 71.8 (t,
COOCH,), 59.5 (t, OCH,), 52.7 (q), 52.0 (q, OCH;), 152 (q,
COOCH,CH,), 15.0 (q, OCH,CHj,), 14.2 (q, CH3); IR (ATR): #,,,=3205
(W), 2982 (m), 2951 (m), 1742 (s), 1700(s), 1567 (s), 1434 (s), 1285 (vs), 1205
(vs), 1084 (vs) cm~1; MS (70 eV, EI): m/z (%) =339 (34, M), 265 (16), 233
(100), 121 (21); HR-MS calcd for C,sH,;NO;: 339.1318, found 339.1318;
UV/Vis (MeOH): ., =356, 247(sh), 217(sh) nm.

(Z)-1d: Bright yellow solid; m.p. 142°C; 'H NMR (200 MHz, CDCl;,
25°C): 6 =838 (br, 1H, NH), 6.13 (s, 1H, vinyl-H), 4.29 (q, J(H,H) =
7.0 Hz, 2H, COOCH,), 4.00 (g, 3/(H,H) = 7.0 Hz, 2H, OCH,), 3.92 (s, 3H,
OCHS,), 3.72 (s, 3H, OCHS,), 2.48 (s, 3H, 5-CHz), 1.35 (t, J(H,H) = 7.0 Hz,
6H, COOCH,CH;, OCH,CH,); *C NMR (50.3 MHz, CDCl,, 25°C): 6 =
1677 (s), 166.3 (s), 163.6 (s, C=0), 149.0 (s), 138.6 (s), 137.2 (s), 113.9 (s, A1),
109.1 (d), 107.4 (s, C=C), 71.3 (t, COOCHS,), 59.8 (t, OCH,), 52.9 (q), 51.7
(q, OCH,), 15.3 (q, COOCH,CH}), 14.8 (q, OCH,CH,), 14.4 (q, CHs); IR
(ATR): 7, = 3310 (m), 2982 (m), 2952 (m), 1742 (vs), 1704 (vs), 1591 (vs),
1433 (vs), 1276 (vs), 1231 (vs), 1196 (vs), 1168 (vs), 1085 (vs) cm~!'; MS
(70 eV, EI): miz (%) =339 (31, M+), 308 (4), 294 (6), 281 (10), 265 (16), 233
(100); HR-MS caled for C;sH,NO;: 339.1318, found 339.1318; UV/Vis
(MeOH): 1, = 328, 260, 208 nm.

Trimethyl 5,6-trans-5-dimethylamino-1,2,3-trimethyl-5,6-dihydroindolizine-
6,7,8-tricarboxylate (3) and trimethyl 1,2,3-trimethylindolizine-6,7,8-tricar-
boxylate (4): Following the general procedure above, 2-vinylpyrrole (1a,
30 mg, 0.12mmol) and methyl 3-dimethylaminoacrylate (2a, 31 mg,
0.24 mmol) were electrolysed at 500 mV (current consumption 41 C).
Separation of the reaction mixture by RP-HPLC (methanol/water 8:2)
afforded 20 mg of 3 (49 %) and 3 mg of the aromatised product 4 (8 %) to
give a total yield of 57%.

Trimethyl 5,6-frans-5-dimethylamino-1,2,3-trimethyl-5,6-dihydro-indolizine-
6,7,8-tricarboxylate (3): Yellow solid; m.p. 107-109 °C, decomposition to
4); 'H NMR (200 MHz, CDCl;, 25°C): 6 =5.18 (d, *J(H,H) =1.0 Hz, 1H,
H5), 4.10 (d, */(H,H) =1.0 Hz, 1H, H6), 3.92 (s, 3H, OCH,), 3.78 (s, 3H,
OCH,), 3.64 (s, 3H, OCH3), 2.17 (s, 9H, 3-CH;, NCH3), 1.95 (s, 3H, 1-CH3),
1.89 (s, 3H, 2-CH,); C NMR (50.3 MHz, CDCl;, 25°C): 6 =172.1 (s),
168.0 (s), 165.9 (s, C=0), 134.8 (s), 132.5 (s), 123.4 (s), 120.6 (s), 119.0 (s),
108.4 (s, Ar, C=C), 71.4 (d, C5), 52.9 (q), 52.4 (q), 52.1 (q, OCH3), 39.8 (q,
NCHs;), 39.2 (d, C6), 9.8 (q), 9.3 (q), 9.0 (g, CH;); IR (film, CCly): ¥, =
2993 (w), 2951 (w), 2924 (w), 1731 (vs), 1438 (s), 1276 (s), 1240 (s), 1222
(s) ecm~; MS (70 eV, EI): m/z (%) =333 (100, M* — HNMe,), 302 (33), 275
(19), 251 (18), 215 (49), 157 (37), 121 (69); HR-MS calcd for C;;H;jO4N:
333.1212, found 333.1212; UV/Vis (MeOH): A, =380, 275 nm.

Trimethyl 1,2,3-trimethylindolizine-6,7,8-tricarboxylate (4): Bright yellow
solid; m.p. 134°C; 'H NMR (200 MHz, CDCl;, 25°C): 6 =8.25 (s, 1 H, HS),
3.96 (s,3H, OCHs;), 3.87 (s, 3H, OCH3), 3.85 (s, 3H, OCH,), 2.42 (s, 3H, 3-
CHs;), 2.19 (s, 3H, 1-CHj), 2.15 (s, 3H, 2-CH;); “C NMR (50.3 MHz,
CDCl;, 25°C): 6 =1671 (s), 167.0 (s), 166.1 (s, C=0), 126.6 (d), 126.5 (s),
124.4 (s), 122.8 (s), 120.8 (s), 116.5 (s), 113.0 (s), 111.4 (s, Ar), 52.6 (q), 52.5
(q),52.3 (q, OCH3;), 9.9 (q, q), 9.5 (g, CH;); IR (film, CCL,): 7., = 3024 (W),
2996 (w), 2951 (w), 2925 (w), 1730 (vs), 1439 (s), 1276 (vs), 1240 (s), 1222
(s) cm™'; MS (70 eV, EI): m/z (%) =333 (100, M*), 302 (30), 286 (21), 215
(42), 157 (43), 69 (50), 57 (88), 55 (87); HR-MS calcd for C;;HyNOy:
333.1212, found 333.1212; UV/Vis (MeOH): 4,,,.,x =399, 339, 275 nm.
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Dimethyl 6-cyano-1,2,3-trimethylindolizine-7,8-dicarboxylate (5): Follow-
ing the general procedure, 2-vinylpyrrole (1a, 25 mg, 0.10 mmol) and 3-
dimethylaminoacryl nitrile (2b, 19 mg, 0.20 mmol) were electrolysed at
500 mV (current consumption 60 C). Separation of the reaction mixture by
flash chromatography (dichloromethane) afforded 12 mg of the indolizine
5(43%). Yellow solid; m.p. 220 °C; '"H NMR (200 MHz, CDCl;, 25°C): 6 =
8.06 (s, 1H, H5), 4.02 (s, 3H, OCH3;), 3.94 (s, 3H, OCHs;), 2.43 (s, 3H, 3-
CH,), 2.22 (s, 3H, 2-CH,), 2.19 (s, 3H, 1-CH;); *C NMR (50.3 MHz,
CDCl;, 25°C): =166.9 (s), 163.7 (s, C=0), 129.7 (d), 129.3 (s), 128.1 (s),
123.1 (s), 122.6 (s), 117.4 (s), 116.6 (s), 110.0 (s), 93.3 (s, Ar, C=N), 52.9 (q),
52.5(q, OCHs), 9.9 (q), 9.5 (q), 9-2 (q, CH3); IR (film, CCl,): 7. = 2953 (s),
2924 (s), 2227 (s), 1733 (vs), 1705 (s), 1446 (m), 1282 (s), 1221 (vs) cm~'; MS
(70 eV, EI): m/z (%) =300 (79, M™), 285 (10), 269 (22), 253 (26), 241 (4),
182 (100); HR-MS calcd for C,¢H;(N,0,: 300.1110, found 300.1110; UV/Vis
(MeOH): A,,,, =394, 353, 294, 268 nm.
6,7,8-Tricyano-1,2,3-trimethylindolizine (6): Following the general proce-
dure, 2-vinylpyrrole (1b, 29 mg, 0.16 mmol) and 3-dimethylaminoacryloni-
trile (2b, 31 mg, 0.32mmol) were electrolysed at 610 mV (current
consumption 58 C). Separation of the reaction mixture by flash chroma-
tography (MTBE/PE 2:1) afforded 22 mg of the indolizine 6 (60 % ). Bright
red solid; m.p. 251 °C; '"H NMR (200 MHz, CDCl;, 25°C): 6 =8.20 (s, 1H,
H5), 2.60 (s, 3H, CH;), 2.51 (s, 3H, CHj;), 2.30 (s, 3H, CH;); “C NMR
(50.3 MHz, CDCl;, 25°C): 0 =131.4 (s, s), 130.6 (d), 125.1 (s), 123.6 (s),
118.8 (s), 114.0 (s), 113.8 (s), 113.2 (s), 108.6 (s), 94.3 (s, Ar, C=N), 10.1 (q),
9.7 (q), 9:5 (g, CH;); IR (ATR): #,,, = 3157 (w), 3072 (m), 2925 (m), 2854
(s), 2232 (s), 2221 (s), 1507 (vs), 1435 (vs), 1393 (s) cm~!; MS (70 eV, EI): m/
z (%) =234 (86, M*), 233 (100), 219 (25), 207 (7); HR-MS calcd for
C,H (Ny: 234.0905, found 234.0905; UV/Vis (MeOH): A, =463, 354,
271 nm.

2-Ethyl-78-dimethyl 6-cyano-1,3-dimethylindolizine-2,78-tricarboxylate (7):
Following the general procedure, 2-vinylpyrrole (1¢, 30 mg, 0.10 mmol)
and 3-dimethylaminoacrylonitrile (2b, 19 mg, 0.20 mmol) were electro-
lysed at 700 mV (current consumption 73 C). Separation of the reaction
mixture by flash chromatography (MTBE/PE 1:1) afforded 14 mg of the
indolizine 7 (47 %). Orange solid; m.p. 188-189°C; 'H NMR (200 MHz,
CDCl;, 25°C): 6 =8.17 (s, 1H, H5), 4.39(q, *J(H,H) = 7.0 Hz, 2H, OCH,),
4.02 (s,3H, OCHj;), 3.95 (s, 3H, OCHs;), 2.74 (s, 3H, 3-CH3), 2.45 (s, 3H, 1-
CHj;), 140 (t, *J(H,H)=70Hz, 3H, OCH,CH;); “C NMR (50.3 MHz,
CDCl;, 25°C): d =166.1 (s), 164.6 (s), 163.1 (s, C=0), 131.8 (s), 131.0 (d),
128.7 (s), 123.3 (s), 121.4 (s), 119.3 (s), 116.3 (s), 112.3 (s), 96.4 (s; Ar, C=N),
60.8 (t, OCH,), 53.1 (q), 52.8 (q, OCH3), 14.2 (q, OCH,CHj;), 11.0 (q), 10.3
(g, CH3); IR (ATR): %, =2980 (m), 2955 (m), 2918 (m), 2849 (w), 2231
(m), 1718 (vs), 1543 (m), 1441 (s), 1278 (vs), 1254 (vs), 1201 (vs), 1108
(vs) cm~!; MS (70 eV, EI): m/z (%) =358 (100, M*), 343 (12), 331 (62), 309
(59), 278 (17), 240 (36), 220 (20); HR-MS calcd for C;gHxN,O4: 358.1165,
found 358.1165; UV/Vis (MeOH): A, =403, 341, 272 nm.
2-Ethyl-7,8-dimethyl 1,3-dimethyl-6-nitroindolizine-2,7,8-tricarboxylate (8):
Following the general procedure, 2-vinylpyrrole (1¢, 29 mg, 0.09 mmol)
and dimethyl(2-nitrovinyl)amine (2¢, 22 mg, 0.19 mmol) were electrolysed
at 800 mV (current consumption 37 C). Separation of the reaction mixture
by flash chromatography (MTBE/PE 1:3) afforded 14 mg of the indolizine
8 (43%). Orange solid; m.p. 117-119°C; 'H NMR (200 MHz, CDCl;,
25°C): 0 =8.64 (s, 1H, H5), 4.40 (q, */(H,H) =7.0 Hz, 2H, OCH,), 3.99 (s,
3H, OCH;), 3.96 (s, 3H, OCH;), 2.77 (s, 3H, 3-CH;), 2.51 (s, 3H, 1-CHy;),
1.41 (t, 3/(H,H) =70 Hz, 3H, OCH,CH,);*C NMR (50.3 MHz, CDCl;,
25°C): 6 =165.3 (s), 164.6 (s), 164.1 (s, C=0), 135.9 (s), 129.8 (s), 127.8 (s),
124.1 (d), 123.0 (s), 122.0 (s), 117.9 (s), 113.6 (s, Ar), 60.8 (t, OCH,), 53.2 (q,
q, OCH;), 14.3 (q, OCH,CH;), 11.1 (q), 10.6 (g, CH;); IR (ATR): 7, =
2983 (w), 2953 (w),1741 (vs), 1718 (s), 1536 (s), 1325 (s), 1312 (s), 1263
(vs) cm™'; MS (70 eV, EI): m/z (%) =378 (100, M*), 349 (24), 333 (18), 309
(8), 215 (21), 187 (18); HR-MS calcd for C,;H3N,Oy: 378.1063, found
378.1063; UV/Vis (MeOH): 4., =353, 294, 255 nm.

2-Ethyl-7,8-dimethyl 6-cyano-1-ethoxy-3-methylindolizine-2,7,8-tricarbox-
ylate (9): Following the general procedure, 2-vinylpyrrole (1d, 25 mg,
0.07 mmol) and 3-dimethylaminoacrylonitrile (2b, 14 mg, 0.15 mmol) were
electrolysed at 550 mV (current consumption 51 C). Separation of the
reaction mixture by RP-HPLC (methanol/water 7:3) afforded 16 mg of the
indolizine 9 (66%). Bright yellow solid; m.p. 155-156°C; 'H NMR
(200 MHz, CDCl;, 25°C): 6 =8.09 (s, 1H, H5), 4.40 (q, 3/(H,H) =7.0 Hz,
2H, COOCH,), 4.03 (q, */(H,H) =7.0 Hz, 2H, OCH,), 4.00 (s, 3H, OCH,),
3.93 (s, 3H, OCH,), 2.75 (s, 3H, 3-CH;), 1.42 (t, *J(H,H)=7.0 Hz, 3H,
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COOCH,CH;). 140 (t, 3J(H,H)=70Hz, 3H, OCH,CH;); *C NMR
(50.3 MHz, CDCl;, 25°C): 6 =165.4 (s), 163.2 (s), 162.8 (s, C=0), 142.0
(s), 131.2 (s), 130.2 (d), 127.6 (s), 117.6 (s), 116.2 (s), 113.8 (s), 110.9 (s), 97.3
(s, Ar, C=N), 72.8 (t, COOCH,), 60.9 (t, OCH,), 53.0 (q), 52.8 (q, OCHs),
15.3 (g, COOCH,CH,), 14.3 (q, OCH,CH,), 10.8 (q, CH;); IR (ATR):
Tnax = 2983 (W), 2954 (w), 2931 (w), 2856 (w), 2232 (w), 1748 (s), 1727 (s),
1551 (m), 1460 (m), 1435 (m), 1278 (vs), 1205 (m) cm~1; MS (70 eV, EI): m/z
(%) =388 (36, M"), 361 (11), 359 (26), 345 (19), 313 (87), 247 (63), 167 (31),
149 (100); HR-MS calcd for C,sH,(N,O;: 388.1271, found 388.1271; UV/Vis
(MeOH): A« =415, 345, 273; C,iH,,N,O;: caled C 58.76, H 5.19, N 7.21;
found C 58.87, H 5.34, N 7.13 nm.

Dimethyl 6-cyano-5-dimethylamino-1,2,3,6-tetramethyl-5,6-dihydro-indo-
lizine-7,8-dicarboxylate (10): Following the general procedure, 2-vinyl-
pyrrole (1a, 30 mg, 0.12 mmol) and 3-dimethylamino-2-methylacrylonitrile
(2d, 27 mg, 0.24 mmol) were electrolysed at 500 mV (current consumption
71 C). Separation of the reaction mixture by flash chromatography
(MTBE/PE 1:1) afforded 14mg of 10 (37%) as a 1:1 mixture of
diastereomers. Yellow solid; m.p. 92°C; 'H NMR (400 MHz, CDCl;,
25°C): 6 =4.58 (s, 0.5H, HS5), 4.47 (s, 0,5H, HS), 3.63 (s, 1.5H, OCHy;), 3.55
(s, L5H, OCH,), 3.52 (s, 1.5H, OCH3), 3.42 (s, 1.5H, OCHs;), 2.26 (s, 3H,
NCHs;), 2.01 (s, 1.5H, CH;), 1.91 (s, 1.5H, CH,), 1.90 (s, 3H, NCHs), 1.83 (s,
1.5H, CH;), 1.77 (s, 1.5H, CH3), 1.75 (s, 3H, 2CH,), 1.74 (s, 1.5 H, CH;), 1.42
(s. 1.5 H, CH;); *C NMR (50.3 MHz, CDCl;, 25°C): 6 =1672 (s, 0.5C),
167.1 (s,0.5C), 165.2 (s,0.5C), 164.6 (s, 0.5C, C=0), 134.8 (5, 0.5C), 133.2 (s,
0.5C), 132.1 (s, 0.5C), 132.0 (s, 0.5C), 124.1 (s, 0.5C), 123.9 (s, 0.5C), 121.7
(5,0.5C), 120.6 (s, 0.5C), 120.5 (s,0.5C), 119.9 (5,0.5C), 119.7 (5,1 C); 112.6
(s,0.5C), 111.7 (s, 0.5C, Ar, C=C, C=N), 76.8 (d, 0.5C), 76.7 (d, 0.5 C, C5),
52.6 (q,0.5C), 52.5(q, 0.5C), 52.1 (q, 0.5C), 52.0 (g, 0.5C, OCHs;), 42.1 (q,
1C), 41.8 (q, 1C, NCH;), 41.6 (s, 0.5C), 39.0 (s, 0.5C, C6), 25.0 (q, 0.5C),
20.7 (q, 0.5C, 6-CH3;), 10.7 (g, 0.5C), 10.5 (q, 0.5C), 9.5 (q, 0.5C), 9.3 (s,
0.5C), 9.1 (q, 1C, CH;); IR (ATR): #,,,=2951 (m), 2924 (m), 2221 (w),
1740 (s), 1707 (s), 1577 (m), 1435 (s), 1269 (vs), 1242 (vs), 1221 (s) cm~'; MS
(70 eV, EI): m/z (%) =359 (68, M*), 328 (19), 315 (15), 300 (45), 88 (100);
HR-MS calcd for C,gH,sN;0,: 359.1845, found 359.1848; UV/Vis (MeOH):
Amax =376 nm.

5-Dimethylamino-1,2,3,6-tetramethyl-6,7,8-tricyano-5,6-dihydro-indolizine
(11): Following the general procedure, 2-vinylpyrrole (1b, 30 mg, 0.16 mmol)
and 3-dimethylamino-2-methylacrylonitrile (2d, 35 mg, 0.32 mmol) were
electrolysed at 500 mV (current consumption 56 C). Separation of the
reaction mixture by flash chromatography (MTBE/PE 1:1) afforded 16 mg
of 11 (54 %) as a 1:1 mixture of diastereomers. Yellow solid; m.p. 143°C; 'H
NMR (400 MHz, CDCl;, 25°C): 0 =4.95 (s, 0.5H, HS5), 4.89 (s, 0,5H, H5),
2.36 (s, 3H, NCH3), 2.34 (s, 1.5H, CHj;), 2.32 (s, 1.5H, CH3), 2.29 (s, 1.5H,
CH,), 2.25 (s, 1.5H, CHj;), 2.24 (s, 3H, NCH3), 1.98 (s, 1.5H, CHj), 1.96 (s,
1.5H, CH,), 1.84 (s, 1.5H, CH3), 1.59 (s, 1.5H, CH3); *C NMR (100.6 MHz,
CDCl;, 25°C): 6 =136.8 (5, 0.5C), 135.8 (s, 0.5C), 128.6 (s, 0.5C), 1275 (s,
0.5C),122.2 (5,0.5C), 121.7 (5,1 C), 121.5 (5,0.5C), 119.9 (5, 0.5C), 119.4 (s,
0.5C), 1175 (s, 0.5C), 117.0 (s, 0.5C), 115.1 (s, 0.5C), 114.5 (5, 0.5C), 113.2
(s, 1C), 104.0 (s, 0.5C), 101.1 (s, 0.5C, Ar, C=C, C=N), 76.1 (d, 0.5C), 76.0
(d, 0.5C, C5), 42,5 (s, 0.5C, C6), 41.6 (q, 1 C), 41.2 (q, 1 C, NCHj), 39.5 (s,
0.5C, C6), 24.6 (q, 0.5C), 20.7 (q, 0.5C, 6-CHj;), 11.0 (q, 0.5C), 10.7 (q,
0.5C),10.0 (q,0.5C), 9.8 (q,0.5C), 9.0 (q, 1C, CH;); IR (ATR): %, =2954
(m), 2924 (m), 2858 (m), 2797 (w), 2235 (m), 2198 (s), 1569 (vs), 1530 (vs),
1475 (vs), 1434 (vs), 1342 (s) cm~'; MS (70 eV, EI): m/z (%) =293 (100,
M), 278 (20), 249 (28), 235 (25), 233 (33), 222 (13), 202 (58); HR-MS calcd
for C;;HoNs: 293.1640, found 293.1640; UV/Vis (MeOH): A, =426,
266 nm.

Spiro[y-butyrolactone-2,6'-(7,8-dicarbomethoxy-5-dimethylamino-1,2,3-tr-
imethyl) ]-5,6-dihydroindolizine (12): Following the general procedure
described above, 2-vinylpyrrole (1a, 35 mg, 0.14 mmol) and 3-dimethyl-
aminomethylenedihydrofuran-2-one (2e, 40 mg, 0.28 mmol) were electro-
lysed at 420 mV (current consumption 60 C). Separation of the reaction
mixture by flash chromatography (MTBE/PE 1:1) afforded 17 mg of 12
(33%) as a 1:4 mixture of diastereomers. Yellow oil, 'H NMR (400 MHz,
CDCl;, 25°C): 6 =4.85 (s, 0.8H, HS5), 4.70 (s, 0.2H, HS), 4.57 (m, 0.2H,
H4'), 4.52 (m, 0.8H, H4'), 4.42 (m, 0.8 H, H4'), 4.34 (m, 0.2H, H4'), 3.90 (s,
2.4H, OCH,), 3.86 (s, 0.6H, OCH,), 3.74 (s, 3H, OCHs;), 3.02 (m, 0.2H,
H3'),2.63 (m, 1H, H3’), 2.36 (s, 4.8H, NCHs;), 2.27 (s, 1.2H, NCH3), 2.24 (s,
2.4H, CH;), 2.18 (s, 0.6 H, CH3;), 2.16 (m, 0.8H, H3"), 1.93 (s, 4.8 H, CH,),
1.92 (s, 0.6 H, CHj3), 1.91 (s, 0.6 H, CH;); *C NMR (50.3 MHz, CDCl;): 6 =
174.6 (s), 167.6 (s), 165.5 (s, C=0), 134.0 (s), 131.4 (s), 122.5 (s), 120.7 (s),

‘max
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119.3 (s), 114.7 (s, Ar, C=C), 73.3 (d, C5), 64.8 (t, OCH,), 52.6 (q), 52.0 (q,
OCH,), 50.5 (s, C6), 41.4 (q, NCHj;), 34.5 (t, 6-CH,), 10.6 (q), 9.2 (q), 9-1 (q,
CH,); IR (ATR): ¥, =2951 (m), 2923 (m), 1775 (s), 1739 (vs), 1703 (vs),
1583 (m), 1434 (s), 1280 (vs), 1212 (vs) em~!; MS (70 eV, EI): m/z (%) =390
(14, M"), 331 (32), 229 (15), 169 (56), 43 (100); HR-MS calcd for
CyHN,Og: 390.1791, found 390.1790; UV/Vis (MeOH): A, =374 nm.

Trimethyl 7,8,9-trimethyl-1,3,4,10 a-tetrahydro-2H-pyrrolo[1,2-a][1,8]naph-
thyridine-4a,5,6-tricarboxylate (13): Following the general procedure, 2-
vinylpyrrole (1a, 30 mg, 0.12 mmol) and methyl 1,4,5,6-tetrahydropyridine-
3-carboxylate (2 f, 34 mg, 0.24 mmol) were electrolysed at 420 mV (current
consumption 96 C). Separation of the reaction mixture by flash chroma-
tography (MTBE) afforded 9 mg of 13 (25%) as an orange oil. 'H NMR
(400 MHz, CDCl;, 25°C): 6 =5.02 (s, 1 H, H10a), 3.89 (s, 3H, OCH,), 3.76
(s, 3H, OCHs), 3.60 (s, 3H, OCHs;), 3.07 (m, 1H, H4), 2.99 (m, 1H, H2),
2.75 (m, 1H, H2'), 221 (s, 3H, CHj3), 1.95 (m, 1H, H4'), 1.88 (s, 3H, CH,),
1.85 (s, 3H, CH;), 1.51 (m, 1H, H3), 1.14 (m, 1H, H3'); C NMR
(50.3 MHz, CDCl;, 25°C): 6 =174.3 (s), 168.0 (s), 166.5 (s, C=0), 135.5 (s),
131.0 (s), 124.2 (s), 119.1 (s), 119.0 (s), 112.4 (s; Ar, C=C), 69.0 (d, C10a),
52.8(q),52.4 (q), 51.8 (q, OCHs), 50.8 (s, C4a), 44.8 (t, C2), 30.7 (t, C4),22.5
(t,C3),9.5(q), 9.3 (q), 8.9 (g, CH3); IR (ATR): #,.x = 3316 (W), 2950 (m),
2861 (w), 1739 (vs), 1709 (vs), 1550 (m), 1434 (s), 1258 (vs), 1221 (vs), 1200
(s) cm~'; MS (70 eV, EI): m/z (%) = 390 (90, M), 359 (19), 331 (100), 299
(61), 251 (40); HR-MS caled for CyH,N,O4: 390.1791, found 390.1797;
UV/Vis (MeOH): A,,,x =370, 281 nm.
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Combination of Vitamin E with a Carotenoid: a-Tocopherol and Trolox
Linked to fi-Apo-8'-carotenoic Acid

Eva Larsen, Jan Abendroth, Vassilia Partali, Bernhard Schulz,
Hans-Richard Sliwka,* and Edward G. K. Quartey

Abstract: Vitamin E and carotenoids
show many similar and complementary
properties and protect living tissues
against a variety of pathological proc-
esses. A mixture of both compounds

increase the synergistic effects. We
therefore esterified S-apo-8'-carotenoic
acid with all-rac-a-tocopherol to give a-
tocopheryl-#-apo-8'-carotenoate.  The
carotenoic acid was also connected to

a-tocopherol in a glyceride ether, 1-O-
(a-tocopheryl)-3-(B-apo-8'-carotenoyl)-
glycerol, whereas the water-soluble vita-
min E analogue, trolox, was combined
with f-apo-8'-carotenoic acid in a di-

often exhibits a significantly greater
effect than the sum of the individual
activities. The synthetic linkage of car-
otenoids with vitamin E might thus

Introduction

Carotenoids are antioxidants!! and protect living tissue
directly or as immunopotentiators against a variety of
diseases.’*] They are used as food colorings, internal or
external sunscreens, food stabilizers, cosmetics, and as nutri-
tional supplements for animals and humans.-!

pB-Apo-8'-carotenoic acid (1) is a naturally occurring
carotenoid,'! which is also commercially available as the
ethyl ester (Cy, ester) 2.7 Ester 2 is mainly utilized as a food
coloring (E160f) and for the pigmentation of poultry and
eggs.['61819 Tn a similar manner to other carotenoids, ester 2 is
used in dermatological applications.” Acid 1 and ester 2,
despite known vitamin A activity,'®! are not detectably
metabolized to retinol in humans.?-?

The vitamin E isomers, particularly a-tocopherol, are anti-
oxidants and, like carotenoids, protect against many diseas-
es.[>24 g-Tocopherol (3) is used as a food stabilizer (E307)
and as an agent in sunscreens.>2? Toxic effects of vitamin E
are not known.???! Vitamin E, like C;, ester 2, is added to
poultry feed.?’]

[*] H.-R. Sliwka, V. Partali, E. Larsen, J. Abendroth, E. G. K. Quartey
Norwegian University of Science and Technology
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glyceride: 1-(6-hydroxy-2,5,7,8-tetrame-
thylchroman-2-acyl)-3-(-apo-8'-carote-

lipids - noyl)-glycerol.

The physiological action of vitamin E is generally associ-
ated with the free OH group. Protic solvents decrease the
antioxidant potential of 3 through formation of solvent
hydrogen bonds.” Esterification or etherification are as-
sumed to cause complete biological inactivity.*!] Oral appli-
cations of tocopherol esters are potent, because they are
hydrolyzed in the gut to free tocopherol.’? Since tocopherol
esters are not metabolized to tocopherol on the human
skin,? the many different topically employed tocopherol
estersPY should therefore be intrinsically inactive. This,
however, is in conflict with documented therapeutic ef-
fects, is contradictory to the widespread utilization of
such derivatives, and would reduce vitamin E esters to simple
filling ingredients in dermatological and cosmetic formula-
tions. The mechanisms of the topical activity of vitamin E
esters still do not seem to be fully understood, and can
probably not be ascribed solely to the free phenol group.Bh37)

Ether derivatives of a-tocopherol (3) are not expected to be
cleaved under physiological conditions and, therefore, should
not show activity. It is the etherification of the phenol group
which is considered to give tocopherol radical-quenching
ability.’**] However, recent results demonstrate that a-
tocopherol ethers are also effective radical scavengers acting
through a charge-transfer mechanism.[*) Consequently, toco-
pherol ethers provide useful antioxidative protection in
cosmetic compositions.*!]

Trolox (6), a water-soluble analogue of the lipophilic
tocopherols, functions as antioxidant both in aqueous and
non-aqueous solutions.[*>#] Trolox is utilized in the treatment
of skin, eye, and heart disorders.[*]
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The similar properties of tocopherol and carotenoids
exhibit additive effects when used together.*’”l More often, a
synergistic effect, due to mutual protection, is observed,**!
for example in antioxidants, anticarcinogens, and radiopro-
tective agents.P*? Carotenoids are employed together with
tocopherol as food protectors, food colorings, preventive
medication, sun-tanning formulations, and nutritional supple-
ments in food and feed.['1853-7]

The linkage of vitamin E to carotenoids would provide
unique compounds that would eliminate the need for physical
mixtures. Such compounds could serve as a single source of
both vitamin E and carotenoids. In addition, the close
proximity of tocopherol to carotenoids may positively affect
the cooperative activity.l®

We report here on the synthetic combination of a-toco-
pherol (3) and trolox (6) with carotenoid 1 by means of direct
esterification and linkage to a natural carrier molecule.

Results

a-Tocopheryl retinoate has been synthesized by condensation
with trifluoracetic acid®™! or by reacting a-tocopherol (3) with
retinoic acid chloride.’! However, a-tocopheryl-apo-8'-caro-
tenoate (4) could not be synthesized with trifluoracetic acid
nor with 8-apo-8'-carotenoic acid chloride.®”! The reaction of
acid 1 with phenol 3 in the presence of triphenylphosphine

Abstract in German: Vitamin E und Karotenoide zeigen
vielfiltige, sich erginzende Funktionen und schiitzen Zellen
vor einer Vielzahl pathologischer Prozesse. Eine Mischung
beider Substanzen erhoht oft die Wirkungsweise weit iiber eine
Addition der Einzelaktivititen. Die synthetische Verkniipfung
von Karotenoiden mit Vitamin E stellt einen Weg dar, den
Synergieeffekt moglicherweise zu vergrossern. 3-Apo-8'-Karo-
tensdure liess sich direkt mit Tocopherol verestern. Beide
Verbindungen konnten auch iiber ein Ather-Ester-Glycerid
miteinander verbunden werden. Das wasserlosliche Vitamin-E-
Derivat Trolox wurde mit der Karotensdure in einem Digly-
cerid vereinigt.

Abstract in Norwegian: Vitamin E og karotenoider har bade
like og komplementere egenskaper. En blanding av begge
stoffene har ofte stgrre aktivitet enn summen av de enkelte
aktivitetene. Den syntetiske kombinasjon av karotenoider og
vitamin E kan gke den synergistiske effekt. f-Apo-8'-karoten-
syre ble direkte forestret med tokoferol. Begge stoffene ble ogsa
knyttet sammen i et eter-ester glyserid. Det vannlpslige
vitamin E derivatet trolox ble kombinert med karotensyren i
et diglyserid.

Abstract in Greek:

H Brraptvn E KoL 01 KOPOTIVEG EXOVV TOPOUOLES KOL CUUTAT POROTIKES
1B10TNTEG KO TTPOSTOTEVOVV OO Slodopes TaONoELS. To pelyLo Tov dvo
OUTOV  XMUIKOV  EVOCEMV  TOPOLOLOGEL  CUYVO  UEYOAVLTEPT)
ONMOTEAECUOTIKOTNTO O’ OTL 70  OBPOICUD.  TOV  UEROVONEVOV
ONOTEAECUOTLKOTITOV. To GuvBeTixo {evyopoUa TNG KOPOTVNG He TNV
Brrapivn E 6o pmopouvoe vor owENon 1O CUVEPYELKO QULVOLEVO TV
dvo owtwv ovowwv. To B-Amo-koapotiviko ofv eotepomonOnke om’
gvfetog  pe v Preopuvn E. Ot dvo O0TEG  YXMULKEG  EVOCELG
cuvdvaotnkav emong ¢ eva oubepo—eatepo—yivkepidro. To Tporog,
MOV EWVOL EVO VOATONAAVTO ovoAoYo ¢ Priopvng E, evobnke pe 1o
xopotviko o&v ¢ evar SryAvkepidio.
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and CCl,, a specific phenol ester reagent, produced the ester 4
in insufficient yields.®'! If a polyphosphate ester, another
reagent for phenol ester synthesis? % was used, then 1 and 3
reacted to give the carotenoid —tocopherol compound 4 in
64 % yield (Scheme 1).

B-Apo-8'-carotenoic acid (1) could not be obtained from
ester 2 by application of the generally recommended con-
ditions for the hydrolysis of carotenoid esters,®*% under
which the C; ester proved to be virtually inert. Lipase from
Candida Antarctica B (CAB) slowly hydrolyzed ester 2 to acid
1 at 40°C, whereas KOH in iso-butanol at 85°C readily
reacted with 2 to provide 1 in high yields.

Trolox —phospholipid derivatives have already been ob-
tained by linking the chroman ring to the phosphate moiety.[]
We tried to react the carboxylic acid group of trolox (6)
selectively with the hydroxyl group at C3 of the monoglycerol
5, with dicyclohexylcarbodiimide and dimethylaminopyridine
as condensing agentsl® and obtained the 1,3-diglyceride 7
(Scheme 2, cf. ref. [67]).

Diglycerides form stable emulsions with water.[! Trolox —
carotene glyceride 7 may therefore be suitable for the pre-
paration of carotenoid —trolox dispersions with a new func-
tionality, since the activity of vitamin E and carotenoids
depends on the partial diffusion of the compounds into the
lipid and water phase of the emulsified particles.*>%7 The
carotene —trolox compound 7 will probably be hydrolyzed in
the gut in a similar manner to other diglycerides and, con-
sequently, the constituent compounds of 7 would be released
simultaneously at sites which might not be reached by the
individual chemicals.

a-Tocopheryl glycidyl ether 9 was formed in a two-phase
system from tocopherol 3 and epichlorohydrin (8) with
NaOH."" No reaction was observed with amines as a base.["”]
With preformed Na-tocopherolate, only minor amounts of the
glycidyl ether 9 were formed.[! Ring opening to the glycerol
ether 10 was achieved with dilute sulfuric acid, while basic
conditions failed.”™ Attempts to prepare 10 by hydroxylation of
tocopheryl allyl ether were not pursued due to the low yield in
the reaction of tocopherol 3 with allyl bromide or iodide. The
glycerol ether 10 was esterified with Cyy-ester 2 by CAB lipase in
decaline at 30°C under reduced pressure and gave the toco-
pherol - carotene compound 11 in 53% yield™! (Scheme 3).

The ether bond in 11 can be expected to be inert towards
lipase and may only be cleaved by special etherases. It is
known that alkyl acylglycerols are metabolically concentrated
in tumor cells.” Glyceryl ethers have previously been
synthesized with cyclic alcohols (sterols) and are used in
dermatological prescriptions.””! Alkylglycerols and their
ester derivatives are nontoxic, even when ingested in large
amounts,®™ and they exhibit antitumor and radioprotective
effects.’!] These properties are also shown by carote-
n0ids?$2%1 and vitamin E.?*% Etherlipid 10 may therefore
represent a compound in which these qualities are combined.

Experimental Section

General: After reaction, the products were absorbed on silica gel, dried in
vacuo, and separated by flash chromatography (silica gel 60, Merck)
followed, if necessary, by further purification on preparative or analytical
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Scheme 1. Synthesis of a-tocopheryl-apo-8'-carotenoate (4).
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Scheme 2. Synthesis of 1-(6-hydroxy-2,5,7,8-tetramethylchroman-2-acyl)-3-($-apo-8'-caro-

tenoyl)-glycerol 7.

TLC plates (silica gel 60, Merck) with hexane/heptane —acetone mixtures.
Mass spectra (EI, IP70 eV, 210 °C): only prominent or diagnostically useful
peaks are reported. Small yields of carotenoid compounds were deter-
mined from the Vis spectral®! in CH,Cl,, if not otherwise stated.
f-Apo-8'-carotenoic acid (1):

Method A: Cy, ester 2 (BASF) (350 mg, 0.76 mmol), lipase CAB (2 g), and
water (10 mL) were stirred in decahydronaphthaline (50 mL) for 15 days.
Chromatographic work-up afforded 1 (135 mg, 41 %).

Method B: C;, ester 2 (40 g, 0.087 mol) was dissolved in 2-methyl-1-
propanol (iso-butanol, 300 mL). Aqueous KOH (25 %, 100 mL) was added,
and the solution stirred at 85°C. After 2h the ester 2 was completely
hydrolyzed (HPLC evidence). After addition of H,SO, (20 %, 300 mL), the
mixture was stirred at 70 °C. The organic layer was separated and washed
with H,O (3x500mL) at 70°C. Water was removed by azeotropic
distillation with toluene (70°C, 100 mbar). The residue was stirred in dry
iso-butanol (200 mL) at 20°C for 24 h, filtered, and washed with methanol
(3 x200mL) to give 1 (33.9 g, 90 % ). Recrystallization from 3-pentanone
gave pure 1. MS (ESI): m/z =863 [2M* —H], 431 [M"—H], 339 [M* —
H —92]; Vis (acetone): A, =440 nm; 'H NMR (400 MHz, [D{]DMSO):
0=103 (s,12H, 2 x CH;, C1), 1.46 (m, 2H, C2), 1.59 (m, 2H, C3), 1.69 (s,
3H, CH,-C5), 1.91 (s, 3H, CH;, CY'), 1.95 (s, 3H, CH;, C13"), 1.96 (s, 6 H,
2 x CHj;, C9, C13), 2.01 (m, 2H, C4), 6.1-6.8 (m, 11 H, olefinic protons),
720 (d,1H, C10'); *CNMR (100 MHz, [D]DMSO): 6 =12.42 (CH;, C9'),
12.46 (CH;, C13), 12.57 (CH;, C13'), 12.65 (CH;, C9), 18.74 (C3), 21.40
(CHs;, C5),28.78 (2 x CH;, C1), 32.59 (C4), 33.84 (C1), 39.30 (C2), 123.41

Chem. Eur. J. 1998, 4, No. 1
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(C10'), 125.65 (C11), 126.29 (C7), 126.57 (CY'), 128.94
(C5), 129. 81 (C10), 130.92 (C15), 131.96 (C15), 132.19
(C14), 13539 (C14'), 135.48 (C13, C13'), 137.07, 13720
(C8, C9, C12), 13741 (C6), 138.0 (C11'), 143.32 (C12),
169.02 (C8).

a-Tocopheryl f-apo-8'-carotenoate (4):

Method A: A solution of [-apo-8-carotenoic acid (1,
140 mg, 0.32 mmol), all-rac-a-tocopherol (3, 140 mg,
0.32 mmol), and a polyphosphate ester!® (300 mg) in
CH,CI, (25 mL) were stirred for 2 days at 22 °C. Chromato-
graphic work-up afforded 4 (175 mg, 64 %).

Method B: A solution of triphenylphosphine (13 mg,
0.05 mmol) and CCl, (5uL, 0.05 mmol) in CH,Cl, was
added to a solution of 1 (20 mg, 0.05 mmol), 3 (21 mg,
0.05 mmol), triethylamine (0.1 mL, 0.72mmol) in
CH,CL,.1°"l After stirring at 22°C for 5 days, insufficient
formation of 4 was detected by TLC.

Ester 4: MS: m/z =844 [M*], 752 [M* — 92], 430 [M* — 414
(1-H,0)], 415 [3—15], 323 [415 —92]; IR (film on KBr):
7=1700 cm~! (conj. C=0); Vis: Ay =455 nm (in accord-
ance with 2); 'H NMR (400 MHz, CDCL;): tocopheryl
moiety: 6=0.75-0.81 (12H, 4 x CH;4a’,8a',12a',13'),
1.0-1.6 (m, 21 H, 3 x CH and 9 x CH,, phytyl chain), 1.18
(s,3H, 2a), 1.75 (m, 2H, C3), 2.02-2.07 (9H, 3 x CHj3, Sa,
7a, 8b), 2.52 (t, 2H, C4); carotenoyl moiety: 0 =0.96 (s,
6H, 2 x CH;, C1), 1,40 (m, 2H, C2), 1.64 (m, 2H, C3), 1.65 (s, 3H, CHj,
C5),1.91-1.95 (12H, 4 x CHj, olefin chain), 1.97 (m, 2H, C4), 6.1 -6.8 (m,
12 H, olefinic protons); *C NMR (100 MHz, CDCl,): in accordance with 2
and 3.
1-(6-hydroxy-2,5,7,8-tetramethylchroman-2-acyl)-3-(f-apo-8'-carotenoyl)-
glycerol (7): 8-Apo-8'-carotenoylglycerol (5)% (7 mg, 0.014 mmol), trolox
(6-hydroxy-2,5,78-tetramethylchroman-2-carboxylic acid, 6, 9 mg, 0.036 mmol)
were dissolved in a mixture of CH,Cl, (2mL) and acetone (5 mL). 4-
Dimethylaminopyridine (DMAP; 7 mg, 0.06 mmol) and dicyclohexylcar-
bodiimide (Dcc; 11 mg, 0.104 mmol) dissolved in CH,Cl, (3 mL) were
added and the solution stirred for 48 h at 22 °C.I! Chromatographic work-
up gave unreacted 5 (2 mg) and product 7 (1 mg, 14%). MS: m/z =738
[M*], 505 [M*—233 (troloxacyl)], 430 [505 —75 (C;H;0,)]; Vis: Apy=
456 nm; 'H NMR (500 MHz, CDCl;): glycerol moiety: 6 =4.25 (m, 1H,
C2),4.16,3.99,3.92,3.84 (m, 4H, C2, C3), 3,66 (m,2H, C1), 3.77-4.0 (m,
2H, C2,C3),4.14-4.27 (m, 1 H, C3); trolox moiety: 6 =1.22 (s, CH;, 2a),
2.09,2.12 (9H, 3 x CH;, 5a, 7a, 8b), 1.85 (m, 1H, C3), 2.45 (m, 1H, C3),
2.56 (m, 2H, C4); carotenoyl moiety: in accordance with spectra of 2.

Tocopheryl glycidy! ether (9): To a mixture of epichlorohydrin (8, 0.63 mL,
8.0 mmol), all-rac-a-tocopherol (3, 3.1 g, 7.10 mmol) and tetrabutylammo-
nium hydrogensulfate (0.13 g) was added dropwise at 0°C to an aqueous
solution of KOH (50 %, 3.7 mL).""7! After stirring for 30 min at 0°C and
4 h at RT, extractive work-up gave ether 9 (3.1 g,87%). '"H NMR (CDCl;,
300 MHz), glycidyl moiety (ABMXY-system): 6 =2.71, 2.87 (dd, 2H, C1,
2] =49 Hz,3]=4.7,2.7 Hz), 3.35 (m, 2H, C2), 3.65,3.90 (dd, 2H, C1,%/ =
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o
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Scheme 3. Synthesis of the tocopherol —carotene compound 11.

11 Hz, 37 =5.9, 3.3 Hz); tocopheryl moiety: in accordance with 3; 3C NMR
(75 MHz, CDCL,), glycidyl moiety: 6 =44.6 (C1), 50.6 (C2), 73.8 (C3):
tocopheryl moiety: in accordance with 3.

1-0-a-Tocopherylglycerol (10): Ether 9 (2.1 g, 4.30 mmol) was refluxed for
24 h with 3~ H,SO, (205 mL, 90 % THF, H,0).’* Extraction with CH,Cl,
and chromatographic work-up with ethyl acetate/hexane 3:7 afforded 10
(1.93 2,89%). MS: m/z =504 [M*],430 [M*+ — 74 (C;H0,) ], 239 [M+ — 265
[C1sHs; (phytyl chain) and C2, C3 and C2a], 165 [239 — 74 (C;H(O,)]; 'H
NMR (400 MHz, CDCl,), glycerol moiety (ABMXY system): 6 =3.77 (m,
2H, C3), 3.83 (m, 2H, C1), 4.08 (m, 1H, C2), 2.45, 3.00 (brs, 2 x OH);
tocopheryl moiety: in accordance with 3; C NMR (75 MHz, CDCL,),
glycerol moiety: 0 =73.9 (C3), 71.3 (C2), 64.1 (C1); tocopheryl moiety: in
accordance with 3. The position of the glycerol protons was verified by 'H -
'H and 'H-"3C COSY NMR spectra.

1-O-(a-tocopheryl)-3-(-apo-8'-carotenoyl)glycerol (11): Ether 10 (403 mg,
0.799 mmol), 2 (365 mg, 0.798 mmol), and lipase CAB (977 mg) were
stirred in decahydronaphthaline (15 mL) at 30°C at reduced pressure
(10 Torr) for 5 days.”” Chromatographic work-up gave unreacted 2
(247 mg) and product 11 (120 mg, 53 %). MS: m/z =918 [M*], 826 [M*+ —
92], 504 [M*—414 (1-H,0)], 430 [504 — 74 (C;H:O,)], 239 [504 — 265
{C,oH3; (phytyl chain) and C2, C3 and C2a}], 165 [239 — 74 (C;H(O,)]; Vis:
Amax =456 nm; 'H NMR (500 MHz, CDCl,), glycerol moiety (ABMXY
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system): 0 =3.77 (m, 2H, C1), 429 (m, 1H, C2) 4.42
(m, 2H, C3); tocopheryl moiety: in accordance with 3;
carotenoate moiety: in accordance with 2; *C NMR
(125 MHz, CDCl,): glyceryl moiety: 6 =72.93 (C1),
69.53 (C2), 65.55 (C3); tocopheryl moiety: in accord-
ance with 3; carotenoate moiety: in accordance with 2.

We thank B. Olsrgd for the mass spectra and
Novo-Nordisk A.S., Copenhagen, for a gift of lipase
CAB.
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How Do Spin - Orbit-Induced Heavy-Atom Effects on NMR Chemical Shifts
Function? Validation of a Simple Analogy to Spin—Spin Coupling by Density
Functional Theory (DFT) Calculations on Some Iodo Compounds

Martin Kaupp,* Olga L. Malkina, Vladimir G. Malkin, and Pekka Pyykko

Abstract: A simple concept is delineat-
ed for the interpretation of spin—orbit-
induced heavy-atom effects on NMR
chemical shifts. The spin polarization
induced by heavy-atom spin - orbit cou-
pling is known to interact with the
nuclear magnetic moments of the system
mainly by a Fermi-contact mechanism.
The rules governing the propagation of
these effects through the molecule are
thus closely analogous to the well-estab-

stants in some simple iodo-substituted
compounds. We find that, for example,
the magnitude of the spin-—orbit-in-
duced shift on direct neighbor NMR
nuclei B of the heavy atom A increases
with increasing s-orbital contribution
from the NMR atom B to the B-A
bond. For the p-hydrogen atoms in
iodoethane, a modified Karplus-type
relationship is found to hold between
the spin—orbit shift and the dihedral

angle formed by the intervening bonds.
The patterns of *C and 'H shifts in
iodobenzene are also significantly af-
fected by spin—orbit coupling, and the
variations of the calculated spin- orbit
shifts closely follow those of the calcu-
lated reduced spin—spin coupling con-
stants. In fact, the observed zigzag 'H
shift pattern in iodobenzene is due
entirely to spin—orbit effects. Typically,
a negative reduced coupling constant

lished mechanisms for indirect Fermi-
contact nuclear spin—spin coupling. The
scope of this analogy is evaluated by
explicit DFT calculations of spin —orbit
shifts and of spin-spin coupling con-

calculations -

Introduction

Substituent effects on chemical shifts have been of interest
since the early days of NMR spectroscopy. Attempts to
explain experimentally observed trends in substituent effects
abound, and very different rationalizations have been given
by different authors.'*] While in some cases the relatively
recent advent of quantitative ab initio treatments of NMR
chemical shifts has led to improved understanding,**l many
questions are still open owing to the multifaceted nature of
the NMR chemical shift.

One of the most heavily debated substituent effects in both
organic and inorganic chemistry is that due to heavy halogen

[*] Priv. Doz. Dr. M. Kaupp
Max-Planck-Institut fiir Festkorperforschung
Heisenbergstr. 1, D-70569 Stuttgart (Germany)
Fax: Int. code + 49 711-689-1562
e-mail: kaupp@vsibm1.mpi-stuttgart.mpg.de.
O. L Malkina, Prof. Dr. V. G. Malkin
Institute of Inorganic Chemistry, Slovak Academy of Sciences
Dubraska Cesta 9, SK-84236 Bratislava (Slovakia)
Prof. Dr. P. Pyykko
Department of Chemistry, P.O.B. 55, University of Helsinki
FIN-00014 Helsinki (Finland)
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corresponds to a shielding spin-orbit
shift, and a positive coupling to a
deshielding spin-orbit contribution.
Many further consequences of the de-
scribed analogy are discussed.

functional

spin—spin

(or e.g. chalcogen) substituents. The term normal halogen
dependence (NHD) was coined!”! for the frequently observed
decrease in the chemical shift 6 of the nucleus bound directly
to the halogen substituent with increasing atomic number of
the halogen. This is the predominant behavior in main-group
chemistry and for the nuclei of transition metals in low
oxidation states. Inverse halogen dependence (IHD), that is,
an increase of the shifts on going from chlorine to iodine
substituents, is often observed for early transition metals in
their highest oxidation states, but also occasionally in main-
group chemistry (e.g., in lower oxidation states of p block
elements).'¥71 In organic chemistry, halogen substituent
effects on nuclei more remote from the substituent have also
been of interest.3¢89]

The number of different, sometimes mutually contradic-
tory, explanations suggested for the observed trends is
remarkable. Most NMR textbooks explain heavy atom effects
in terms of diamagnetic shielding due to the many electrons
around the heavy atom.?*%1% Other arguments include
electronegativity effects acting via the r—> dependence of the
paramagnetic term.”” However, as early as 1969 Nakagawa et
al.ll suggested, in the context of 'H shifts of disubstituted
benzenes, that the unusual halogen substituent effects ob-
served are due to electronic spin polarization induced by
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spin—orbit coupling. Semiempirical calculations by others!!
supported the idea that the NHD of the 13C shifts in
halomethanes and of the 'H shifts in hydrogen halides may
be a relativistic effect, due to increasing spin —orbit contribu-
tions for the heavier halogens.

Apparently these results were not appreciated by practising
NMR spectroscopists, as explanations based on diamagnetic
contributions, & backbonding, steric crowding, or nephelaux-
etic effects are still widely used.® Recently, more quantita-
tive ab initio Hartree — Fock!'l and density functional theory
(DFT)I5171 treatments of spin—orbit corrections to NMR
chemical shifts have become available. These approaches
have helped to confirm that in main-group chemistry NHD is
largely a spin—orbit effect, thus supporting the earlier semi-
empirical results.

Here we delineate a simple but general model based on the
results of DFT calculations, which explains how spin—orbit
effects on chemical shifts (referred to as spin-orbit shifts
below) propagate within a molecule. The model provides
improved understanding of the factors that control the sign
and magnitude of the spin- orbit-induced substituent effects
on NMR chemical shifts and should provide a general basis
for the discussion of halogen or chalcogen dependence and
other spin - orbit chemical shift phenomena.

In the following section, we will start by briefly discussing
the theoretical background of spin-orbit corrections to
chemical shifts, based on triple perturbation theory. We will
then relate the Fermi-contact mechanism, which is now
known to be the predominant mechanism of interaction
between the spin—orbit-induced spin density and the nuclear
magnetic moments,'*!% to the analogous Fermi-contact
mechanism of scalar spin—spin coupling constants. This
allows us to benefit from the vast amount of knowledge
(see, e.g., refs. [1-3]) on spin—spin coupling in understanding
the factors which control the magnitude of spin—orbit effects
on chemical shifts. It is notable that this analogy has also been
suggested by Nakagawa et al.l'll In the subsequent three
sections, we present detailed DFT calculations of spin—orbit
shifts and of spin—spin coupling constants in some simple
iodine-substituted compounds. The results illustrate the
validity and scope of the proposed model. Finally, we will
summarize the results and, in particular, indicate related
phenomena which may be understood along the same lines.

Results

Theoretical background of spin — orbit corrections to chemical
shifts: The most satisfactory approach to include spin—orbit
coupling in NMR chemical shift calculations would start from
a relativistic four- or two-component wavefunction. Double
perturbation theory is then sufficient to account for the
perturbations due to the external magnetic field and the
nuclear magnetic moment. Such a fully relativistic approach
has been outlined earlier,'8! and has been used in the
framework of the simple extended Hiickel model.l”>*""l How-
ever, to date, methods for a more quantitative treatment of
spin—orbit effects on chemical shifts, including the one we
employ in the present work, were usually based on non-
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relativistic wavefunctions. Thus, triple perturbation theory has
to be employed, as the spin —orbit operators are introduced as
an additional perturbation.?! This approach has the advant-
age of providing a simple conceptual link to calculations of
spin—spin coupling constants, which will be exploited in the
following sections. Thus, the Hamiltonian of a closed-shell
molecule in the presence of an external magnetic field, a
nuclear magnetic moment, and a spin—orbit operator (spin—
spin coupling is excluded) may be written as in Equa-
tions (1) _ (10).[11a.12a.12b.16]

HB,1y,S0) = HO + HI®B, + 3 iy, HU + D fiy HNS B, +
N

N
1
Z.ueiuH e +z z.ueiuH T M
i i N
MR IR B Zy
H =‘2‘Zp,- +27“22,—,‘ @
i i>j 4 N @ "N
H® = ﬁsz 3)
L.
o0 __€ iNu
Hy, = mc; 2 @)
o? - Fiv O = FiuFiny )
1o _ ¢ (rl TinOuy iuliNy
HNuv - 2mc2 Z rsv (5)
ZyLy, N Fu L
=YY S -2) ®
N i P e T
8r (Fy PO = 3wl )
HY., ="3—5(":‘N)__"1V“N%LVL @)
iN
L, =-i(r,xV;), 8
L, =—i(riy XV;), ®
L, =—=i(r; xV ), (10)

In the above expressions, B denotes the external magnetic
field, uy=gnOndn and u.=gpS the nuclear and electronic
magnetic moments, gy and g the nuclear and electronic g
values, By =eh/2m,c and =eh/2mc the nuclear and Bohr
magnetons, Iy and § the nuclear and electron spin angular
momenta, and N the nucleus of interest. The operator H"" has
an nth order dependence on B, /th order in uy, and mth order
in 4. Angular momentum operators are denoted as L. For
further details, see ref. [16] and references cited therein.

The unperturbed Hamiltonian [Eq. (2)], the interaction of
orbital angular momentum with the external magnetic field
[Eq. (3)], the interaction of the nuclear magnetic dipole with
electronic orbital motion [Eq. (4)], and the electronic—nu-
clear Zeeman correction [Eq. (5)] are terms which are already
present in the absence of the spin-orbit interaction. To this
we have to add the spin-orbit operator [one- and two-
electron terms, Eq. (6)], as well as a Fermi-contact and a spin-
dipolar term [first and second terms in Eq. (7)]. The latter two
terms may be interpreted as follows: in the presence of an
external magnetic field, spin—orbit coupling induces spin
polarization, that is, it mixes some triplet character into the
closed-shell singlet ground state.
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Early qualitative, semiempirical work employed straight-
forward Rayleigh—Schrodinger triple perturbation theo-
ry.'22%] This has the disadvantage of being inaccurate in
quantitative calculations. Within their finite-perturbation
theory (FPT) Hartree — Fock scheme, Nakatsuji et al. included
the one-electron spin—orbit operator [first term in Eq. (6)] in
the ground-state Hamiltonian by FPT and, based on the
perturbed orbitals, employed second-order perturbation
theory for the remaining perturbations.'¥ Alternatively,
Malkin et al. ') within a density-functional framework,
include the Fermi-contact term [first term in Eq. (7)] in the
ground-state Hamiltonian by FPT and use sum-over-states
density-functional perturbation theory (SOS-DFPT)IS21 to
compute the expectation value of the spin—orbit operator(s)
with the magnetic field dependent, spin-polarized Kohn-—
Sham orbitals. The spin-dipolar term [second term in
Eq. (7)], which is neglected in this approach, was previously
found to make negligible contributions.') This DFT ap-
proach!! is simple in implementation, computationally effi-
cient, and allows distributed-gauge methods to be used. It was
motivated by the closely related (perturbative, nonrelativis-
tic) treatment of spin-—spin coupling constants published
earlier.?l The calculations reported below are based on this
method (see also ref. [17]). Note that the hyperfine operators
in Equation (7) correspond to a nonrelativistic formalism,
which is consistent with the nonrelativistic wave functions
employed. For very heavy atoms, a relativistic formulation of
both wavefunctions and hyperfine operators will have to be
employed.!

The Fermi-contact mechanism of spin-orbit effects on
chemical shifts; analogy to spin—spin coupling constants:
Previous calculations, both at the Hartree — Fock!'* and at the
DFTIS7 level, have confirmed the early suggestion by
Nakagawa et al.l'!l that it is mainly the Fermi-contact term
[first term in Eq. (7)] which is responsible for the interaction
of the spin—orbit-induced spin polarization with the nuclear
magnetic moments of the system. We will neglect the spin-
dipolar term [second term in Egq.(7)] in the following
discussion, and in the actual calculations below.

Consider the following physical picture: the nuclear mag-
netic moment of nucleus B induces electronic spin polar-
ization in the system (Figure 1a, left) analogous to the Fermi-
contact contribution to spin—spin coupling constants (Fig-
ure 1b, left). This spin polarization contributes to the expect-
ation values of the spin —orbit operators in the presence of the
external magnetic field (right side of Figure 1a; this mecha-
nism corresponds to our computational schemel'l). Alterna-
tively (again in the presence of the external magnetic field),
the spin-—orbit operators may mix singlet and triplet states
and thus induce spin polarization (right side of Figure 1a).
This polarized spin density will then interact with the nuclear
magnetic moment of nucleus B by a Fermi-contact mechanism
(left side of Figure 1 a; this order of perturbations corresponds
to the computational scheme of Nakatsuji et al.l'4]).

The only difference between this overall interaction
mechanism (Figure 1a) and the Fermi-contact mechanism of
spin —spin coupling (Figure 1b) is that in the latter case the
spin —orbit operators (plus external magnetic field) in Equa-
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interaction
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Figure 1. Schematic illustration of the suggested analogy between spin—
orbit shifts and the Fermi-contact mechanism of indirect spin-spin
coupling. a) Qualitative interaction mechanism for spin-orbit shifts.
b) Qualitative Fermi-contact interaction mechanism for spin-spin cou-
pling. The schemes correspond to the simplest situation of a one-bond SO
shift (negative 0g0) and a one-bond coupling (positive Kg¢) in the absence
of lone pairs. In the presence of lone pairs (e.g., for A =iodine, as in the
examples studied computationally) or for longer-range interactions, both
schemes need to be modified.

tion (1) have to be replaced by the magnetic moment of
nucleus A (right-hand sides of Figure 1). Thus, we may expect
the two mechanisms to be identical with respect to one half of
the interaction, namely, the interaction between the electronic
spin polarization and nuclear magnetic moment of nucleus B
(left-hand sides of Figure 1). This analogy was already
assumed by Nakagawa et al.''l If it holds, we should be able
to draw from the extensive knowledge available on spin —spin
coupling in order to better understand the spin—orbit shifts.

In particular, the analogy between the Fermi-contact
mechanisms of spin—spin coupling and of spin—orbit shifts
leads us to the following expectations:

a) Predominantly (but not exclusively) in the case of nuclei
directly attached to the heavy atom (a effect), the spin —orbit
shift should depend strongly on the involvement of valence s
orbitals of the NMR atom B in bonding to the heavy atom A
(for a given heavy atom A, for a given magnitude of the
atomic spin—orbit splitting, and assuming constant energy
denominators of the major terms contributing to the sum-
over-states expression).

b) In contrast to spin—spin coupling, the s orbital contri-
bution of the heavy atom A is not a major factor in the spin—
orbit shift. On this side (right side of Figure 1a), it is the
occupation of orbitals with /> 1, and the partial charge on the
heavy atom [entering via the r—3 factors of the spin-orbit
operators, Eq. (6) ] which are decisive for the magnitude of the
spin—orbit splitting.

¢) Owing to the energy denominators in the sum-over-
states terms, effects which decrease (increase) the energy
difference between the most important excited states and the
ground state will enhance (diminish) the spin-orbit effects.

d) For atoms B that are further removed from the heavy
atom A, we expect that many of the rules known for spin—
spin coupling will also hold. Thus, for example, we expect a
Karplus-type relationship for the spin—orbit contribution of
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an atom three bonds away as function of the corresponding  Table 2. Computed spin-orbit shifts and spin-spin coupling constants in iodo-

dihedral angle (see below). ethylene.l?l
e) Independent of the detailed mechanism, the magnitude H2 I

of the spin—orbit contribution to chemical shifts of the /c2=c1/

neighboring atoms will of course depend on the magnitude of H3 H1

the spin—orbit splitting of the heavy atom. For example, the -

spin f) orbit contrli)butiois will increaZe from fluorine tcf) jodine AMmE © 750 Otoso O(+50) Olexpth) Jrc(LE) Krc(LE)

substituents, and from left to right within a given row of the p- €1 66.6 +336 1002 875[b] 841 —2383  -3915

block main groups (e.g., from chalcogen to halogen). €2 70 =07 563 1312[b] 1292 o8 13
’ H1 25.0 +0.1 25.1 5.9 [c] 6.48 +38.1 +15.7

H2 253 -03 25.0 6.0 [c] 6.18 +16.0 +6.6
DFT calculations on H;C - CH,I, H,C=CHI, and HC=CI: As H3 252 -04 24.8 62[c] 645 +22.7 +9.4

Slmple but representative examples of heavy halog?n sub- [a] Absolute shieldings o in ppm, relative shifts ¢ vs. TMS, coupling constants Jg in
stituent effects, we chose a number of compounds having one g, reduced coupling constants Kec in 10 NA-2m-2. [b] Ref. [2]. [¢] R. E. Mayo,
iodine substituent. In this section, iodoethane, iodoethylene, J. H. Goldstein, J. Mol. Spectrosc. 1964, 14, 173.

and iodoacetylene are used to demonstrate the validity and

the consequences of the considerations mentioned above. Table 3. Computed spin—orbit shifts and spin—spin coupling constants in iodo-
Uncorrected chemical shifts were calculated at the SOS- acetylenet!

DFPT-IGLO level.'>?!l Spin —orbit corrections to the chem- HI-C2=C1-1

ical shifts were obtained in separate calulations by the AtomE o 5o 0+0s5 O(+S0) dexptl) Jro(LE) Kio(LE)
methods described in ref. [l§]. For reasons dls.cussed 1n.the a1 1401 1567 1968 “o3 3955 — 6498

section Methods of Calculation, the spin—orbit corrections 1043 115 1058  +8L7 _506 —864

were evaluated with a common gauge origin on iodine. Spin— H1 28.6 -05 281 +29  4+223° -03  -01

spin coupling constants were calculated by the closely rel?ted [a] Absolute shieldings o in ppm, relative shifts 6 vs. TMS, coupling constants Jg¢ in
DFT method of ref. [22] (see also ref. [24]). These calculations 1y, requced coupling constants Kgc in 10 NA~2m=>. [b] E. Kloster-Jensen, R.

are nonrelativistic. The easiest way to estimate relativistic — Tabacchi, Tetrahed. Lett. 1972, 39, 4023.
corrections to the hyperfine integrals are multiplicative
correction factors. For iodine this would be 1.4039 or 1.4263
at hydrogen-like¥ and Dirac—Fock!>! levels, respectively.
Although we have not previously attempted to calculate
couplings to iodine, we expect the results to be reasonable for
the trends in which we are mainly interested here. Exper-
imental spin-spin coupling constants are not available for
comparison (couplings to iodine are difficult to observe
because of the large nuclear quadrupole coupling constant of
iodinel),

Tables 1 -3 compare calculated and experimental data for
iodoethane, iodoethylene, and iodoacetylene. Comparison

cases with extrapolation to infinite dilution. Direct compar-
ison of the 'H shifts with experiment is further complicated by
the neglect of ro-vibrational effects in our calculations, which
are expected to be significant.’’? However, the major trends of
interest will be apparent. Let us first look at the *C shifts of
the a-carbon nuclei (C1) in Tables 1-3. After spin—orbit
correction, the agreement with experiment is good. The
strong shielding of these nuclei is undoubtedly a spin—orbit
effect. Figure 2 shows that the calculated spin —orbit shifts og,

with experimental chemical shifts was possible in all cases, 701 r-700
except for the BBC shifts of unsubstituted iodoacetylene :(5) ' Zgg =
(experimental C shift data for substituted iodoacetylenes 7 5] 'K 1,0) ’ L 550 A
suggest spin —orbit shifts of comparable magnitude). We have & s0] Ls0 @
tried to minimize discrepancies due to solvent effects by using o 7 450 2
experimental data obtained in nonpolar solvents, in some & i(; "‘3“5)2 z
30 B¢, "SO shift” F-300 i
-
Table 1. Computed spin—orbit shifts and spin—spin coupling constants in 257 . ; . [-250
iodoethane.[? H,C-CH,-1 H,C=CH-1 HC=C-1
o3 HU Figure 2. Correlation between '*C spin—orbit shifts 05o(C) and reduced
22— Cl’/Hl spin —spin coupling constants 'Kg-(I1,C) in iodoethane, iodoethylene, and
H2"’/ N iodoacetylene.
H2
Atom E o o. o0+0s0 O(+SO) d(exptl)  Jec(LE) Krc(LE) | . . .
= = = = increase from iodoethane to iodoethylene to iodoacetylene,
g 122'2 ++28‘§ 12% +_241L471 +_2§§ [[E]] _fi‘g _zfg‘g that is, with increasing s character of the bonding carbon
. ) . . . . . . . 5 ) ..
HLHI' 283 101 284 426 +30[] +197 4+g1 hybrid orbital (formally from’sp to sp .to sp). ThlS is what.we
H2,H2  29.6 ~01 295 +15  av18][c] +65 +2.7  would expect from the Fermi-contact interaction mechanism
H3 29.8 -03 295 +15 av18[c] +285 +11.8  detailed in the previous section. The calculated reduced spin—

. . 1 .
[a] Absolute shieldings o in ppm, relative shifts 0 vs. TMS, coupling constants Jrc spin coupling ConSt?nts KFC(I’C) do l.ndeed follow the same
in Hz, reduced coupling constants Ky in 10° NA2m=. [b] Ref.[2]. [c] H. trend. Notably, an increasingly negative K¢ corresponds to
Spiesecke, W. G. Schneider, J. Chem. Phys. 1961, 35, 722. increasingly shielding o.
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Spin —orbit effects on the *C shifts of the -carbon atoms
(C2) are considerably smaller, as expected. In fact, for
iodoethane and iodoethylene, the contribution appears to be
essentially negligible (within the numerical accuracy of the
method), whereas oy is still notably shielding in iodoacety-
lene. Again, the agreement with the available experimental
shifts d is good. Only for iodoacetylene are the absolute values
of both spin-orbit shift and spin—spin coupling constant
sufficiently large to allow a discussion of sign and magnitude.
We find a shielding contribution and a negative spin—spin
coupling constant, again consistent with the above results for
the a-carbon nuclei. The accuracy of calculated spin—orbit
corrections and spin—spin coupling constants is probably not
sufficient to discuss this type of relationship for the S-carbon
nuclei of iodoethane and iodoethylene.

The 'H spin - orbit shifts of the -hydrogen atoms (H2, H3)
of iodoethane and iodoethylene appear to be slightly de-
shielding, and the calculated coupling constants are small and
positive. This type of correlation is not apparent for the a-
hydrogen atoms (H1), and for the p-hydrogen atom of
iodoacetylene. The numerical accuracy of the method may
again be insufficient for these very small values. The overall
agreement with experimental shifts 0 is reasonable.

The well-known empirical Karplus relationship (often
given in the form 3K = Ccos2¢ + Bcos¢ + A)P¥ describes
the dependence of three-bond spin—spin coupling constants
on the dihedral angle formed by the intervening single bonds.
Figure 3 shows that the calculated 3Kp-(I,H) of iodoethane

0.15] [as
0.104 30
005 L-1s 2

E 0004 F0.0 &

£ -005] F1s I

= 0107 L30 =

50 0.15] Fas <

& 0.201 6.0 §
-0.251 s \ 75
03] s K (LH) '\' Loo o
0353 S " Los
0404 * * 120

0 20 40 60

8‘0 I(I)O 150 léltO 1(‘)0 léO
H-C-C-I dihedral angle (°)
Figure 3. Karplus-type relationship: 'H spin—orbit shifts oso(H;) and

reduced spin —spin coupling constants *Kgc(I,H) as a function of the H-C-
C-I dihedral angle in iodoethane.

approximately follows this type of relation within numerical
accuracy (in view of the very small couplings involved, the
calculated curve is remarkably smooth). Most interestingly,
the same type of behavior is also found for the (small)
calculated 'H spin—orbit shifts ogq of the S-hydrogen nuclei.
While the change of sign of the two quantities does not occur
at the same angles [the calculated 3Kgc(I,H) is only slightly
negative for ¢ ~90°), the angles for maxima and minima of
the two curves almost coincide (coupling constants to halogen
calculated at this level are in any case expected to be shifted
by a systematic error, even if relativistic corrections are taken
into account??). The overall behavior does again relate
increasingly shielding ogo to increasingly negative Kgc, and
increasingly deshielding og to increasingly positive Kgc. Thus,
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Figure 3 indicates that the spin-—orbit shift/spin—spin cou-
pling analogy does hold even for such small interactions
across three single bonds.

DFT calculations on EH;I (E = C, Si, Ge): Table 4 lists spin—
orbit shifts and spin—spin coupling constants of iodomethane
and its heavier Group 14 congeners. One-bond spin-—orbit
effects on the central atom are again strongly shielding
(comparable for CH;I and CH;CH,I, cf. Table 1), and they
increase for E=Si, Ge (Figure 4). This is the expected

Table 4. Computed spin—orbit shifts and spin—spin coupling constants in EH;I

(E=C, Si, Ge).l!

AtomE o 050 o+050  O(+SO) oOexptl)  Jpc(LE)  Kgpce(LE)
CH;l

C 190.7 +29.1 219.8 -333 —-21.8[b] —179.5 —294.9
H 295 -01 29.4 +1.6 +18[c] +152 +6.3
SiH,I

Si 4243 +46.0 4703 —112.5 —83.3[d] +408.8 —849.6
H 264  +09 27.3 +3.7 +36[e] +234 +9.7
GeH,l

Ge 1785.0 +117.9 2002.9 —488.9 +134.2 —1585.0
H 263 +2.2 28.5 +25 +134

[a] Absolute shieldings o in ppm, relative shifts 6(Ge) vs. Ge(CH,),, 0(H,C,Si) vs.
TMS, coupling constants Jgc in Hz, reduced coupling constants Kgc in
10 NA—2m=3. [b] Ref. [2]. [c] H. Spiesecke, W. G. Schneider, J. Chem. Phys.
1961, 35, 722. [d] M. Vongehr, H. C. Marsmann, Z. Naturf. B 1976, 31, 1423. [e] C.

Schumann, H. Dreeskamp, J. Magn. Reson. 1970, 3, 204.

behavior, as the hyperfine integrals become larger for the
heavier Group 14 atoms.”! The s orbital involvement also
increases down the group, due to hybridization defects.’”) For
the same reason, the computed?? 'K(I,LE) become increas-
ingly negative along the same series (Figure 4).

160 s p-1600
140 L1400 I
T 1201 . L1200 &
= 'K pe(LE) £
Zﬁ 100 I -1000 E
= =3
ba 804 F-800 Z*ﬂ
60 F-600 >l'~=
g,
%

40 E,"SO shift" 400

20 : T . 200

H,CI H,Sil H,Gel

Figure 4. Correlation between central atom (E=C, Si, Ge) spin-orbit
shifts 055(E) and reduced spin - spin coupling constants 'Kg-(LE) in EH;l.

Agreement between theory and experiment for E =C, Si is
reasonable, both for the central-atom shifts (only after spin—
orbit correction), and for the 'H shifts. The 'H spin—orbit
shifts are small, as are the corresponding 2K-(I,H) values. In
the case of E =Si, Ge, the calculated og,(*H) are deshielding,
and 2Ky is positive. This relationship is consistent with the
above discussion. The 'H spin-orbit shift of CH;I is
essentially negligible, and ?Kgc is very small and positive.
Note again that we expect systematic errors in the calculated
Kyc. Moreover, part of s in SiH;1 and GeH;1 is probably due
to silicon and germanium spin—orbit coupling, in particular
for o5o(H).
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DFT calculations on C¢H;I: A larger number of nuclei may be
investigated for iodobenzene, chosen as a prototype example
of an aromatic compound. As long-range spin—spin coupling
is known to be particularly significant in such delocalized
systems, it was expected that long-range spin-orbit shifts
might also be sufficiently large for closer inspection.

Table 5 lists calculated and experimental shieldings and
shifts, and spin —spin coupling constants. As in the case of the

Table 5. Computed spin— orbit shifts and spin—spin coupling constants in C¢HsL[?

Atom E o Jso o+0sg  O(+SO) d(exptl) Jeo(LE) Kpo(LE)
Cipso 60.1 +333 934 94.1 96.2 [b] —231.3 —380.0
Cortho 53.7 -15 522 1353 1384 [b] +106 +174
Cheta 60.5 -05  60.0 127.5 1313 [b] +0.1 +0.2
Chara 63.5 +02 637 123.8 1281 [b] -09 -15
H o 239 -03 236 7.4 7.67 [c] +83 +34
H,ea 239 +02 241 6.9 7.02[c] +1.0 +0.4
Hyora 239 +0.1 24.0 7.0 724 [c] +27 +1.1

[a] Absolute shieldings ¢ in ppm, relative shifts ¢ vs. TMS, coupling constants Jgc in
Hz, reduced coupling constants K- in 10 NAZ2m=. [b] Ref.[2]. [c] H.
Spiesecke, W. G. Schneider, J. Chem. Phys. 1961, 35, 731.

systems discussed above, the calculated oy, of the carbon
atom bound directly to the iodo substituent (C,,,) is
significantly shielding, and 'Kgc(I,C) is negative and large.
Both values are close to those calculated for iodoethylene (cf.
Table 2), in which C1 is also approximately sp? hybridized.
Comparing 05(C) and Kgc(1,C) for all carbon nuclei (Fig-
ure 5), we again find a remarkable correspondence between

354 r-350
LY
30 F-300
T 25 F-250 2
g KycLC) e
=
S 204 F-200 =
15 150 S
b% 10-] L0
\ >
54 F-so
3¢ SO shift" g
0 % » » 0~
5 . : . . 50
Cipsa Cortho Cmeta Cpara

Figure 5. Correlation between *C spin-orbit shifts 05o(C) and reduced
spin—spin coupling constants Kg-(I,C) in iodobenzene.

these two quantities. They both exhibit the typical damped
oscillation well known for H-H and C-H coupling constants
in aromatic systems.>?] Remarkably, even the change of sign
for 056(C) and Kgc(I,C) occurs simultaneously with this test
system, although the interactions with C,,, and C,,, are
already very small. Figure 6 shows that only the spin- orbit
shift for C,,,, is essential to reproduce the experimental *C
shift patterns around the aromatic ring, whereas spin—orbit
shifts provide only small contributions to the other carbon
shifts (i.e., the observed decrease of 6(*C) from C,,,, to C,,,,
is not due mainly to spin-orbit coupling). The remaining
slight systematic underestimate by about 3-4 ppm with
respect to the experimental values may be removed by taking
benzene as a secondary reference [Oqq(*C)=124.6,
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Figure 6. Comparison of calculated and experimental *C shifts in iodo-
benzene.

Oexpu(PC) = 128.5 relative to TMSP!). Alternatively, larger
basis sets would improve the agreement with experiment by
slightly increasing the paramagnetic contributions,?? which
are larger for the aromatic systems than for TMS.

The situation is somewhat different for the 'H shifts. Here
the spin—orbit corrections appear to explain the observed
differences between H,,,, H,.., and H,,, shifts (Figure 7).

7.8
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6.8 T T T
H H H

meta para

exptl.

5'H (vs. TMS)
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ortho

Figure 7. Comparison of calculated and experimental 'H shifts in iodo-
benzene.

Uncorrected shifts do not show any position dependence and
are almost identical to those calculated at the same level for
benzene [dqyeq("H) = 7.0, Oexpu(*H) =727 versus TMSE]]. This
leads to the interesting conclusion that spin—orbit shifts are
the exclusive mechanism by which the iodo substituent affects
the 'H shifts in this system. Our results thus provide strong
quantitative support for the early qualitative considerations of
Nakagawa et al.l'l for disubstituted benzenes.

Figure 8 shows that the 'H spin — orbit shifts follow Ky-(I,H)
remarkably well (again bearing in mind the very small values
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Figure 8. Correlation between 'H spin-orbit shifts ogo(H) and reduced
spin —spin coupling constants Ki-(I,H) in iodobenzene.
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obtained for both quantities). The deshielding ogo(H) for
H,,, corresponds to a positive calculated 3Kp(I,H). For
H,,... the small shielding effect is paralleled by a very small
positive calculated *Kgc(I,H). For H,,,, both spin—orbit shift
and *Kp(ILH) are very small. Thus, while the trends of o and
Krc agree well (Figure 8), the change of sign does not exactly
agree. This may partly be due to the known systematic errors
in the calculated values (particularly for Kgc, see discussion
above), but of course the change in sign does not necessarily
have to coincide.

Discussion

The computational results given in the preceding section
demonstrate that the analogy between spin—orbit shifts and
the Fermi-contact mechanism of spin —spin coupling suggest-
ed as early as 1969 by Nakagawa et al.l'l holds remarkably
well. This has considerable consequences for our understand-
ing of spin-orbit-induced heavy-atom substituent effects on
NMR chemical shifts, some of which were already apparent
from the examples investigated in the preceding sections.

All quantum-chemical calculations carried out to date,
including the present work, at various computational levels on
the question of normal halogen dependence (NHD), have
confirmed spin-orbit shifts to be largely responsible for
NHD.["21417 The present computational results and consid-
eration of known experimental spin—spin coupling constants
suggest that the origin of NHD (shielding one-bond spin—
orbit shifts) is connected to negative one-bond reduced spin—
spin coupling constants. The latter are thought to be related to
the presence of free electron pairs on the halogen substitu-
ents,? and the same apparently holds for the spin-—orbit
shifts.’1  Analogous behavior is expected with other
Group 13-18 p-block main-group substituents bearing lone
pairs, for example, with chalcogen substituents. For one-bond
I-C interactions, it appears from the data in Tables 1-5 (also
see Figures 2-5), that the ratio gyo(C)/*Kgc(1,C) is consis-
tently on the order of about — 0.1 (with ggg in ppm and Kg in
107" NA2m™3).

The magnitude of a one-bond spin — orbit shift depends not
only on the magnitude of the heavy-atom spin - orbit splitting
(and of course on the number of heavy-atom substituents) and
on energy denominators of the sum-over-states terms, but to a
large extent on the NMR atom valence s-orbital charac-
ter used for bonding to the heavy substituent. For ex-
ample, shielding one-bond spin-—orbit shifts increase from
sp® to sp? to sp hybridized carbon. A pronounced s charac-
ter is always present for hydrogen, and thus we expect 'H
shifts to be particularly sensitive to spin—orbit effects from
neighboring heavy atoms. This is indeed found, for ex-
ample, in the hydrogen halides,'®) and for organomercury
hydrides.?’!

In the case of p-block main-group central atoms in their
highest oxidation states, the valence s orbitals are fully
involved in bonding (e.g., to halogen substituents), and we
thus expect large shielding spin—orbit shifts and therefore
NHD. This is in fact the observed behavior.'l In lower
oxidation states, the central atom may have (a) free electron
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pair(s) with pronounced s character, as in P™, Sn', or Pb"
compounds, and thus the bonds may involve only very little s
character. Indeed, recent solid-state tin and lead NMR
experiments on Sn'' and Pb" halides have indicated significant
inverse halogen dependence (IHD).B! Similarly, weak THD is
observed for 3P shifts on going from PCl; to PBr; (6 =219 vs.
227 ppm).P"1 Calculations confirm that this trend is related to
very small spin—orbit contributions in the P! halides, due to
the low s character of phosphorus in the phosphorus —halogen
bonds.P*)

IHD is also the rule for early transition metals in high
oxidation states.»371 Our calculations on the titanium tetra-
halides (to be published elsewhere) confirm very small,
deshielding titanium spin—orbit shifts, as well as small and
positive K(Ti,X). This is also readily understood in the light
of the present concept: the Ti—X bonds have very little
titanium 4s character and are dominated by the metal 3d
orbitals. In the absence of large spin —orbit shifts, the increase
in the large paramagnetic contributions (related to low-lying d
orbitals) on going from the chloride to the iodide leads to
IHD. In contrast, transition metals in lower oxidation states
may have significant metal s character in their bonding. Thus,
heavy halogen substituents are expected to cause significant
shielding spin - orbit shifts and thus NHD, in agreement with
observation.['3

When neither the heavy atom nor the main-group NMR
atom bears lone pairs, 'K is usually large and positive, for
example, 'K(Hg,C) in organomercury compounds and
'K(M,C) in Group 14 organometallic compounds (M =Sn,
Pb). In analogy, we would expect the corresponding one-
bond *C spin - orbit shifts due to heavy metal substituents to
generally be deshielding. First calculations on organomercury
compounds confirm this assumption.!

As shown in Figure 3, 'Kc(LLE) becomes increasingly
negative and the corresponding spin —orbit shifts increasingly
shielding in the series E=C, Si, Ge. A similar periodic
dependence is expected for other main-group systems, as one-
bond couplings frequently increase down a group.*!

It should be possible to transfer other trends known from
spin—spin coupling to the spin-orbit shifts. Thus, in main-
group chemistry the magnitude of 'K(A,B) for a given pair of
atoms A and B increases with increasing electronegativity of
the substituents on A or B.® This is due to increasing s
contributions to bonding, caused by increasing hybridization
defects®! with increasing positive charge at the central atom
(A or B).’l Thus, we also expect the spin—orbit shifts to
increase with increasing electronegativity of additional sub-
stituents on the NMR atom. Our calculations on CF;I (IGLO-
II basis) give a shielding 035(C) of 52.6 ppm, compared to
29.1 ppm found above for CH;I (fluorine spin —orbit coupling
is expected to account for at most about 3 ppm of this
increasel'”l). This is due to an increased carbon 2s character in
the C-I bond. However, the larger (nonrelativistic) para-
magnetic contributions will override the larger ogo For
instance, the uncorrected 8('3C) of CF;l is + 158.8, compared
to —32ppm for CH;l. With spin-orbit corrections, the
calculated shifts are +106.2 and —33.3, in reasonable
agreement with the experimental values of + 7820 and
—21.8 ppm, respectively. Changes in spin-orbit shifts from
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one compound to a differently substituted one may thus
frequently be hidden by other factors.

The increase of s character due to electronegative sub-
stituents also explains the nonadditivity of spin —orbit shifts!'®!
upon multiple halogen or chalcogen substitution. On going
from CH;l to CH,I, to CHI; to CI,, the positive charge on
carbon and thus the 2s character of the C—1I bonds increase.
Therefore, the individual spin —orbit shifts due to each iodine
substituent increase along this series. As a consequence, the
overall spin—orbit shifts and therefore the total shielding
increase considerably more than linearly upon multiple
substitution.

Structural effects may alter the hybridization of the NMR
atom and should also affect the spin-orbit shifts. We have
recently found an example of this in two tin— phosphorus cage
compounds, SnP¢Rs and Sn;P,CLR, (R, =organosilyl,
R ompn = H).*!! The former compound exhibits an unusually
shielded 0(*'P) of —475, and calculations suggest large
shielding spin — orbit shifts due to the heavy Sn'! substituents.
In contrast, for the latter compound 6(*'P) =— 122, and the
calculated spin-orbit shifts are small, even though in both
cases each phosphorus atom is bound to three tin atoms and to
one exo substituent R. The explanation is given by the large
endocyclic Sn-P-Sn angles in Sn¢P4R4, which lead to large
phosphorus s contributions in two of the P —Sn bonds. This in
turn is responsible for significant spin-orbit shifts. In
contrast, the endocyclic angles and phosphorus s contribu-
tions to the P—Sn bonds in Sn;P,CL,R, are small, as is the
spin - orbit shift.*1 Undoubtedly, many more examples of this
kind will be found.

In the systems studied here, spin —orbit shifts decrease very
quickly with an increasing number of bonds between the
heavy substituent and the NMR nucleus. This is the same
behavior as that found for Fermi-contact contributions to
spin—spin coupling constants. Nevertheless, the small long-
range spin - orbit shifts may be important for an understand-
ing of certain trends, such as the pattern of the 'H shifts in
iodobenzene (see Figure 8). Long-range spin —orbit shifts are
expected to occur in delocalized systems, which are known to
exhibit significant long-range spin —spin coupling.**l Halogen-
substituted allenes might be other interesting examples to
investigate.

The present qualitative concept should be useful in many
ways. For example, known spin—spin coupling constants in
related species may already provide some information on
spin—orbit shifts in heavy-atom substituted compounds. In
many cases, simple qualitative bonding considerations may
even be sufficient to estimate the magnitude and/or sign of
heavy-atom substituent effects on NMR chemical shifts. In
more complicated cases, suitable population analyses may
provide the necessary bonding information. Apart from
improved qualitative understanding, such considerations
may also help to decide a priori whether spin—orbit correc-
tions have to be considered in quantitative nuclear shielding
calculations.

Finally, we point out that the importance of spin-orbit
effects on NMR chemical shifts is still widely underestimated
by the practical chemists and NMR spectroscopists. We hope
that the present computational results, and in particular the
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proposed qualitative concept, will increase the appreciation of
relativistic effects in NMR spectroscopy.

Methods of Calculation

All calculations were carried out on experimental gas-phase structures.[*?]
The initial nuclear shielding calculations (uncorrected for spin-orbit
coupling) used the sum-over-states density-functional perturbation theory
approach (SOS-DFPT),l'>2 with individual gauges for localized orbitals
(IGLOW!). The underlying Kohn-Sham calculations employed the gra-
dient-corrected PW 91143 exchange-correlation functional. A compromise
strategy discussed earlier!™>*! was applied to obtain accurate Kohn-Sham
MOs with moderate effort, by adding an extra iteration with a larger
integration grid and without fit of the exchange-correlation potential after
initial SCF convergence had been reached. FINE®! angular grids with
32 points of radial quadrature were used. All calculations were carried out
with the deMon-NMR code.[164]

IGLO-II all-electron basis setsl®! were used on all atoms (with omission of f
functions on iodine), with density and exchange-correlation potential
fitting auxiliary basis sets of the sizes 5,1 (H), 5,2 (C, F), 5,4 (Si), and 5,5
(Ge, I) (n,;m denotes ns functions and mspd shells with shared expo-
nents*). All six Cartesian components of d-basis functions were kept. The
IGLO procedureP! employed the Boys localization scheme.! Core shells
of similar energies were grouped together in the localization. Thus, the
iodine K shell was localized separately, the iodine L shell with the
germanium K shell, the iodine M shell with the silicon K or the germanium
L shell, and the iodine N shell with the carbon and/or fluorine K, silicon L
or germanium M shells, separate from the valence shell. Calculated
absolute shieldings o were converted to relative shifts 0 via shieldings o
calculated at the same level for TMS [0 cq(Si) =367.6, 0¢uea(C) =187.5,
Oeaca(H) =31.0 ppm], and for Ge(CH,), [0u.a(Ge) = 1514.0 ppm].
Spin—orbit corrections to the nuclear shieldings were calculated separately
by the combined finite-perturbation/SOS-DFPT approach.['®l However, an
IGLO choice of gauge origin was found to give significant numerical
instabilities for the small longer-range spin—orbit shifts. The necessary
separate localization of « and f MOsl'l appears to be the source of errors.
Therefore, we used a common gauge origin on iodine in these calculations.
This is justified by the fact that we have only one heavy atom in the system,
which is a natural choice of gauge origin (see discussion in ref. [16]). The
validity of this assumption is borne out by the results given above. For
systems with several heavy atoms, the localization problem may possibly be
solved by modification of the algorithm.*) An alternative would be to use
gauge-including atomic orbitals (GIAO¥). The spin-orbit calculations
used the same basis sets described above. However, 64 points of radial
quadrature and the PP86 functional®! were employed. The initial finite
perturbation (with a perturbation parameter 1 =10 a.u.) was chosen to be
the nuclear magnetic moment of the NMR nucleus of interest. Thus, a
separate calculation had to be carried out for each nucleus investigated.
Only the one-electron spin—orbit operator was included. We expect some
error cancellation, as the neglect of the two-electron contributions should
cause some overestimate of the spin-—orbit contributions, while the
moderate IGLO-II basis sets may not recover all of the one-electron
spin —orbit corrections.

Fermi-contact contributions to indirect spin—spin coupling constants were
calculated by the finite perturbation method of ref. [22], which is closely
analogous to the method used for the computation of the spin— orbit shifts
(we do not report the diamagnetic and paramagnetic spin —orbit contribu-
tions to the couplings, which are also calculated by the program®24). All
other computational parameters were also kept identical to the spin—orbit
calculations, except that the initial finite perturbation was taken to be the
iodine nuclear magnetic moment. This allowed us to obtain couplings to all
other atoms in one calculation. Test calculations with other initial
perturbations confirmed that, with the large integration grids used, the
results are not sensitive to this choice.

Acknowledgments: M.K. thanks the Deutsche Forschungsgemeinschaft
(DFG) for a Habilitationsstipendium (1995-1997) and Prof. Dr. H. G.
von Schnering (Max-Planck-Institut Stuttgart) and Prof. Dr. H.-J. Werner
(Universitét Stuttgart) for their support and for providing computational

0947-6539/98/0401-0125 $ 17.50+.25/0 — 125





FULL PAPER

M. Kaupp et al.

resources. Financial support from the Slovak Grant Agency VEGA (Grant
No. 2/3008/97) is gratefully acknowledged. P.P. is Research Professor of The
Academy of Finland. This work was initiated with support from REHE/
ESF.

Received: July 8, 1997 [F757]

[1] Multinuclear NMR (Ed.: J. Mason), Plenum, New York, 1987.

[2] E. Breitmaier, W. Voelter, *C NMR Spectroscopy, 3rd ed., VCH,
Weinheim, 1987.

[3] See also a) L.M. Jackman, S. Sternhill, Applications of Nuclear
Magnetic Resonance in Organic Chemistry, 2nd ed., Oxford University
Press, New York, 1969; b) J. B. Stothers, Carbon-13 NMR Spectro-
scopy, Academic Press, New York, 1972; c) H. Giinther, NMR
Spectroscopy, 2nd ed., Wiley, New York, 1995;d) G. C. Levy, Carbon-
13 Nuclear Magnetic Resonance Spectroscopy, 2nd ed., Wiley, New
York, 1980; ¢) F. W. Wehrli, A. P. Marchand, S. Wehrli, Interpretation
of Carbon-13 NMR Spectra, 2nd ed., Wiley, New York, 1988; f) H.-O.
Kalinowski, S. Berger, S. Braun ®C-NMR-Spekiroskopie, Thieme,
Stuttgart 1984; g) F. A. Bovey Nuclear Magnetic Resonance Spectro-
scopy, 2nd ed., Academic Press, San Diego 1988; h) H. Noth, B.
Wrackmeyer, Nuclear Magnetic Resonance Spectroscopy of Boron
Compounds in NMR— Basic Principles and Progress, Vol. 14, Spring-
er, Heidelberg, 1978; J.-P. Kintzinger, Oxygen NMR. Characteristic
Parameters and Applications, in ibid., Vol. 17, 1981, pp.2-64; H.
Marsmann, °Si NMR Spectroscopic Results, in ibid., Vol 17, 1981,
pp- 65-235; 1) NMR and the Periodic Table (Eds.: R. K. Harris and
B. E. Mann), Academic Press, New York, 1978. j) Transition Metal
Magnetic Resonance (Ed.: P. S. Pregosin), Elsevier, Amsterdam 1991.

[4] Nuclear Magnetic Shieldings and Molecular Structure (Ed.: J. A.
Tossell); Kluwer Academic Publishers, Dordrecht 1993.

[5] W. Kutzelnigg, U. Fleischer, M. Schindler, in NMR— Basic Principles
and Progress, Vol. 23, Springer, Heidelberg, 1990, pp. 165ff.

[6] M. Kaupp, O. L. Malkina, V. G. Malkin, Computational NMR Studies
of Transition Metal Compounds, to appear in Encyclopedia of
Computational Chemistry (Ed.: P. von R. Schleyer), Wiley, New York,
1997/1998.

[7] a) R. G.Kidd, Ann. Rep. NMR Spectrosc. 1980, 10 A, 2; b) ibid. 1991,
23, 85.

[8] K. B. Wiberg, W. E. Pratt, W. F. Bayley, J. Org. Chem. 1980, 45, 4936.

[9] J. Mason, Adv. Inorg. Chem. 1976, 18, 197; ibid. 1979, 22, 199.

[10] C.J. Jameson, J. Mason in ref. [1], pp. 51-88.

[11] a) Y. Nomura, Y. Takeuchi, N. Nakagawa, Tetrahedron Lett. 1969, 8,
639; b) apparently, a still earlier discussion is given in: N.
Nakagawa, S. Sinada, S. Obinata, The 6th NMR Symposium,
Kyoto, 1967, p. 8 (in Japanese, cited in ref. [11a]).

[12] a) I Morishima, K. Endo, T. Yonezawa, J. Chem. Phys. 1973, 59, 3356;
b) A. A.Cheremisin, P. V. Schastnev, J. Magn. Res. 1980, 40,459;¢c) P.
Pyykko, A. Gorling, N. Rosch, Mol. Phys. 1987, 61, 195.

[13] Spin-orbit effects are mentioned only in a few NMR textbooks or
monographs (see, e.g., R.K. Harris, Nuclear Magnetic Resonance
Spectroscopy, Longman, Essex, 1986, and ref. [1]).

[14] See, e.g., H. Nakatsuji, H. Takashima, M. Hada, Chem. Phys. Lett.
1995, 233, 95; H. Takashima, M. Hada, H. Nakatsuji, ibid. 1995, 235,
13. H. Nakatsuji, T. Nakajima, M. Hada, H. Takashima, S. Tanaka,
ibid. 1995, 247,418; H. Nakatsuji, M. Hada, T. Tejima, T. Nakajima, M.
Sugimoto, ibid. 1996, 249, 284; C. C. Ballard, M. Hada, H. Kaneko, H.
Nakatsuji, ibid. 1996, 254, 170.

[15] V. G.Malkin, O. L. Malkina, L. A. Eriksson, D. R. Salahub, in Modern
Density Functional Theory: A Tool for Chemistry; Theoretical and
Computational Chemistry, Vol. 2 (Eds.: J. M. Seminario, P. Politzer),
Elsevier, Amsterdam 1995.

[16] V. G. Malkin, O. L. Malkina, D. R. Salahub, Chem. Phys. Lett. 1996,
261, 335.

[17] M. Kaupp, O. L. Malkina, V. G. Malkin, Chem. Phys. Lett. 1997, 265,
S5.

[18] See, for example, a) P. Pyykko, Chem. Phys. 1983, 74, 1; b) N. C.
Pyper, Chem. Phys. Lett. 1983, 96, 204, 211.

[19] U. Edlund, T. Lejon, P. Pyykko, T. K. Venkatachalam, E. Buncel, J.
Am. Chem. Soc. 1987, 109, 5982.

126 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

[20] The perturbation operators may be derived from a suitable reduction
of the Dirac Hamiltonian to nonrelativistic form, truncated at the
Breit—Pauli level.

[21] V. G. Malkin, O. L. Malkina, M. E. Casida, D. R. Salahub, J. Am.
Chem. Soc. 1994, 116, 5898.

[22] V. G. Malkin, O. L. Malkina, D. R. Salahub, Chem. Phys. Lett. 1994,
221, 91.

[23] See, for example, a) P. Pyykko, E. Pajanne, M. Inokuti, Int. J. Quant.
Chem. 1973, 7,785;b) T. Asada, K. Terakura, J. Phys. F 1983, 13,799;
c) S.Bliigel, H. Akai, R. Zeller, P. H. Dederichs, Phys. Rev. B 1987, 35,
3271.

[24] O.L.Malkina, D. R. Salahub, V. G. Malkin, J. Chem. Phys. 1996, 105,
8793.

[25] P. Pyykko, L. Wiesenfeld, Mol. Phys. 1981, 43, 557.

[26] See, for example, J. W. Akitt in ref. [1], pp. 447 -461.

[27] D.B. Chesnut, Chem. Phys. 1997, 214, 73.

[28] M. Karplus, J. Chem. Phys. 1959, 30, 11.

[29] W. Kutzelnigg, Angew. Chem. 1984, 96, 262; Angew. Chem. Int. Ed.
Engl. 1984, 23, 272.

[30] From relaxation measurements, an upper limit of 60 Hz has been
estimated for | J(I,C) | in CH;I (T. C. Farrar, S. J. Druck, R. R. Shoup,
E. D. Becker, J. Am. Chem. Soc. 1972, 94, 699). This is considerably
lower than our calculated value of 179.5 Hz.

[31] Among other error sources, the neglect of relativistic corrections is
notable. Multiplicative relativistic correction factors for the hyperfine
integrals of C, Si, and Ge would be about 1.004, 1.023, 1.125,
respectively, from hydrogen-like atomic calculations.?*

[32] See, for example, M. Kaupp, V. G. Malkin, O.L. Malkina, D.R.
Salahub, Chem. Eur. J. 1996, 2, 24.

[33] C.J.Jameson in ref. [1], pp. 89-131.

[34] Our MO analyses of og, in HI and CH;I indicate that deshielding
contributions from the E —I o bond are overcompensated by shielding
contributions of the 7 lone pairs on iodine. This is consistent with early
semiempirical results.'>] All spin—orbit contributions in these sys-
tems arise from the perpendicular components ogo, of the shielding
tensors.

[35] M. Kaupp, O. L. Malkina, J. Chem. Phys., in press.

[36] M. Duchéteau, Dissertation, Universitit Dortmund, 1994. M. Du-
chateau, H. L. Keller, submitted to Z. Anorg. Allg. Chem. (H.L.
Keller, personal communication).

[37] K. R. Dixon in ref. [1], pp. 369 —401.

[38] M. Kaupp, unpublished results.

[39] See, e.g., M. Kaupp, P. von R. Schleyer, J. Am. Chem. Soc. 1993, 115,
1061.

[40] R. A. DeMarco, W. B. Fox, W. B. Moniz, S. A. Sojka, J. Magn. Reson.
1975, 18, 522.

[41] M. Driess, S. Martin, V. Pintschouk, H. Pritzkow, H. Griitzmacher, M.
Kaupp, Angew. Chem. 1997, 109, 1982; Angew. Chem. Int. Ed. Engl.
1997, 36, 1894.

[42] Landolt— Bornstein, Numerical Data and Functional Relationships in
Sciences and Technology, Vols. 7, 15, 21, 23: Structure Data of Free
Polyatomic Molecules, Springer, Berlin, 1979, 1987, 1992, 1995.

[43] J. P. Perdew, Y. Wang, Phys. Rev. B. 1992, 45, 13244; J. P. Perdew, in
Electronic Structure of Solids (Eds.: P. Ziesche, H. Eischrig),
Akademie Verlag, Berlin, 1991; J. P. Perdew, J. A. Chevary, S. H.
Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh, C. Fiolhais, Phys.
Rev. B 1992, 46, 6671.

[44] deMon program: D. R. Salahub, R. Fournier, P. Mlynarski, I. Papai, A.
St-Amant, J. Ushio, in Density Functional Methods in Chemistry (Eds.:
J. Labanowski, J. Andzelm), Springer, New York, 1991; A. St-Amant,
D. R. Salahub, Chem. Phys. Lett. 1990, 169, 387.

[45] C. Edmiston, K. Ruedenberg, Rev. Mod. Phys. 1963, 35, 457; J. Chem.
Phys. 1965, 43, 597; S.F. Boys, in Quantum Theory of Atoms,
Molecules and the Solid State (Ed.: P.O. Lowdin), Academic
Press, New York, 1966, pp. 253 ff. This procedure is often erroneously
attributed to J. M. Foster, S.F. Boys, Rev. Mod. Phys. 1963, 35,
457.

[46] U. Fleischer, personal communication.

[47] See, for example, R. Ditchfield, Mol. Phys. 1974, 27,789; K. Wolinski,
J. E. Hinton, P. Pulay, J. Am. Chem. Soc. 1990, 112, 8251.

[48] J. P. Perdew, Phys. Rev. B 1986, 33, 8822; J. P. Perdew, Y. Wang, Phys.
Rev B 1986, 33, 8800.

0947-6539/98/0401-0126 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 1






FULL PAPER

Expression of Supramolecular Chirality in Aggregates of Chiral
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Abstract: The aggregation behaviour of
a series of chiral amide-containing sur-
factants 1-35 is studied in order to assess
the structural requirements for the gen-
eration of supramolecular chirality. It is
found that the presence of hydrogen-
bonding moieties (i.e., amide groups) in
the molecules alone is not sufficient for
the formation of chiral aggregates and

that the expression of chirality at a
higher level, for example in the form of
helical structures, strongly depends on
the head-group organisation of the sur-

Keywords: aggregations - chirality
- helical structures - hydrogen
bonds - supramolecular chemistry -
surfactants

factant molecules. By changing the in-
termolecular interactions between the
molecules, for example by pH variation
or metal-ion complexation, this head-
group organisation can be tuned in such
a way that supramolecular expression of
chirality is induced or altered in the
aggregates.

Introduction

The construction of chiral supramolecular structures by the self-
assembly of chiral surfactant molecules has received much
attention in the last decade. Synthetic surfactants derived from
sugars,! amino acids,”” nucleic acids?®! and phospholipids have
been demonstrated to form a variety of chiral assemblies, such
as helical fibres, twisted ribbons, etc. Other superstructures,
such as rods and tubules, have also been generated from
nonchiral surfactants.”] Although the physical properties of
these self-assembling systems have been extensively studied,
little progress has been made in relating structures of the
supramolecule to those of the constituent surfactants.[®!
Theoretical studies on tubule formation indicate that the
creation of chiral superstructures is based on chiral interaction
of individual molecules in the bilayer, and that the magnitude
of this chirality, that is, the amount of twist in the molecular
packing, determines the dimensions of the supramolecular
structure.l? Although the importance of hydrogen bonding in
aggregation behaviour is well recognised,®! little is known
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about the relationship between the structure of the molecules
and the way they organise to form chiral aggregates. Frankel
and O’Brien have compared electron microscopic informa-
tion with predictions of hydrogen bond formation obtained
from molecular modelling calculations for a large number of
aldolamides."!

Here we report on the aggregation behaviour of a novel
series of structurally related amide-containing surfactants 1—
5, which were synthesised with the objective of studying the
factors determining the generation of chiral supramolecular
aggregates.l%!!] These surfactants contain phosphate and
imidazole moieties as head-groups whose size and orientation
can be adjusted by means of protonation and metal-ion
complexation. The effect of these modifications on the

fo) (@]
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5
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Table 1. Physical data for aggregates of compounds 1-5a prepared at pH 6.5.

Compound DSC d (A) [a] Molecular Lift-off

T, (°C) AH (Jg™) AS (Jg'K™) area (A?) area (A?)
1 16 52 0.02 40 125 (105 [b]) 370 (250 [b])
2 29 960 3.14 46 38 (35 [b]) 80 (74 [b])
3 21 (26 [b]) 23 (40 [b]) 0.08 (0.13 [b]) 34 (45 [b]) 56 81
4 = [c] = [c] - 40 = [c] = [c]
Sa 49 86 0.29 39 56 94
5a/CuSO, 31 14 0.05 38 60 94
5a/Cu(Trf), 20 22 0.08 40 63 102

[a] Powder diffraction d spacing. [b] pH adjusted to 2.5. [c] Not observed.*’]

interactions between the molecules and on the supramolec-
ular expression of chirality is presented. It will be shown that
the supramolecular expression of chirality is directly linked to
the head-group organisation in the surfactant molecules.

Results and Discussion

Aggregation behaviour of butyrates 1 and 2: Both 1 and 2 are
obtained after reaction of the appropriate N-acylated azir-
idine with dibenzyl phosphate and subsequent debenzyla-
tion.'! Compounds 1 and 2 have a strong structural resem-
blance but differ in the position of the phosphate and amide
groups in the molecules. Both positional isomers have an (R)
configuration. As shown below, their structural differences
lead to a dramatic effect on the expression of chirality at the
supramolecular level.

Transmission electron microscopy on samples prepared from
aqueous 2% (w/w) dispersions demonstrated that 1 formed
planar structures, whereas 2 produced left-handed helical
strands which coagulated to form left-handed, ropelike struc-
tures (Figure 1a).l0 These helical strands have a diameter of
22 nm and a large, regular pitch of 92 nm. Since the coiled
strands appear to be round, they probably have a tubular
structure with a single or multibilayer wall. Powder diffraction
experiments revealed a repetitive distance of 40 and 46 A
(Table 1) for cast films of the aggregates of 1 and 2, respectively.
These values indicate that the aggregates of both compounds
are constructed from intercalated bilayers, since the max-
imum molecular length of both compounds, as estimated from

Abstract in Dutch:  Het aggregatiegedrag van een reeks
surfactantmoleculen (1-5) die amidegroepen bevatten, is
onderzocht met als doel het verkrijgen van inzicht in de
voorwaarden die aan de structuur van een molecuul gesteld
moeten worden om supramoleculaire chiraliteit te genereren.
De aanwezigheid van groepen die waterstofbruggen kunnen
vormen (amidegroepen) blijkt niet voldoende te zijn om chirale
aggregaten te geven. Het tot uitdrukking brengen van chiraliteit
op een hoger niveau, bijvoorbeeld in de vorm van helices, hangt
sterk af van de organisatie van de kopgroepen van de
surfactantmoleculen. Door de intermoleculaire interacties te
veranderen, bijvoorbeeld door de pH te varieren of door het
complexeren van metaalionen, kan de organisatie van de
kopgroepen zodanig worden afgeregeld dat in de aggregaten de
supramoleculaire chiraliteit tot uitdrukking komt of verandert.

128 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Figure 1. Electron micrographs taken from 2 % (w/w) dispersions of 2 (pH
6.5, bars 500 nm): a) left-handed helices from 2 (Pt shadowing), b) right-
handed superhelix from 2 (unstained; inset: freeze fracture); c¢) schematic
representation of the model proposed for the chiral packing of DNA
molecules by Reich et al. Each of the individual strands represents a double
helix. (Taken from ref. [16].)

CPK models, amounts to approximately 30 A. The aggregates
prepared from 1 displayed a weak phase transition at 16°C,
whereas those of 2 showed a remarkably strong transition at
29°C (Table 1), indicating that 1 and 2 form aggregates with
different types of hydrocarbon chain organisation (vide infra).
Aggregation experiments performed with the (S) enan-
tiomers of 1 and 2 proved that the inversion of the stereocentre
led to a reversal of the sense of supramolecular chirality, but
did not affect the aggregation behaviour otherwise.
Monolayer experiments revealed another striking differ-
ence between 1 and 2. A very large lift-off area of approx-
imately 350 A2 was determined for 1 (Figure 2, Table 1) and
no clear liquid condensed phase was observed upon compres-
sion. This feature may be explained by assuming that
compound 1 has a molecular conformation as depicted in
Figure 2, where both the amide hydrocarbon chain and the

40 + 40
- 3
£ 0
2 J
E 30 20
= 10
20 4 0
a 0 20 40 60 80
10 1 b
0 T T T 1
0 100 200 300 400

A (A%molecule)

1 2

Figure 2. Proposed conformations of 1 and 2, and monolayer isotherms of
a) 1and b) 2, recorded on an aqueous subphase of pH 6. 5.at 20 °C. Inset:
enlargement of the isotherm of 2.
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butyrate group point away from the subphase. In this
arrangement the head-group area will be too large to allow
efficient hydrocarbon chain packing, hence no condensed
phase will be formed. Its positional isomer 2 could be
compressed, however, to a much smaller area per molecule
(80 A2) before an increase of surface pressure was observed
(Figure 2). The observed low area per molecule suggests that
2 adopts a structure in which the butyrate group is immersed
in the subphase as indicated in Figure 2.'%12

During compression, the monolayers were studied by
Brewster angle microscopy.'®l Compound 1 did not show
any distinct morphologies, whereas for monolayers of com-
pound 2 the growth of chiral branched domains was observed
(Figure 3a), which exhibited an overall counterclockwise

Figure 3. Brewster angle micrographs of surface monolayers of 2 (spot
diameter 600nm). a) pH 6.5, 30°C, 16 mNm™!; b) pH 6.5, 10°C,
15mNm; ¢) pH 2.5, 20°C, 15mNm.

pattern.l%"l Upon compression into the liquid condensed
(LC) phase the chirality of these domains was lost, due to the
intercalation of the branches. The size and shape of the
observed domains changed when the temperature of the
subphase was decreased. At lower temperatures smaller
domains were observed that showed a higher degree of
curvature in the branches (Figure 3b).[%]

In addition to the left-handed helices described above, a
small number of very large, right-handed helices were also
observed in dispersions of 2 (Figure 1b). These superhelices
had a thickness of 350 nm and a pitch of 250 nm. It is quite
possible that these right-handed superhelices are composed of
intertwined left-handed helices. A similar intertwined struc-
ture has been reported for supercoiled linear DNA (Fig-
ure 1¢).l' Minor changes in salt concentration, which are
believed to induce modifications in the hydration state and in
the surface charge density (or distribution) of the DNA
molecules can affect the twist and lead to a reversal of the
handedness of the supercoil. Thus supercoiling may lead to
the formation of either left-handed or right-handed helical
structures, regardless of the handedness of the individual
strands. By analogy, it is proposed that in the present case
small changes in local ion concentrations (e.g. pH, vide infra)
may induce the formation of right-handed superhelices from
the left-handed helices shown in Figure 1a.

In order to investigate the effect of pH on the formation of
chiral domains, monolayer experiments were carried out at
pH values at which the phosphate groups of 1 and 2 are fully
protonated.l' Isotherms recorded at pH=2.5 revealed a
decrease in molecular area for both surfactants, but for 1 the
changes were more pronounced than for 2 (Table 1). No
change in the morphology of the monolayer of 1 could be
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observed by Brewster angle microscopy, however. In contrast,
the size of the domains in the monolayer of 2 decreased and
their direction of growth was reversed (Figure 3c). This
phenomenon is unprecedented and must be due to a change in
molecular organisation of the surfactant molecules, leading to
a different long-range tilt order in the domains.'® This
observed reversal of growth may arise from a reduction of
the dipole —dipole repulsive interactions between the surfac-
tant molecules, as well as from a reorganisation of the
hydrogen bonding pattern.

Aggregation behaviour of phenyl ethers 3 and 4: With the aim
of obtaining more information about its role in the generation
of chiral superstructures!'” (vide infra), we replaced the ester
group by an ether function. A phenoxy group was chosen due
to the availability of enantiopure synthetic precursors.['!]
Electron microscopy demonstrated that vesicles with diam-
eters of 500-1000 nm were generated when 3 was dispersed in
water of pH 6.5 (2%, w/w). These vesicles slowly rearranged
to form ribbons (Figure 4a) which displayed a phase tran-

Figure 4. Electron micrographs of negatively stained samples from aque-
ous 2% (w/w) dispersions of 3 and 4. a) Ribbons of 3 (pH 6.5, bar
1000 nm); b) helices of 3 (pH 2.5, bar 1000 nm); c) fibres of 4 (pH 6.5, bar
500 nm).

sition at 21 °C (Table 1). Powder diffraction revealed a bilayer
thickness of 34 A (Table 1), suggesting that the ribbons have a
structure in which the alkyl chains are intercalating. The
observed broadening of the d, reflection'”) at 423 A (260 =
21.05°) indicates that the packing of the alkyl chains is
distorted; this can be attributed to a tilted orientation of the
lipid molecules. The molecular area of 56 A% deduced from
monolayer experiments (Table 1) indicates that 3 adopts a
conformation similar to that of 1, with the phenoxy group
pointing away from the aqueous phase.

Electron micrographs of samples prepared from aqueous
2% (w/w) dispersions of 4 revealed the presence of fibrous
aggregates (Figure 4c). These fibres were formed immedi-
ately after preparation of the samples and remained stable for
at least one week. Powder diffraction patterns obtained from
cast films of 4 reveal higher order reflections from which a
repetitive distance of 40 A was derived (Table 1). This value
suggests that these fibres are built up from intercalating
building blocks composed of two molecules of 4, probably
forming a staircase-like arrangement (Figure 5).?% This would
yield a micellar fibre having a low degree of hydrocarbon
chain organisation. This proposal is supported by the fact that
no reflections of a hexagonal packing of alkyl chains were
observed in the powder diffraction patterns and that DSC
experiments did not show any phase transition.
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Figure 5. Schematic representation of the possible arrangement of the
molecules of 4 in a micellar fibre.

It was found that protonation?!l of the head groups of 3 led
to the formation of chiral aggregates from the ribbonlike
structures which were initially present (Figure 4b). When the
pH of an aqueous 2% (w/w) dispersion of 3 was lowered from
pH 6.5 to 2.5 these ribbons started to twist. This twisting
formed left-handed helices which, ultimately, transformed
into tubular structures. For these chiral aggregates DSC
experiments revealed a phase transition (Table 1) at 26°C,
which is 5°C higher than the phase-transition temperature of
the ribbons found at pH 6.5. This feature and the higher AH
and AS values measured at pH 2.5 suggest that the molecules
in the chiral tubular structures have a higher degree of
molecular organisation than the molecules in the ribbons.
Remarkably, the powder diffraction pattern indicated that
upon changing the pH to 2.5, the bilayer thickness increased
from 34 to 45 A (Table 1). This may be explained by a
decrease of the molecular tilt angle, or a lower degree of
intercalation of the hydrocarbon chains. It was found that the
change in bilayer thickness was accompanied by a sharpening
of the d; reflection, supporting the former explanation.['’]

Aggregation behaviour of imidazolyl surfactants 5: Electron
microscopy performed on aqueous dispersions containing
0.1% (w/w) of 5a revealed that this compound formed planar
bilayer aggregates. These planar structures displayed a phase
transition at 49°C (Table 1). Powder diffraction patterns
obtained from cast films of 5a showed higher order reflections
from which a bilayer thickness of 39 A was calculated
(Table 1). The total molecular length of 5a estimated from
CPK models, is 28 A, which suggests that the hydrocarbon
chains of the molecules in the aggregates are intercalat-
ed.

When the length of the hydrocarbon chains in Sa was
reduced from 17 to 11 carbon atoms chiral aggregates, that is,
twisted fibres, were found to form (see Figure 6a, aqueous

Figure 6. Electron micrographs (Pt shadowing) of a 0.1 % (w/w) dispersion
of a) 5b (bar 500 nm), b) Sa after addition of 0.25 molequiv CuSO, (bar
200 nm), c) Sa after addition of 0.25 molequiv Cu(SO;CF;), (bar 1 um).

0.1% (w/w) dispersions of 5b). These fibres all showed a
right-handed twist and displayed a phase transition at 18°C.
The pitch of these fibres was not very regular, probably owing
to the fact that at room temperature they are in their liquid
crystalline phase.
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Addition of 0.25 molar equivalents of copper sulfate?’! to a
0.1% dispersion of Sa and subsequent sonication at 70°C
caused the formation of vesicles with diameters of 200-
1000 nm. Upon ageing at 4°C for one day, these vesicles were
transformed into right-handed helical ribbons with a regular
pitch of 103 nm and a thickness of approximately 30 nm
(Figure 6b). For these aggregates a bilayer thickness of 38 A
was calculated from the powder diffraction data (Table 1).
This indicates that the helices are also built up from
intercalated bilayers. The thickness of the ribbons could be
determined from the electron micrographs; it approximated
to 160 A, suggesting that they are formed by the regular
twisting of four stacked bilayers.

These helical ribbons were found to undergo a weak phase
transition at 31°C, implying a decrease in the molecular
organisation of the bilayers as compared to the aggregates
formed from dispersions of pure 5a. Monolayer experiments
showed a larger molecular area for the copper sulfate complex
of 5a than for pure 5a (60 and 56 A2, respectively; Table 1).
This change in molecular area may be attributed to an
increase in head-group size, which is consistent with the
decrease in hydrocarbon chain organisation deduced from the
DSC experiments.

When copper triflate was added to aqueous dispersions of
Sa, vesicles were again formed, as was observed by electron
microscopy. These aggregates transformed into giant vesicles
with diameters of approximately 5 um (Figure 6¢) upon
standing. The bilayer thickness of these giant vesicles was
40 A, again pointing to intercalation of the hydrocarbon
chains. DSC revealed a weak phase transition at 20°C
(Table 1) indicating that at room temperature the aggregates
are in their liquid-crystalline phase.

The different aggregation behaviour of the triflate
complexes compared to the sulfate complexes is probably
due to a change in head-group size, which arises from the
introduction of the more sterically demanding triflate ion.
Monolayer experiments indicated that the use of aqueous
subphases containing 1.0M copper triflate instead of 1.0m
copper sulfate indeed led to an increase in molecular area
from 60 to 63 A2 (Table 1). This increase in molecular area
may be explained by assuming that these hydrophobic,
noncoordinating ions will be located at the lipid—water
interface (as opposed to the highly polar sulfate ions which
will be dissolved in the aqueous phase), separating the copper
complexes. This is supported by the increase in the lift-off area
observed in the case of the triflate complexes, indicating that
steric interactions between the amphiphilic complexes and the
triflate ions already play a role in the liquid expanded (LE)
phase.

FT-IR studies: FT-IR spectra of oriented films of surfactants
1-5 were recorded in order to investigate the role of
hydrogen bonding in the aggregates. All compounds were
found to form an amide polymer structure, that is, an
alignment in which the amide functions were linked by
hydrogen bonds in an all-trans fashion.? This was concluded
from the presence of both an amide II band at 1550-
1539 cm™! and an amide I vibration shifted to lower wave
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numbers compared to the value of 1675 cm™! observed for a
free amide C=0 group.

In order to visualise the information, assemblies of several
molecules of 1-5 were constructed with the help of CPK
models (Figure 7), taking into account the formation of amide
polymer chains and the occurrence of the hydrogen bonds as
deduced from the analysis of the infrared spectra.

Compound 1: The ester carbonyl group of 1 showed two
vibrations, namely at 1731 and 1714 cm~!, indicating its
involvement in two different types of hydrogen bonds.[*!
Deconvolution of the spectrum revealed that the amide I
vibration of 1 consisted of two superimposed peaks, a sharp
vibration at 1644 and a broadened one at 1645 cm~!, implying
that the amide carbonyl group was also involved in two
different hydrogen bonds.

In spectra of dilute chloroform solutions of 1, in which no
three-dimensional aggregates are formed, only one amide I
vibration at 1643 cm™' was observed; however, peaks charac-
teristic of the presence of an amide polymer were still present.
This indicates that 1 generates linear strands of hydrogen-
bonded molecules rather than networks in dilute solution. The
disappearance of interpolymer linkages was supported by the
fact that the ester carbonyl vibration at 1714 cm~! had
disappeared, as had a small vibration at 3535 cm~'. The latter
was assigned to hydrogen-bonded water molecules, which
may act as linkages between neighbouring amide polymer
chains, connecting ester and amide carbonyl groups in the
three-dimensional aggregates.

The fact that the ester vibration is present in chloroform at
1727 cm™! suggests that the carbonyl function of the ester
group is involved in a relatively weak hydrogen bond with a
donating moiety within the same amide polymer strand.
According to CPK models a hydrogen bond between the ester
carbonyl group and the amide hydrogen of the same molecule
is unlikely, but a hydrogen bond with the amide hydrogen of a
neighbouring molecule in the strand is feasible.?l Tt is
proposed that the two carbonyl groups form a double
hydrogen bond with the amide proton of a neighbouring
molecule (Figure 7a and Figure 8). This involvement of two

CsH C3H
Cy7H : 7 Ci7Hbs
—o0 —0
—/0_ | =0
H

1

Figure 8. Possible hydrogen bonding pattern of 1 in chloroform solutions.
carbonyl groups may strengthen this hydrogen bond and
hence account for the fact that even in dilute chloroform

solutions the amide polymer structure remains present.

Compound 2: Two ester carbonyl vibrations were also
observed for oriented films of compound 2: one at

Chem. Eur. J. 1998, 4, No. 1

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

1737 cm~, indicative of a free ester function, and one at
1706 cm~!, typical for an ester group forming a strong
hydrogen bond, for example with water.’”) Considering the
molecular conformation of 2 as depicted in Figure 2, this
result may be explained by assuming that the ester functions
are only partially hydrated after the drying procedure. The
amide I signal appeared as three superimposed vibrations, a
sharp peak at 1641 cm™, a broadened one at 1648 cm™!, and a
minor vibration at 1675 cm™~!. These peaks are interpreted in
the following manner: a small fraction of the amide carbonyl
groups is not involved in hydrogen bonding, giving rise to the
weak vibration at 1675 cm~!, whereas the major fraction of the
amide carbonyl groups forms a (second) hydrogen bond to
water molecules (1648 cm™!) in addition to the aforemen-
tioned amide polymer hydrogen bond (1641 cm™'). The
observation of OH vibrations at 3494 and 3407 cm~' support-
ed the involvement of water molecules in hydrogen bonding
to the carbonyl groups of the amide and ester functions. The
OH vibrations are assigned to free water, bound to the ester
carbonyl group, and crystal water possibly bridging between
the amide carbonyl group and the phosphate group. The latter
water molecules gave rise to a broadened P=O band at
1255 cm 1.2

The CPK models of 2 revealed that the phosphate groups
are inclined to adopt an orientation favouring the formation
of an intermolecular sequence of hydrogen bonds (Figure 7b).

Compound 3: The appearance of two amide I vibrations in the
spectrum of 3, a sharp vibration at 1641 cm~! superimposed on
a broadened one at 1650 cm~!, implies that also in this case the
amide carbonyl group is involved in different types of
hydrogen bonds. Since only one hydrogen donor is present
(the amide N-H group), water molecules probably also
participate as donor groups. Spectra of cast films of disper-
sions of 3 prepared in D,O revealed a shift of the carbonyl
vibrations to lower wave numbers. Furthermore, a change in
the pattern of the phenyl ring vibrations and a broadening of
the ether bands in the 12501200 cm! and 1060-1020 cm™!
regions were observed. This indicates that both the ether
group and the amide carbonyl group are involved in hydrogen
bonds with water. Inspection of CPK models revealed that
water molecules cannot form a bridge between the amide
carbonyl group and the ether oxygen atom of the same
molecule. This leads to the tentative conclusion that water
molecules interlink the carbonyl and phenoxy groups of
neighbouring amide polymer chains.

The infrared spectra revealed that also on lowering the pH
to 2.5 the amide polymer chain remained intact. An addi-
tional, broad amide I vibration appeared, which was accom-
panied by a broadening of the amide II vibration. The
sharpening of the phenyl ring vibrations at 1600, 1580 and
1500 cm™?, the appearance of a broad Ph - O ether vibration at
1222 cm™! and the shift of the CH,—-O ether vibration to
1047 cm~! indicated that a different hydrogen bonding pattern
was formed with respect to the phenoxy group.

Since at pH 2.5 the phosphate head groups may be assumed
to be fully protonated (vide infra) and hence will be less
hydrated, it is likely that they can act as hydrogen donor
groups to acceptor groups in the aggregate. Inspection of CPK
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C3H7 CaH7 C3H7 C3Hy

Figure 7. Schematic representations (left) and CPK models (right) showing the most probable conformations in assemblies of a) 1 at pH 6.5,b) 2 at pH 6.5,

c) 3atpH6.5,d) 3atpH2.5,f) SaatpH6.5,g) SbatpH 6.5, h) 5aafter copper(ir) ion complexation. The black circles represent the parts in the molecules
that are not involved in the hydrogen bonding network.
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models showed that no hydrogen bonds could be formed
between the amide carbonyl groups and the phosphate groups
without disrupting the linear amide polymer. The formation
of hydrogen bonds between the phosphate groups and the
ether oxygen atoms would be feasible, however, and would
explain the changes in the shape and position of the ether and
phenyl vibrations. Such an arrangement of hydrogen bonds
would force the aromatic rings to point to the interior of the
bilayer, inducing a high degree of head-group organisation,
and consequently lead to a lower degree of intercalation of
the hydrocarbon chains, explaining the observed increase of
the bilayer thickness on changing the pH from 6.5 to 2.5
(Table 1). The proposed arrangement of the molecules of 3 at
pH 6.5 and 2.5 is shown in Figure 7c and Figure 7d,
respectively.

Compound 4: The FT-IR spectra of 4 showed a distinct
broadening of the N-H stretching vibration, as well as a
broadening of the amide I and the amide II vibrations,
indicating that the hydrogen bonds in the amide polymer
chains of 4 are less well defined than those in the aggregates of
compound 3. Furthermore, the centre of the amide I vibration
appeared at a relatively high wave number, 1650 cm™,
implying that the hydrogen bonds are relatively weak. IR
spectra obtained from samples prepared in D,O showed a
shift of the phenyl ring vibrations, as well as a change in the
pattern of the ether vibrations in the 1250-1200 and 1060 -
1020 cm™' regions. This suggests that also in this case the
phenoxy group is involved in hydrogen bonding.?) CPK
models indicated that in the case of 4 a water molecule can
form a bridge between the amide carbonyl group and the phenyl
ether oxygen atom. This will, however, force the phenyl ring
to adopt an orientation that is sterically unfavourable for the
formation of a linear amide polymer chain. A nonlinear array
of hydrogen bonded amide groups may explain the broad-
ening of the C=O and N-H vibrations in the IR spectra. It
also explains why 4 forms micellar instead of lamellar
structures, and would be in good agreement with the proposed
staircase-like arrangement in the aggregates (Figure 5).

Compounds 5a and 5 b: The spectra obtained from cast films
of 5a showed a vibration at 1507 cm~!, indicative of a
noncoordinating imidazole group,”” and a sharp amide I
vibration at 1645 cm~L. The presence of another, very broad
amide I vibration at 1662 cm~! suggests that the amide
carbonyl group is also involved in a second, less well defined,
type of hydrogen bond. The vibration of the ester carbonyl
group was found at 1729 cm~!, implying that this group is
involved in hydrogen bonding.?! H,0/D,0 exchange experi-
ments showed that in D,O the broadened amide I vibration
and the ester C=0 vibration shifted to lower wave numbers,
indicating that both carbonyl functions are engaged in hydro-
gen bonding to water molecules.[*

CPK models revealed that the orientation of the ester
carbonyl groups with respect to the amide groups is restricted
in such a way that water molecules cannot bridge between
ester and amide groups of the same molecule. Rather, they
will interlink different amide polymers. The proposed ar-
rangement of the molecules of Sa is depicted in Figure 7e.
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FT-IR spectra of cast films of 5b revealed a noticeable
difference in hydrogen bond formation compared to 5a. The
disappearance of the broad amide I vibration at 1662 cm™!
suggests that in the aggregates of 5b water molecules no
longer bind to the amide groups. The presence of an ester
carbonyl vibration at 1725 cm~! indicates, however, that this
group is still involved in hydrogen bonding. The most striking
observation, though, was the shift of the imidazole vibration
to 1523 cm~!, implying that this function now is involved in
hydrogen bonding. It is tentatively proposed that in the
aggregates of 5b ester carbonyl groups are linked to imidazole
groups by hydrogen-bonded water molecules. Inspection of
CPK models of 5§b showed that a water molecule cannot span
the distance between the imidazole group and the ester group
of the same surfactant molecule. A connection of these groups
can only be accomplished by linking two neighbouring
molecules in the amide polymer. This leads to arrays of
surfactant molecules forming noninterlinked polymers with
highly organised head groups (Figure 7 f).

Copper complexes of 5 a: IR spectra of cast films of the copper
sulfate complex of 5a revealed that the imidazole vibration
had shifted all the way to 1528 cm~!, indicating that the free
ligand was no longer present.>*l In addition to a shifted
amide I vibration at 1647 cm~!, a minor vibration at 1676 cm™!
was observed, indicating the presence of a small amount of
free amide carbonyl groups. The ester carbonyl showed two
equally intense vibrations, at 1726 and 1740 cm™!, suggesting
that these carbonyl groups are partially involved in hydrogen
bonding.

According to the CPK models presented in Figure 7g, 5a
can still form linear arrays of hydrogen-bonded amide groups
in the 4:1 complex with copper(i1) ions. These CPK models
show two different orientations for ester carbonyl groups in
the copper complex, in agreement with the observation of two
ester carbonyl vibrations in the infrared spectrum. This points
to an only partial involvement of the ester groups in hydrogen
bonding.

Although the characteristic features of the aggregates
changed dramatically upon changing of the counterions of
the copper(II) complex of 5a, the FT-IR spectrum revealed a
strong resemblance between the copper sulfate complex and
the copper triflate complex. It may be concluded, therefore,
that they have the same structure. The difference in molecular
organisation is probably due to a change in head-group size,
only arising from the introduction of the more sterically
demanding triflate ion.

Conclusion

The experiments described above demonstrate that surfactant
molecules having a strong structural resemblance can have
rather different aggregation behaviour. Clearly, the formation
of an amide polymer structure alone does not suffice for the
formation of chiral aggregates. The CPK models constructed
with the information obtained by FT-IR spectroscopy suggest
that the differences in aggregation behaviour of surfactants
1-5 may be attributed to dissimilarities in hydrogen bonding
patterns and conformational preferences. These CPK models,
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shown in Figure 7, indicate that only in the case where a high
degree of head-group organisation is achieved (i.e. aggregates
of 2 and 5b) can molecular chirality be expressed at the
supramolecular level. The hydrogen bonding patterns in the
aggregates can be altered. It was demonstrated that the
resulting conformational and orientational changes can in-
duce supramolecular chirality or can reverse the chiral
patterns. CPK models also showed that in these cases the
induction of supramolecular chirality is accompanied by an
increase in head-group organisation (i.e., aggregates of 3 and
5a). The presence of hydrogen-bonding water molecules
which interlink the linear strands of the amide polymers
seems to hamper the organisation of the head groups and
thereby the supramolecular expression of chirality.

Experimental Section

The syntheses of compounds 1-5 have been described elsewhere,['!l as
have the procedures for differential scanning calorimetry, powder diffrac-
tion and monolayer experiments.*’l

Sample preparation: Samples were prepared by sonication of a dispersion
of the surfactant in water at 70°C for 1 hour. Copper complexes were
prepared by addition of the desired amount of a 1.0mm aqueous solution of
the copper salt to a sonicated dispersion of the surfactant and additional
sonication for 30 min at 70°C. Samples were aged for 16 h at room
temperature prior to use, except where otherwise indicated.

Electron microscopy: Pt-shadowed samples were prepared by bringing a
drop of the dispersion onto a Formvar-coated microscope grid. The excess
of the dispersion was blotted off with filter paper after 1 min and the
sample was shadowed under an angle of 45° by evaporation of Pt.
Negatively stained samples were prepared in an analogous manner and
stained with a 2% (w/w) aqueous uranyl acetate solution. Freeze-fractured
samples were prepared by a Balzers freeze etching system BAF 400D.
After fracturing, the samples were etched for 1 min (AT =20°C), shaded
with Pt (angle 45°; layer thickness 2 nm) and covered with carbon (layer
thickness 20 nm). All samples were studied with a Philips TEM201
microscope (60 kV).

FT-IR spectroscopy: Films of the aggregates of 1-4 were prepared by
depositing a surfactant dispersion on a AgCl window by the iso-potential
spin drying method®! and were studied by FT-IR absorption spectroscopy
with a Mattson Cygnus 100 single-beam spectrometer equipped with a
liquid-nitrogen-cooled narrow-band MCT detector. Films of 5§ and their
complexes were prepared by casting dispersions onto gold-coated glass
supports and were studied using a Biorad STS 25 single-beam spectrometer
equipped with a DTGS detector and a specular reflectance unit.

The optical bench was continuously purged with dry nitrogen gas
(20 Imin~!). The following acquisition parameters were used: resolution
2 cm™! (specular reflectance spectroscopy) and 4 cm™! (absorption spec-
troscopy); number of co-added interferograms 128; moving mirror speed
2.53 cms™!; wave number range 4000-750; apodisation function triangle.
Signal to noise ratios (2000-2200 cm~') were better than 4 x 10°.

Data acquisition was performed using EXPERT-IR (Mattson) for the
absorption spectroscopy experiments and WIN-IR software (Spectracalc)
for the specular reflectance experiments. For data analysis WIN-IR
software (Spectracalc) was used. Baselines were corrected, and peak
positions were determined from second-derivative spectra smoothed over
13 data points. Curve-fitting procedures were repeated several times (initial
settings 10 % Gauss/90 % Lorenz; bandwidth 10 cm~'), and the quality of
the fitted spectra was checked by comparing the generated and original
spectra before and after deconvolution.
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Polyamine Analogues of 38-[ N-(N',N'-Dimethylaminoethane)carbamoyl]-
cholesterol (DC-Chol) as Agents for Gene Delivery **

Robert G. Cooper, Christopher J. Etheridge, Luisa Stewart, John Marshall,
Samantha Rudginsky, Seng H. Cheng, and Andrew D. Miller*

Abstract: Cationic liposomes are rapid-
ly proving very effective at mediating
the delivery of genes to cells in vitro.
Moreover, the use of cationic liposomes
for gene delivery in vivo is now under
consideration. In previous work, we
were able to demonstrate that cationic
liposomes, formulated from 35-[N-
(N',N'-dimethylaminoethane)carba-

moyl]cholesterol (DC-Chol) and the
neutral phospholipid, dioleoyl L-a-phos-
phatidylethanolamine (DOPE), were
able to transfect the lungs of mice in

parent that substantial improvements in
the gene delivery efficiency, by approx-
imately two orders of magnitude, would
be needed for human lung transfection
to be possible. In the following paper we
describe the synthesis of a range of
polyamine analogues of DC-Chol, which
were formulated into cationic liposomes
with DOPE and evaluated for efficiency
of gene delivery in vitro and in vivo in

Keywords: cations - drug delivery -
gene technology - lipids - liposomes

mice. We report that cationic liposomes
formulated from DOPE and the novel
pentamine N?-cholesteryloxycarbonyl-
3,7,12-triazapentadecane-1,15-diamine
(CTAP) were 100 times more efficient
than DC-Chol/DOPE liposomes at gene
delivery in vivo (500 times more effec-
tive than DNA alone). Therefore, we
believe that CTAP/DOPE cationic lip-
osomes should have clinical applications
in human gene therapy approaches to
the treatment of lung disorders as well as
to other clinical conditions.

vivo. However, it rapidly became ap-

Introduction

Genetic trait analysis will eventually be able to identify all the
genetic loci which cause or contribute towards disease. With
this information, a corrective gene or genes may be identified
which, if introduced into the appropriate organs and cells of
the body in vivo, should correct the basic pathophysiological
defect of the disease. This is the basic concept of gene therapy.
Such a simple approach should be capable of curing the
disease, in contrast to most conventional pharmaceutical
approaches, which typically treat symptoms only. However,
introducing a potentially corrective gene or genes is not
straightforward. Whilst naked DNA may be administered
under certain circumstances, for the most part a delivery
vehicle or vector is required to effect efficient gene delivery.
Several physical, chemical and virus-based vector systems are
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known, but none are sufficiently efficacious for general use in
human gene therapy. In spite of this, some vectors are showing
some promise, in particular gene transfer systems based on
cationic liposomes.[!]

Cationic liposomes are heterogeneous lipid vesicles, typi-
cally formed from either a single cationic amphiphile (some-
times known as a cytofectin) or more commonly from a
combination of a cationic amphiphile and a neutral lipid. They
mediate gene delivery by interacting electrostatically with
negatively charged DNA sequences to form complexes which
may enter cells by endocytosis®? or phagocytosisP®! and then
release DNA for expression in the cell nucleus.! We have
shown that cationic liposomes formed from the cationic
amphiphile 35-[N-(N',N'-dimethylaminoethane)carbamoyl]-
cholesterol (DC-Chol, 1) and the neutral phospholipid
dioleoyl L-a-phosphatidylethanolamine (DOPE, 2) were able
to transfect the lungs of mice in vivo.[! Since then, some
preparatory human clinical trials have been performed with
similar DC-Chol/DOPE cationic liposomes.’) Both sets of
experiments represent a proof in principle that gene therapy
with cationic liposomes is possible. However, both sets of
experiments also showed that DC-Chol/DOPE cationic lip-
osomes are unlikely to be efficient enough at gene delivery for
general use in human gene therapy. Moreover, it is difficult to
make improvements in the absence of any understanding of
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cationic liposome structure — activity relationships. Therefore,
in an attempt to understand some of the underlying chemical
principles behind liposome-mediated gene delivery, we set out
to make a systematic series of DC-Chol analogues which
could be incorporated into cationic liposomes and evaluated
for gene delivery. The following report outlines the synthetic
routes taken and summarises our initial gene-delivery results
in vitro and in vivo.

Results and Discussion

In order to make rational improvements to DC-Chol/DOPE
liposomes a simple model for the association of 1 and 2 in the
bilayer of a cationic liposome was devised (Figure 1). This was
based upon the known behaviour of cholesterol in bilayer
membranes!® and a liposome model proposed by Felgner and
co-workers.’l Carbon atoms C1 to C9 of the oleoyl side chains

Interface Region

+Z—T--------------0—7

DC-Chol 1

S
a

Hydrophilic Region

Figure 1. Putative alignment of DC-Chol 1 and DOPE 2 in cationic liposome bilayer.

of 2 pack against the four fused cholesterol rings of 1 so that
the phosphate-ester group of 2 and the protonated tertiary
amine functionality of 1 are aligned and neutralise each other.
The positive charge of the liposome then derives from the
protonated ethanolamine side-chain of 2. On the basis of
recent transfection experiments in mice and humans,*% we
anticipated that cationic liposomes formulated with poly-
amine analogues of either DC-Chol or DOPE, rather than 1
itself, would bind to DNA more tightly allowing for more
efficient gene delivery. Since 2 is sensitive to oxidation of the
oleoyl cis double bonds, we considered that it would be more
appropriate to synthesise polyamine analogues of DC-Chol.
The model (Figure 1) indicates that the methylene-group
spacing between carbamoyl and the first amine functional
group of a given DC-Chol polyamine analogue should be two
or at most three in order to maintain charge complementation
with 2. Therefore, all our DC-Chol polyamine analogues were
designed with this constraint in mind.

138§ ——
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The syntheses of triamine analogues of DC-Chol were
carried out as follows. Initially, amino alcohols 3 were N-
protected with cholesteryl chloroformate, giving protected
alcohols 4, which were then oxidised by Swern-type oxida-
tion®! to give N-cholesteryloxycarbonylamino aldehydes 5
(Scheme 1). Typically, amino aldehydes can be quite unstable
and prone to polymerisation, but the steric stabilising effect of
the N-cholesteryl moiety resulted in crystalline compounds
which could be stored for extended periods of time without
any discernible decomposition. In parallel (Scheme 1), 3 were
protected by smooth N-benzyloxycarbonylation,”! converted
into mesylates 6! and then into N-benzyloxycarbonyl-
protected amino azides 7'l Finally, azides 7 were coupled
to 5 by means of aza-Wittig methodology,[''? giving protect-
ed DC-Chol triamine analogues 8, which were stored at this
stage. In line with literature precedent'”) we found that aza-
Wittig coupling reactions were more efficient with trimethyl-
phosphine than with the customary triphenylphosphine. Also,
the elimination of adventitious water with
activated molecular sieves proved helpful
in obtaining consistently high yields."
Prior to any gene delivery studies, pro-
tecting groups were removed by catalytic
transfer hydrogenolysis to give triamine
analogues 9 (Scheme 1) in 4878 % over-
all yield.

The syntheses of tetramine analogues
of DC-Chol were carried out in the
following way. Initially, N-benzyloxycar-
bonyl-protected aminoalkyl bromides 10
were prepared by standard bromination
of mesylates 6 (Scheme 2). Bromides 10
or mesylates 6, as appropriate, were then
used to mono-N-alkylate amino alcohols
3, giving mono-N-benzyloxycarbonyl-
protected diamino alcohols 11, which
were usually converted without purifica-
tion into their crude fert-butyldiphenylsil-
yl ethers 12. These crude ethers 12 were
then treated directly with benzylchloro-
formate to give fully protected diamino
ethers 13, which were purified to homogeneity. Customarily,
mono-N-alkylation of a primary amine is often considered
difficult to control. Nevertheless, a combination of steric
crowding in the reactants and mild reaction conditions have
previously been shown to limit over-alkylation on N.I'l We
found the same to be true here. Smooth fluoride-promoted
desilylation of diamino ethers 13 then gave bona fide di-N-
benzyloxycarbonyl-protected diamino alcohols 14, which
were efficiently converted into diamino azides 15 by mesyla-
tion followed by azidation (Scheme 2). Finally, protected DC-
Chol tetramine analogues 16 were formed by coupling azides
15 to cholesterylamino aldehydes 5 by means of the the aza-
Wittig procedure once more (Scheme 2). As for the prepara-
tion of 9 (Scheme 1), protecting groups were removed just
prior to transfection studies by catalytic transfer hydrogenol-
ysis, giving tetramine analogues 17 (Scheme 2) in 14-52%
overall yield. Gratifyingly, we found that the mono-N-
alkylation procedure could be used equally well to prepare
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pentamine analogues of DC-Chol (Scheme 3). Firstly, N-
cholesterylamino alcohol 4b was converted into bromide 18,
which was then used to mono-N-alkylate amino alcohol 3¢
giving a crude diamino alcohol product. This was immediately
converted into a fert-butyldiphenylsilyl ether and N-protected
by benzyloxycarbonylation giving homogeneous, fully pro-
tected diamino ether 19 after purification. Smooth desilyla-
tion of 19 resulted in a di-N-benzyloxycarbonyl-protected
diamino alcohol 20, which was then oxidised to diamino
aldehyde 21. Finally, several fully protected DC-Chol pen-
tamine analogues 22 could be prepared by aza-Wittig coupling
of 21 to di-N-benzyloxycarbonyl-protected diamino azides 15.
The free DC-Chol pentamine analogues 23 were prepared by

Chem. Eur. J. 1998, 4, No. 1
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hydrogenolysis of the protecting groups in the usual way
(Scheme 3) in 18-42 % overall yield.

The ability of cationic liposomes containing the different
DC-Chol polyamine analogues to mediate gene delivery was
analysed both in vitro and in vivo. Cationic liposomes were
formulated by hydration of a dried lipid film containing a DC-
Chol analogue and 2 in an appropriate molar ratio of 1:0, 1:1,
1:2 or 2:1, and vortex mixing.'" Complexes of cationic
liposomes and plasmid DNA were then prepared by adding
appropriately diluted cationic liposome suspensions into
equal volumes of aqueous plasmid DNA solutions at 30°C
and allowing the mixture to equilibrate to ambient temper-
ature over 15 min."J In vitro studies were then performed
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with immortalised cystic fibrosis airway epithelial (CFT1)
cells followed by in vivo studies in which cationic liposome/
plasmid DNA complexes were instilled intranasally into the
lungs of female BALB/c mice.l'] Typically, cationic liposome
gene delivery was first optimised in vitro so as to establish the
best molar ratio of cationic liposome to plasmid DNA (DNA
concentration was expressed as nucleotide concentration) as
well as the best absolute quantities of both, as illustrated
(Figure 2). This optimised combination was then tested in
vivo. The in vitro results are shown (Figure 3). Six liposomes
containing DC-Chol analogues conferred significant improve-
ments on gene delivery efficiency over and above DC-Chol/
DOPE liposomes formulated in a similar way. The analogues
were 9a, 9b, 9e, 9f 17a and 23b, the first four being
triamines, the fifth a tetramine and the sixth a pentamine.
With one exception (9 f) these polyamine analogues contain
inter-nitrogen methylene-group spacings not normally asso-
ciated with the natural polyamines spermidine (24), spermine
(25) and caldopentamine (26), upon which these structures
are based. In vivo (Figure 4), the best DC-Chol analogues in
liposomes were 17 ¢, 17 f and especially 23a. Both 23a and 17¢
also contain unnatural methylene-group spacings. These in
vivo results are a striking contrast to the in vitro data.
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None of the six best DC-Chol analogues in vitro worked well
in vivo. Likewise the best DC-Chol analogues in vivo
performed poorly in vitro. However, liposomes formed from
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23a delivered genes about 100 times more effectively in
mouse lung than those formed from 1; that is, approximately
500 times better than plasmid DNA alone. Only liposomes
containing one other cytofectin have been reported to
function at this level of efficacy in vivo, namely those with
lipid 67 (27), a T-shaped tetramine analogue of DC-Chol.l'l
None of the other reported cationic liposomes appear to be

NH, Lipid 67 27
/\/\/\/\/
NG NN
HoN N. N o
NN NV SO Y g

GAP-DLRIE 28
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close to this level of in vivo efficacy, with the possible
exception of (£ )-N-(3-aminopropyl)-N,N-dimethyl-2,3-bis-
(dodecyloxy)-1-propanaminium bromide (GAP-DLRIE,
28)-containing liposomes, which have been reported to work
about 100 times better than plasmid DNA alone.l'’] The in
vivo efficacy of the other known cationic liposomes either has
not been reported, or is generally rather poor."'%!7l Ana-
logues 9 f and 17 f have been reported previously, either
without details of synthesis and characterisation,['¥ or
else as impure mixtures known as SpdC and SpC
respectively.'! In the former case, in vitro and in vivo
gene-delivery using liposomes containing these cyto-
fectins was found to be comparable with our results
reported here.l' In the latter case, SpC was reported
not to work well and to be relatively toxic.'¥! Our data
with analogue 17f do not support these observations.

Conclusion

In conclusion, we have developed flexible synthetic
routes to DC-Chol polyamine analogues; this has
allowed us to identify analogues with optimised meth-
ylene-group spacing between amine functional groups
for both in vitro and in vivo gene delivery. On the
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Figure 2. Example of in vitro optimisation of pCF1-5Gal plasmid transfection of CFT1 cells with complexes of pCF1-$Gal and cationic liposomes
formulated from 9 f and 2 (1:1) molar ratio. CFT1 cells were transfected with an array of different cationic liposome and plasmid ratios in a 96-well plate. The
extent of transfection in each well was determined after 2 days by measuring the levels of -galactosidase expression. Plasmid DNA concentration is
expressed as the concentration of nucleotides assuming an average nucleotide formula weight of 330. Cationic liposome concentration is expressed in terms
of the concentration of 9 f alone.

CTAH [B222] 23b (122) | 1 effective DC-Chol polyamine analogues in vitro and
CDAN [B198] 172 (1:2) | = in vivo are both pentamine analogues (23b and 23a
ACH [B178] % (1:2) | e respectively), the methylene-group spacing almost

[CJES2] 9b (1:1)

[B130] 91 (1:1)
[CIE50] 9a (1:1)
[B192] 17d (1:2)

appears to be a more critical factor in promoting
efficient gene delivery than the absolute number of
amine functional groups. We are not sure why this is. A

B218 176 (1:2) possible reason is that liposomes containing such

(B232) 238 (122) unnatural polyamines are able to interact with DNA

[B46] 17¢ (1:1) 1 [ more tightly than DC-Chol/DOPE -cationic liposomes

[B18S| 176 (1:2) | 4 so as to promote efficient gene transfer across the outer
ICIES1] 9¢ (1:1) cell membrane (as we anticipated in our original design

[B190] 23¢ (1:2) process), but not so tightly that they are unable to
(82024 170 (1:2) - release the DNA into the cell cytoplasm after transfer

o 1 s 3 ‘ s has taken place. In other words, by altering the

Fold DC-Chol 1 / DOPE 2 liposome gene delivery efficiency — methylene-group spacing of the liposome-associated

Figure 3. Rank order of DC-Chol polyamine analogues transfecting CFT1 cells in polyamines, we may have been able in effect to tune the
vitro with the pCF1-fGal plasmid. Gene-delivery activity is expressed as a strength of the cationic-liposome/DNA interaction in

proportion of the activity measured with standard liposomes containing 1 and 2.
The data shown are the averages of four separate experiments, each performed in
triplicate. Ratios in curved brackets refer to the molar ratio of DC-Chol

order to find appropriate balance points at which in
vitro and in vivo gene delivery are optimal. We are

analogue:2 used to formulate the liposomes. Numbers in square brackets refer to currently investigating this possibility further. What is
compound serial numbers. Where appropriate DC-Chol analogue name abbre- certainly clear is that such a balance point must be
viations are also included (see experimental section). different for in vitro and in vivo gene delivery; this

would account for the apparent disparity between the
whole, cationic liposomes containing polyamines with un- performance of our cationic liposome formulations in vitro
natural methylene-group spacing appear to work better than and in vivo. This disparity also suggests that whilst our in vitro
those with natural spacing. Indeed, although the most studies may have assisted the process of formulating and
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Figure 4. Rank order of DC-Chol polyamine analogues transfecting the lungs of
female BALB/c mice with the pCF1-CAT plasmid. Mice were instilled with a
solution of the plasmid (4 um nucleotide concentration) and the optimal quantity
and ratio of cationic liposome, in a total volume of 100 pL. Gene-delivery activity
was determined as a function of chloramphenicol acetyl transferase activity in lung
homogenates after 2 days. Data points were from separate experiments with each
optimal formulation tested in 4 BALB/c mice. Ratios in curved brackets refer to
the molar ratio of DC-Chol analogue:2. Numbers in square brackets refer to
compound serial numbers. Where appropriate DC-Chol analogue name abbrevia-
tions are also included (see experimental section). The gene delivery efficiency of
DC-Chol/DOPE liposomes (results not shown) is equivalent to the performance of

Kieselgel 60 (230-400 mesh). Thin-layer chromatography was
carried out on precoated Merck Kieselgel 60F,s, aluminium-
supported plates; the plates were visualised after elution by either
UV light (254 nm), iodine, 4,4'-bis(dimethylamino)benzhydrol in
acetone, acidic ammonium molybdate(tv), aqueous potassium
permanganate(vil), ethanolic vanillin or acidic methanolic 2,4-
dinitrophenylhydrazine, as appropriate. Dichloromethane was
distilled from phosphorus pentoxide before use. All other dry
solvents and chemicals were purchased commercially from
Aldrich (Poole, Dorset, UK).

Abbreviations: br: broad; Choc: cholesteryoxycarbonyl; Chol:
cholesteryl; DMAP: N,N-dimethylaminopyridine; DMF: dimeth-
yl formamide; DMSO: dimethyl sulfoxide; quin: quintet; TBAF:
tetra-n-butylammonium fluoride; TBDPS: tert-butyldiphenylsil-
yl; THF: tetrahydrofuran; Z: phenylmethoxycarbonyl.

2-(Cholesteryloxycarbonyl)aminoethanol (4a): A solution of
cholesteryl chloroformate (10.01 g, 22.28 mmol) in CH,Cl,
(100 mL) was added to a stirred solution of 2-aminoethanol
(2.96 mL, 49.02 mmol, 2.2 equiv) in CH,Cl, (145 mL) at 0°C over
a period of 15 min. After addition, the reaction mixture was
allowed to warm to room temperature and stirred for 4 h. The
reaction mixture was poured into saturated aqueous NH,Cl
(120 mL), the organic phase separated and the aqueous layer
extracted with CH,Cl, (2 x 50 mL). The combined organic layers
were washed with water (2 x 90 mL) and brine (130 mL), dried
(Na,SO,) and the solvent evaporated under reduced pressure.
The solid obtained was recrystallised (CH,Cl,/MeOH) to give 4a
as a white solid. Yield: 9.50 g (90 % ); m.p.: 168 °C; R;=0.26 (10 %

liposomes containing DC-Chol analogue 9¢.['4]

optimising a cationic-liposome/DNA system for gene delivery,
in vitro models which more closely reflect the in vivo
environment will clearly be crucial if cationic liposome
mediated gene delivery is to be efficiently optimised in the
future.

Our best DC-Chol analogue in vivo, NP-cholesteryloxycar-
bonyl-3,7,12-triazapentadecane-1,15-diamine (CTAP, 23a) is a
novel pentamine of a type not previously shown to transfect
cells. The efficacy of gene delivery by cationic liposomes
containing this compound easily reaches the level expected to
be necessary for a cationic liposome to have a realistic chance
of clinical use in the gene therapy of human lung disor-
ders.'#314 Therefore, the implicit goal of our work, to
improve upon DC-Chol/DOPE cationic liposomes so as to
derive a nonviral gene delivery system suitable for use
in human gene therapy, is well on the way to being
achieved.

Experimental Section

General: '"H NMR spectra were recorded at ambient temperature (unless
otherwise stated) on either Bruker AM500, Bruker DRX400, Bruker
DRX300, or Jeol GX-270Q spectrometers, with residual nonisotopicaly
labelled solvent (e.g., CHCl;, 6y =7.26) as an internal reference. *C NMR
spectra were recorded on the same range of spectrometers at 125, 100, 75
and 68.5 MHz respectively, also with residual nonisotopically labelled
solvent (e.g., CHCl;, 6. =772) as an internal reference. IR spectra were
recorded on a Mattson 5000 FTIR spectrometer and mass spectra on a
Micromass AutoSpecQ mass spectrometer. Where possible, elemental
analyses were performed at the Imperial College Chemistry Department
microanalytical laboratory. Melting points were recorded on a Reichert hot
stage apparatus and are uncorrected. Chromatography refers to flash
column chromatography, which was performed throughout on Merck
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acetone/ether); TR (CH,CL,): #=23353, 2942, 2870, 1693, 1674,

1562, 1467, 1382, 1264 cm™'; 'H NMR (400 MHz, CDCL,): 6 =5.35

(d, 7=50Hz, 1H, H6'), 5.29 (brs, 1 H, ChocNH), 4.46 (m, 1H,

H3'),3.67 (m, 2H, H1), 3.30 (m, 2H, H2), 3.14 (s, 1 H, OH), 2.32 -
223 (m, 2H, H4), 2.01-1.77 (m, 5H, H2, H7', H8), 1.58—1.01 (m, 21 H,
HIU, HY, H11’, H12, H14'-H17, H20', H22' - H25), 0.99 (s, 3H, H19),
0.90 (d, J=6.5 Hz, 3H, H21"), 0.84 (dd, T =5.0, 2.0 Hz, 6H, H26', H27'),
0.66 (s, 3H, H18"); *C NMR (100 MHz, CDCL,): 6 = 157.01 (NHC(0)O),
139.68 (C5)), 122.55 (C6'), 74.65 (C3'), 62.19 (C1), 56.65 (C14'), 56.15
(C17)), 49.96 (C9'), 43.35 (C2), 42.28 (C4'), 39.71 (C24'), 39.49 (C16'), 38.53
(C13), 38.06 (C10'), 36.95 (C1'), 36.51 (C22), 36.17 (C8'), 35.79 (C20'),
31.84 (C7'), 2821 (C2)), 2797 (C25), 24.25 (C12'), 23.84 (C15'), 22.80
(C23), 22.54 (C26'), 21.02 (C11"), 19.31 (C19'), 18.69 (C21'), 11.83 (C18);
MS (FAB*): m/z =496 [M+Na]*, 474 [M+H]*, 369 [Chol]*, 255, 175, 145,
105, 95, 81, 43; HRMS (FAB*) C3H5,NO;: [M+H]* calcd 474.3947, found
474.4020; C3,H5,NO; (473.4): caled C 76.05, H 10.58, N 2,96 found C 75.94,
H 10.48, N 3.00.

3-(Cholesteryloxycarbonyl)aminopropanol (4b): This was prepared from
3b in a similar fashion to 4a on a 13.4 mmol scale and after recrystallisation
(CH,CL,/MeOH) gave 4b as a white solid. Yield: 6.05¢g (93%); m.p.:
182°C; R;=0.33 (10% acetone/ether); IR (CH,Cl,): 7=3351, 2936, 2904,
2868, 1726, 1537, 1467, 1380, 1266, 1037 cm~'; 'H NMR (270 MHz, CDCl,):
0=5.33(d,/J=3.5Hz,1H, H6'),5.20 (t,/=7.0 Hz, 1H, ChocNH), 4.43 (m,
1H, H3'), 3.62 (q, /J=5.5Hz, 2H, H1), 3.38 (m, 1H, OH), 3.26 (q, /=
6.0 Hz,2H, H3),2.40-2.17 (m, 2H, H4'), 1.99-1.78 (m, 5SH, H2', H7', HY'),
1.65 (quin, J=6.0 Hz, 2H, H2), 1.55-0.99 (m, 21 H, H1’, HY, H11', H12',
H14'-H17', H20', H22'-H25"), 0.96 (s, 3H, H19'), 0.87 (d, /=6.5 Hz, 3H,
H21'), 0.82 (dd, J=5.5, 1.0 Hz, 6H, H26', H27'), 0.64 (s, 3H, H18'); 1*C
NMR (75 MHz, CDCl;): 6 =157.19 (NHC(0)O), 139.72 (C5'), 122.54 (C6'),
74.55 (C3'), 59.44 (C1), 56.69 (C14"), 56.20 (C17"), 50.01 (C9"), 42.31 (C4'),
39.75 (C3), 39.53 (C16'), 38.57 (C24'), 37.54 (C2), 37.00 (C1'), 36.55 (C22'),
36.21 (C8'), 35.81 (C20"), 32.62 (C7'), 28.23 (C2'), 28.16 (C25"),24.29 (C12'),
23.88 (C15'), 22.82 (C23'), 22.57 (C26'), 21.06 (C11'), 19.34 (C19), 18.74
(C21'), 11.87 (C18); MS (FAB™): m/z =975 [2M+H]", 488 [M+H]*, 444
[M+H — CO,]*, 369 [Chol]*, 255, 145, 121, 95; HRMS (FAB*) C;;Hs,NOs:
[M+H]* calcd 488.4104, found 488.4055; C;;Hs3sNO; (487.4): caled C 76.32,
H 10.96, N 2.87; found C 76.36, H 10.81, N 2.89.

2-(Cholesteryloxycarbonyl)aminoethanal (5a): A solution of DMSO
(2.84 mL, 40.03 mmol, 3 equiv) in CH,Cl, (40 mL) was added through a
cannula over 15 min to a stirred solution of ethanedioyl chloride (10.01 mL
of a 2.0Mm solution in CH,Cl,, 20.01 mmol, 1.5 equiv) in CH,Cl, (40 mL) at
—78°C under a nitrogen atmosphere. The resulting mixture was then
stirred for 10 min, and then a solution of 4a (6.32 g, 13.34 mmol) in CH,Cl,
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(120 mL) added dropwise through a cannula over 15 min. After a further
20 min, iPr,NEt (6.97 mL, 40.03 mmol, 3 equiv) was slowly added and the
solution allowed to warm to room temperature. The pale yellow solution
was poured into water (50 mL) and extracted with CH,Cl, (2 x 50 mL). The
combined organic layers were washed with saturated aqueous NH,CI
(100 mL), water (2x60mL) and brine (100 mL) and dried (Na,SO,).
Removal of the solvent under reduced pressure gave a yellow oil, which on
purification by chromatography (70 % ether/petrol to 30 % acetone/ether),
gave 5a as a white solid. Yield: 5.96 g (95 % ); m.p.: 230°C (decomp.); R;=
0.32 (ether); IR (CH,Cl,): 7= 3356, 2937, 2868, 1699, 1537, 1467, 1378, 1265,
1137 ecm~'; '"H NMR (300 MHz, CDCL,): 6 =9.66 (s, 1H, CHO), 5.38 (m,
2H, ChocNH, H6'), 4.50 (m, 1H, H3'), 4.13 (d, J =45 Hz, 2H, H2), 2.36 -
2.18 (m, 2H, H4'), 2.04-1.78 (m, 5H, H2', H7', H§'), 1.60-1.07 (m, 21H,
H1', HY, H11, H12', H14'-H17', H20', H22'-H25"), 1.03 (s, 3H, H19'),
0.92 (d, J=6.5Hz, 3H, H21’), 0.87 (dd, J=5.5, 1.0 Hz, 6 H, H2¢', H27'),
0.69 (s, 3H, H18); BC NMR (75 MHz, CDCl;): 6 =196.85 (CHO), 156.00
(NHC(0)0), 139.64 (C5'), 122.68 (C6'), 75.12 (C3'), 56.71 (C14'), 56.18
(C17'), 51.62 (C2), 50.02 (CY'), 42.33 (C4'), 39.76 (C24'), 39.54 (C16'), 36.56
(C227),36.21 (C8'), 35.82 (C20), 31.89 (C7'), 28.25 (C2'), 28.03 (C25"), 24.31
(C12), 23.87 (C15'), 22.84 (C23'), 22.59 (C26'), 21.07 (C11'), 19.35 (C19)),
18.74 (C21'), 11.88 (C18'); MS (FAB™): m/z =369 [Chol]*, 230, 159, 145,
119, 105, 95, 81, 69, 55; C;)H,4NO; (471.4): caled C 76.37, H 10.48, N 2.97;
found C 73.85, H 10.02, N 2.87.

3-(Cholesteryloxycarbonyl)aminopropanal (5b): This was synthesised from
4b similarly to the preparation of 5a on a 14.4 mmol scale followed by
chromatography (ether) to give 5b as a white solid. Yield: 6.29 g (90%);
m.p.: 178°C; R;=0.45 (80% ether/acetone); IR (CH,CL,): 7=3346, 2937,
2875, 1716, 1693, 1467, 1380, 1264 cm~'; '"H NMR (270 MHz, CDCl;): 6 =
9.81 (s, 1H, CHO), 5.38 (d, J=4.0 Hz, 1H, H6'), 4.99 (m, 1H, ChocNH),
4.48 (m, 1H, H3'),3.46 (q,J = 6.0 Hz, 2H, H3), 2.71 (t,/ = 6.0 Hz, 2H, H2),
2.38-2.21 (m, 2H, H4'), 2.04-1.78 (m, 5H, H2', H7', H8'), 1.63-1.04 (m,
21H, HI’, HY, H11', H12', H14'-H17', H20', H22'-H25'), 1.01 (s, 3H,
H19'),0.92 (d, J=6.5 Hz, 3H, H21"), 0.87 (d, J=6.5 Hz, 6H, H26', H27'),
0.68 (s, 3H, H18'); 3C NMR (75 MHz, CDCl,): 6 =201.22 (CHO), 156.07
(NHC(0)0), 139.78 (C5'), 122.51 (C6'), 74.50 (C3'), 56.71 (C14'), 56.18
(C17'),50.03 (C9"), 44.23 (C3), 42.33 (C4'), 39.76 (C24'), 39.53 (C16'), 38.55
(C137), 38.06 (C10'), 36.99 (C1'), 36.56 (C22), 36.21 (C8'), 35.80 (C20'),
34.36 (C2), 31.89 (C7'), 28.23 (C2'), 28.01 (C25"), 24.29 (C12'), 23.85 (C15"),
22.82 (C23'), 22.57 (C26'), 21.06 (C11'), 19.33 (C19'), 18.73 (C21'), 11.87
(C18); MS (FAB"): m/z =486 [M+H]*, 460, 369 [Chol]*, 159, 147, 131,
109, 95, 55; C;;H5;NO; (485.4): caled C 76.64, H 10.59, N 2.88; found C
76.82, H 10.46, N 2.98.

3-Aza-N'-cholesteryloxycarbonyl-N>-phenylmethoxycarbonylpentane-1,5-
diamine (8a): Trimethylphosphine (2.39 mL of a 1m solution in THF,
2.39 mmol, 1.15 equiv) was slowly added to a stirred solution of 2-azido-N-
(phenylmethoxycarbonyl)ethylamine 7a (0.457 g, 2.08 mmol) and activat-
ed 4 A molecular sieves (1.19g) in THF (49 mL), under a nitrogen
atmosphere, resulting in the liberation of nitrogen gas. After 30 min a
solution of 5a (1.09 g, 2.28 mmol, 1.1 equiv) in THF (4 mL) was added and
stirring continued. After 1 h, the solvent was evaporated under a stream of
nitrogen gas, the resultant residue redissolved in anhydrous EtOH
(10.4 mL) and NaBH, (9.40 mL of a 0.5M solution in diglyme, 4.70 mmol,
2 equiv) added. Stirring was continued for a further 18 h, the reaction
mixture filtered and the solvents removed under reduced pressure. The
residue was partitioned between EtOAc (50 mL) and saturated NaHCO;
(15 mL), the organic layer separated, the aqueous layer extracted with
EtOAc (3 x30 mL) and the combined organic layers washed with water
(20 mL) and brine (20 mL) and dried (Na,SO,). Concentration under
reduced pressure gave a pale yellow solid, which was further purified by
chromatography (92:7:1 CH,Cl,/MeOH/NH;), to give 8a as a hygroscopic,
white solid. Yield: 1.60 g (79 %); R;=0.26 (92:7:1 CH,Cl,/MeOH/NH,); IR
(CH,Cl,): 7=3340, 3091, 2939, 1695, 1537, 1463, 1377, 1263, 1112 cm™!; 'H
NMR (300 MHz, CDCl;): 6 =7.42-733 (m, 5H, Ph), 5.49 (d, /=4.5 Hz,
1H, ZNH),5.43-5.41 (m, 1H, H6'), 5.26 (t,J =4.5 Hz, 1 H, ChocNH), 5.16
(s, 2H, CH,Ph), 459-4.48 (m, 1H, H3'), 3.72 (t, J=4.5Hz, 1H, NH),
3.36-3.28 (m,4H, H1, HS),2.81-2.77 (m, 4H, H2, H4), 2.40-2.32 (m, 2H,
H4'),2.09-1.86 (m, 5H, H2', H7', HS'), 1.63-1.09 (m, 21 H, H1’, HY", H11’,
H12', H14'-H17', H20', H22'—H25"), 1.05 (s, 3H, H19'), 0.98 (d, J = 6.5 Hz,
3H, H21"), 0.93 (d, J=6.5 Hz, 6H, H26', H27'), 0.74 (s, 3H, H18'); BC
NMR (75 MHz, CDCL,): 6 =156.78, 156.54 (NHC(0O)O), 139.79 (C5'),
136.67 (C1” of Ph), 128.48-128.03 (rest of Ph), 122.46 (C6'), 74.30 (C3'),
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66.59 (PhCH2), 56.69 (C14), 56.20 (C17), 50.00 (C9'), 48.73 (C4), 48.66
(C2), 42.32 (C4), 40.70 (C1), 39.77 (C5'), 38.64 (C16), 37.01 (C1’), 36.54
(C10), 36.23 (C22'), 35.82 (C8'), 31.88 (C2'), 28.25 (C12'), 28.00 (C25'),
2431 (C15"), 23.89 (C25'), 22.87 (C26'), 22.62 (C27'), 21.07 (C11"), 19.35
(C19), 18.77 (C21’), 11.89 (C18'); MS (FAB*): m/z =651 [M+H]*, 369
[Chol]*, 282, 161, 147, 105, 91 [C;H,;]*, 69, 55; HRMS (FAB") C;)HN;0,:
[M~+H]" calcd 650.4897, found 650.4889.

3-Aza-N'-cholesteryloxycarbonyl-N°-phenylmethoxycarbonylhexane-1,6-
diamine (8b): This was prepared with aldehyde 5a and azide 7b in a similar
way to the preparation of 8a on a 8.66 mmol scale and purified by
chromatography (92:7:1 CH,Cl,/MeOH/NH,) to give 8b as a hygroscopic,
white solid. Yield: 4.17 g (72%); R;=0.23 (92:7:1 CH,Cl,/MeOH/NH,); IR
(CH,Cl,): 7=13342, 3089, 3035, 2939, 1697, 1529, 1378, 1259, 1110, 997 cm™;
'H NMR (270 MHz, CDCly): 6 =7.24-7.19 (m, 5H, Ph), 5.83 (brt, J=
5.5Hz,1H,ZNH), 5.51 (brt,J =5.5 Hz, 1H, ChocNH), 5.28-5.25 (m, 1H,
H6'), 4.99 (s,2H, CH,Ph), 4.45-4.35 (m, 1H, H3"), 3.16-3.13 (m, 5H, H1,
H6, NH), 2.58-2.51 (m, 4H, H2, H4), 2.27-2.05 (m, 2H, H4'), 1.94-1.65
(m,5H,H2',H7',H8'), 1.56 -1.02 (m, 23H, HS, H1’, HY', H11’, H12', H14' -
H17', H20", H22'-H25"), 1.01 (s, 3H, H19'), 0.90 (s, 3H, H21"), 0.83 (d, J =
6.5 Hz, 6 H, H26', H27'), 0.68 (d,J=6.5 Hz, 3H, H18'); BC NMR (75 MHz,
CDCl;): 6 =156.68, 156.47 (NHC(0)0), 139.82 (C5'), 136.81 (C1” of Ph),
128.44-127.96 (rest of Ph), 122.39 (C6’), 74.19 (C3'), 66.41 (PhCH,), 56.63
(C14'), 56.17 (C17'), 49.99 (C9'), 49.10 (C4), 46.73 (C2), 42.29 (C4'), 40.37
(C1), 39.75 (Co6), 38.64 (C16), 37.01 (C1'), 36.53 (C10'), 36.21 (C22’), 35.81
(C8"), 31.87 (C2'), 29.82 (C5), 28.24 (C12'), 27.99 (C25'), 24.29 (C15'), 23.88
(C25"), 22.87 (C26'), 22.61 (C27’), 21.06 (C11'), 19.34 (C19'), 18.76 (C21'),
11.88 (C18'); MS (FAB™): m/z =665 [M+H]", 621 [M+H — CO,]* 369
[Chol]*, 296, 161, 105, 91 [C;H;]", 69, 55; HRMS (FAB*) C,HN;O,:
[M~+H]" calcd 664.5047, found 664.5053.

3-Aza-N'-cholesteryloxycarbonyl-N’-phenylmethoxycarbonylheptane-1,7-
diamine (8c): This was prepared with aldehyde 5a and azide 7¢ in a similar
way to the preparation of 8a on a 2.35 mmol scale and purified by
chromatography (92:7:1 CH,Cl,/MeOH/NH,) to give 8¢ as a hygroscopic,
white solid. Yield: 2.85 g (89 %); R;=0.24 (92:7:1 CH,Cl,/MeOH/NH,); IR
(CH,Cl,): #=3346, 3035, 2927, 1699, 1532, 1530, 1459, 1378, 1139 cm~!; 'H
NMR (270 MHz, CDCl;): 6 =723 (brs, 5H, Ph), 5.57 (brt,/=5.5Hz, 1H,
ZNH),5.49 (brt,J=5.5 Hz, 1H, ChocNH), 5.29-5.26 (m, 1 H, H6'), 4.99 (s,
2H, CH,Ph), 4.43-4.38 (m, 1H, H3'),3.54 (brt,J=5.5 Hz, 1H,NH), 3.21 -
3.05 (m, 4H, H1', H7'), 2.66-2.54 (m, 2H, H2), 2.53-2.49 (m, 2H, H4),
2.39-2.12 (m, 2H, H4'), 1.94-1.59 (m, 5H, H2', H7', H8'), 1.59-1.05 (m,
25H, H5, H6, H1', HY', H11’, H12', H14'-=H17’, H20', H22'—H25'), 0.90 (s,
3H, H19'), 0.84 (d, J=6.5Hz, 3H, H21'), 0.78 (d, J=6.5 Hz, 6H, H26',
H27), 0.59 (s, 3H, H18'); 3C NMR (75 MHz, CDCl;): 6 =156.59, 156.51
(NHC(0)0), 139.79 (C5'), 136.77 (C1” of Ph), 128.59-127.98 (rest of Ph),
122.44 (C6'), 74.30 (C3'), 66.43 (PhCH,), 56.69 (C14'), 56.19 (C17'), 50.00
(C9'), 49.04 (C4), 48.93 (C2), 42.31 (C4'), 40.81 (C1"), 39.76 (C7), 38.63
(C16), 37.01 (C1), 36.53 (C10'), 36.22 (C22'), 35.81 (C8'), 31.87 (C2'), 29.72
(C5),28.24 (C12'),27.99 (C25'), 27.66 (C6), 24.30 (C15'), 23.88 (C23"), 22.86
(C26'), 22.61 (C27'), 21.06 (C11’), 19.34 (C19'), 18.76 (C21"), 11.88 (C18');
MS (FAB*): m/z =679 [M+H]*, 635 [M+H — CO,]*, 369 [Chol]*, 310, 165,
105, 91 [CH,]*, 69, 55; HRMS (FAB') C,HgN;0,: [M+H]* calcd
678.5210, found: 678.5201.

3-Aza-N°-cholesteryloxycarbonyl-N'-phenylmethoxycarbonylhexane-1,6-

diamine (8d): This was prepared with aldehyde 5b and azide 7a in a similar
fashion to 8a on a 9.27 mmol scale and purified by chromatography (92:7:1
CH,Cl,/MeOH/NHS,) to give 8d as a hygroscopic, white solid. Yield: 5.11 g
(83%); R;=0.25 (92:7:1 CH,Cl,/MeOH/NH5;); IR (CH,Cl,): 7=3343,2937,
2902, 1698, 1525, 1467, 1373, 1255, 1105 cm™~!; '"H NMR (300 MHz, CDCL,):
0=736-730 (m, 5H, Ph), 548 (brs, 1H, ZNH), 537 (d, J=3.5Hz, 1H,
H6'), 5.29 (brs, 1H, ChocNH), 5.10 (s, 2H, PhCH,0), 4.49 (m, 1H, H3'),
3.29-3.22 (m, 4H, H1, H6),2.72 (t,J =5.5 Hz, 2H, H2), 2.65 (t,J = 6.5 Hz,
2H, H4),2.37-2.27 (m, 2H, H4), 2.03-1.81 (m, SH, H2', H7', H8'), 1.65 -
1.04 (m, 24H, H3, H5, H1', HY', H11', H12', H14' - H17', H20’, H22' - H25'),
0.99 (s, 3H, H19'), 0.92 (d, J=6.5 Hz, 3H, H21"), 0.87 (dd, J=5.5, 1.0 Hz,
6H, H26', H27'), 0.68 (s, 3H, H18'); *C NMR (75 MHz, CDCl,): 6 =157.03,
156.76 (NHC(0O)O), 140.21 (C5'), 137.06 (C1” of Ph), 128.86—128.41 (rest
of Ph), 122.82 (C6’), 74.61 (C3'), 66.96 (PhCH,), 57.06 (C14'), 56.52 (C17’),
50.36 (C9'), 49.40 (C6), 47.20 (C4), 42.69 (C4'), 40.12 (C2), 39.90 (C24"),
38.98 (C1), 37.36 (C5), 36.92 (C1'), 36.57 (C22'), 36.18 (C8'), 32.25 (C7'),
30.35 (C207), 28.62 (C10'), 28.57 (C25'), 28.40 (C2'), 24.67 (C12'), 24.22
(C15"), 23.22 (C23'), 22.96 (C26'), 21.42 (C11'), 19.71 (C19'), 19.11 (C21’),
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12.25 (C18'); MS (FAB*): m/z =664 [M+H]", 369 [Chol]*, 269, 247, 175,
161, 91 [C;H;]*, 69; HRMS (FAB*) C,;HN;Oy4: [M+H]* caled 664.5053,
found 664.5005.

4-Aza-N'-cholesteryloxycarbonyl-N’-phenylmethoxycarbonylheptane-1,7-
diamine (8 e): This was prepared with aldehyde 5b and azide 7b in a similar
fashion to 8a on a 2.13 mmol scale and purified by chromatography (92:7:1
CH,Cl,/MeOH/NH,) to give 8e as a hygroscopic, white solid. Yield: 1.08 g
(75%); R;=0.28 (92:7:1 CH,Cl,/MeOH/NH;); IR (CH,Cl,): 7= 3342, 3091,
2942, 2868, 1691, 1532, 1467, 1378, 1261 cm~'; 'H NMR (300 MHz, CDCL,):
0=736-728 (m, 5H, Ph), 5.66 (brs, 1H, ZNH), 535 (m, 2H,ChocNH,
H6'),5.10 (s,2H, PhCH,0), 4.48 (m, 1 H, H3"), 3.24 (m, 4H, H1, H7), 2.67 -
2.55 (m, 4H, H3, HS), 2.38-2.26 (m, 2H, H4"), 2.03-1.78 (m, 5H, H2', H7',
HS'), 1.69-1.04 (m, 26H, H2, H4, H6, H1’, HY', H11’, H12', H14'-H17’,
H20', H22'-H25'), 1.00 (s, 3H, H19'), 0.92 (d, J=6.5 Hz, 3H, H21"), 0.87
(dd,J=5.5,1.0 Hz, 6 H, H26', H27'), 0.68 (s, 3H, H18'); 3*C NMR (75 MHz,
CDCl;): 0 =156.27, 156.04 (NHC(O)O), 139.57 (C5'), 136.48 (C1"” of Ph),
128.17-127.69 (rest of Ph), 122.10 (C6'), 73.88 (C3'), 66.17 (PhCH,), 56.39
(C14'),55.86 (C17'),49.70 (C9'), 47.07 (C3), 42.01 (C4'), 39.45 (C24'), 39.22
(C5), 38.96 (C1), 38.31 (C7), 36.69 (C22'), 36.25 (C8), 35.90 (C2), 35.50
(C6), 31.59 (CT7'), 29.39 (C20'), 27.93 (C10'), 27.70 (C2'), 23.99 (C12'), 23.55
(C15"), 22.53 (C23'), 22.27 (C26'), 20.75 (C11’), 19.02 (C19’), 18.44 (C21'),
11.57 (C18); MS (FAB*): m/z =678 [M+H]*, 369 [Chol]*, 261, 247, 161,
121, 109, 91 [C;H,]*, 69, 55; HRMS (FAB™) C,,HN;O,: [M+H]" calcd
678.5210, found 678.5229.

4-Aza-N'-cholesteryloxycarbonyl-N*-phenylmethoxycarbonyloctane-1,8-
diamine (8 f): This was prepared with aldehyde 5b and azide 7¢ in a similar
fashion to 8a on a 9.27 mmol scale and purified by chromatography (92:7:1
CH,Cl,/MeOH/NH;) to give 8 f as a hygroscopic, white solid. Yield: 5.78 g
(90%); R;=0.22 (92:7:1 CH,Cl/MeOH/NH;); IR (CH,Cl,): 7=3333,
3033, 2938, 2905, 1699, 1537, 1456, 1378, 1259, 1139 cm~'; 'H NMR
(300 MHz, CDCl;): 6 =7.36-7.29 (m, 5H, Ph), 5.44 (brs, 1H, ZNH), 5.37
(d,J=3.0Hz, 1H, H6'), 5.09 (brm, 3H, PhCH,O, ChocNH), 4.48 (m, 1H,
H3'), 3.21-3.19 (m, 4H, H1, H8), 2.67-2.58 (m, 4H, H3, HS), 2.37-2.26
(m,2H, H4'),2.03-1.82 (m, 5H, H2', H7', H8'), 1.64 (quin, /= 6.5 Hz, 2 H,
H2), 1.59-1.04 (m, 26 H, H4, H6, H7, H1’, HY', H11’, H12', H14'-H17,
H20', H22'-H25'), 1.00 (s, 3H, H19'), 0.92 (d, J=6.5 Hz, 3H, H21"), 0.87
(dd,J=5.5,1.0 Hz, 6 H, H26', H27"), 0.68 (s, 3H, H18'); *'C NMR (75 MHz,
CDCly): 6 =156.51, 156.34 (NHC(0)O), 139.89 (C5’), 136.77 (C1” of Ph),
128.49-128.05 (rest of Ph), 122.43 (C6'), 74.15 (C3'), 66.51 (PhCH,), 56.70
(C14),56.16 (C17'), 50.02 (C9'), 49.36 (C1), 42.33 (C4'), 39.76 (C24'), 39.54
(C3), 38.64 (CB), 37.02 (C5), 36.57 (C22'), 36.21 (C8'), 35.82 (C2), 31.90
(CT7'),29.72 (C20'), 28.24 (C10), 28.02 (C2’), 27.80 (C 6), 27.31 (C7), 24.31
(C127), 23.86 (C15'), 22.85 (C23'), 22.59 (C26'), 21.06 (C11'), 19.36 (C19"),
18.74 (C21'), 11.88 (C18); MS (FAB*): m/z=692 [M+H]*, 539, 369
[Chol]*, 280, 235, 161, 147, 119, 91 [C;H,]*, 67, 55, 41; HRMS (FAB™)
Cy;3H7N;O4: [M+H]* caled 692.5366, found 692.5379.

3-Aza-N'-cholesteryloxycarbonylpentane-1,5-diamine (9a): A flask con-
taining 8a (1.03 g, 1.59 mmol) was thoroughly flushed with nitrogen before
adding 10% palladium on charcoal (84.4 mg, 79.3 umol, 0.05 equiv). The
mixture was again flushed with nitrogen, and EtOH (8.0 mL) was slowly
added with stirring. Cyclohexene (3.21 mL, 31.7 mmol, 20 equiv) was added
to this suspension and the mixture brought to a gentle reflux for 1.5 h. The
solution was allowed to cool to room temperature and filtered through a
pad of Celite®, and the filter cake washed several times with portions of
10% Et;N/EtOH (100 mL). The solvents were removed under reduced
pressure to give a white solid, which was redissolved in CH,Cl, and
refiltered and the solvent again removed to give 9a as a hygroscopic, white
solid. Yield: 0.807 g (99 %); IR (CH,Cl,): v= 3357 -3200, 2932, 2859, 1699,
1545, 1510, 1467, 1381, 1222, 1120, 1033 cm™!; '"H NMR (270 MHz, CDCl;):
0=>5.66 (brs, 2H, ChocNH), 520-5.17 (m, 1H, H6'), 437-4.27 (m, 1H,
H3'), 3.47 (m, 3H, NH, NH,), 3.20-3.01 (m, 2H, H1), 2.72-2.51 (m, 6 H,
H2, H4, HS), 2.21-2.07 (m, 2H, H4'), 1.99-1.63 (m, 5H, H2', H7', HY),
1.33-0.95 (m, 21 H, H1’, HY, H11’, H12', H14'-H17’, H20', H22' - H25'),
0.83 (s, 3H, H19), 0.74 (d, J=6.5 Hz, 3H, H21"), 0.69 (d, J=6.5Hz, 6H,
H26', H27'), 0.51 (s, 3H, H18'); *C NMR (75 MHz, CDCl;): 6 =156.45
(NHC(0)0), 139.77 (C5'), 122.38 (C6'), 74.14 (C3'), 56.64 (C14'), 56.13
(C17'), 49.97 (C9'), 48.85 (C4), 42.26 (C4'), 40.89 (C2), 39.71 (C16'), 39.48
(C24'), 38.59 (C1), 36.98 (C1’), 36.50 (C22’), 36.16 (C5), 35.77 (C20'), 31.83
(C8"), 28.19 (C12), 27.94 (C25'), 24.25 (C15"), 23.83 (C23'), 22.80 (C26'),
22.55 (C27’), 21.01 (C11'), 19.31 (C19'), 18.70 (C21"), 11.83 (C18'); MS
(FAB"): m/z=516 [M+H]", 471 [M —CO,]", 369 [Chol]", 130 [M—
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OChol]*, 69, 55; HRMS (FAB") C;,HsN;O,: [M+H]* caled 516.4529,
found 516.4511.

3-Aza-N'-cholesteryloxycarbonylhexane-1,6-diamine (9b): This was pre-
pared from 8b in a similar manner to 9a on a 4.23 mmol scale to give 9b as
a hygroscopic, white solid. Yield: 2.23 g (99%); IR (CH,Cl,): 7=3349-
3210, 2937, 2851, 1515, 1460, 1381, 1221, 1120, 1037 cm~'; 'H NMR
(270 MHz, CDCl;): 6 =5.75 (brt,J=5.5 Hz, 1H, ChocNH), 5.30—-5.28 (m,
1H, H6'), 442-4.33 (m, 1H, H3'), 3.20-3.13 (m, 2H, H1), 2.73-2.59 (m,
6H, H2, H4, H6),2.29-2.17 (m, 2H, H4'), 1.96-1.72 (m, 5H, H2, H7', HY'),
1.58-1.01 (m, 23H, H5, H1’, HY, H11', H12', H14'-H17', H20', H22'-H
25'),0.93 (s, 3H, H19'), 0.84 (d, J=6.5 Hz, 3H, H21"), 0.79 (d, /= 6.5 Hz,
6H, H26’, H27'),0.61 (s, 3H, H18'); BC NMR (75 MHz, CDCL,): 6 =156.33
(NHC(0)0), 139.72 (C5'), 122.26 (C6'), 73.95 (C3'), 56.58 (C14'), 56.07
(C17), 49.91 (C9'), 49.13 (C4), 42.19 (C4'), 40.44 (C2), 39.65 (C16'), 39.42
(C24'),38.55 (C1), 36.93 (C1’), 36.43 (C22’), 36.10 (C6), 35.70 (C20), 31.77
(C8),29.62 (C5),28.14 (C12'),27.87 (C25"),24.19 (C15'), 23.78 (C23'), 22.75
(C26"), 22.50 (C27'), 20.96 (C11’), 19.25 (C19'), 18.64 (C21'), 11.77 (C18');
MS (FAB*): m/z =530 [M+H]*, 485 [M — CO,]*, 369 [Chol]*, 144 [M —
OChol]*, 69, 55; HRMS (FAB*) C33HgN;O,: [M+H]* calcd 530.4686,
found 530.4675.

3-Aza-N'-cholesteryloxycarbonylheptane-1,7-diamine (9c¢): This was pre-
pared from 8¢ in a similar manner to 9a on a 1.63 mmol scale to give 9c as a
hygroscopic, white solid. Yield: 0.874 g (99%); IR (CH,CL,): 7=3371-
3260, 2937, 1517, 1444, 1377, 1226, 1120 1037, 956 cm~'; '"H NMR (270 MHz,
CDCl;): 0 =5.37 (brs, 2H, ChocNH), 5.31-5.29 (m, 1H, H6'), 4.43-4.37
(m, 1H, H3"), 3.60 (brt, J=5.5Hz, 1H, NH), 3.21 (brt, J=5.5Hz, 2H,
NH,), 2.68-2.55 (m, 2H, H1), 2.54-2.10 (m, 8H, H2, H4', H4, H7), 1.96 -
1.61 (m, 5H, H2', H7, H¥'), 1.47-1.00 (m, 25H, HS, H6, H1', HY, H11’,
HI12', H14'-H17', H20', H22' - H25"),0.94 (s, 3H, H19), 0.84 (d, / = 6.5 Hz,
3H, H21'), 0.79 (d, J=6.5Hz, 6H, H 2¢’, H27'), 0.61 (s, 3H, H18'); *C
NMR (75 MHz, CDCl;): 6 =156.40 (NHC(0)O), 139.80 (C5'), 122.44
(C6'), 74.33 (C3'), 56.69 (C14'), 56.16 (C17'), 50.02 (C9’), 48.91 (C4), 42.31
(C4'), 41.79 (C2), 39.75 (C16'), 39.52 (C24'), 38.61 (C1), 37.01 (C1'), 36.56
(C22"),36.20 (C7), 35.80 (C20"), 31.89 (C8'), 29.70 (C5), 28.23 (C12'), 28.00
(C25"), 2743 (Co), 24.29 (C15'), 23.85 (C23'), 22.83 (C20"), 22.57 (C27'),
21.05 (C11"),19.34 (C19'),18.73 (C21'), 11.87 (C18'); MS (FAB™*): m/z = 544
[M+H]*, 499 [M — CO,]*, 369 [Chol]*, 158 [M — OChol]*, 69, 55; HRMS
(FAB*) C3HN;0,: [M+H]* caled 544.4842, found 544.4837.
3-Aza-N°-cholesteryloxycarbonylhexane-1,6-diamine (9d): This was pre-
pared from 8d in a similar manner to 9a on a 0.82 mmol scale to give 9d as
a pale yellow solid. Yield: 435mg (99%); R;=0.51 (75:22:3 CH,CL,/
MeOH/NH,); IR (CH,CL): 7=3346-3107, 2930, 2869, 1697, 1540, 1467,
1379, 1244, 1120, 1033 cm~'; 'H NMR (300 MHz, CDCl;): 6 =5.73 (brs,
1H, ChocNH), 529 (m, 1H, H6'), 4.39 (m, 1H, H3'), 3.68-3.36 (brm, 3H,
H3,NH,), 3.14 (m, 2H, H6), 2.74 (m, 4H, H1, H2), 2.62 (t,/=5.5Hz, 2H,
H4),2.32-2.19 (m, 2H, H4'), 1.96-1.75 (m, 5H, H2’, H7’, H¥"), 1.70-1.00
(m, 23H, HS, H1', HY', H11', H12', H14'-H17', H20', H22'-25"), 0.93 (s,
3H, H19), 0.84 (d, J=6.5Hz, 3H, H21'), 0.79 (dd, J=5.5, 1.0 Hz, 6H,
H26', H27'), 0.60 (s, 3H, H18'); *C NMR (75 MHz, CDCl;): 6 =156.36
(NHC(0)0), 139.81 (C5'), 122.46 (C6'), 73.98 (C3'), 56.64 (C14'), 56.13
(C17'), 49.97 (C9'), 47.18 (C6), 42.25 (C4'), 41.17 (C2), 39.70 (C16’), 39.47
(C24'),38.60 (C4),36.97 (C1), 36.49 (C22'), 36.15 (C8'), 35.75 (C20), 31.83
(C7"),29.62 (C5), 28.18 (C2'), 2793 (C25"), 24.24 (C12'), 23.82 (C15'), 22.79
(C23"), 22.54 (C26'), 21.01 (C11"), 19.30 (C19), 18.69 (C21'), 11.82 (C18');
MS (FAB*): m/z =530 [M+H]*, 487, 369 [Chol]*, 247, 186, 161, 147, 121,
105, 77, 57; HRMS (FAB*) C;;H(N;0,: [M+H]* caled 530.4686, found
530.4765.

4-Aza-N'-cholesteryloxycarbonylheptane-1,7-diamine (ACH, [B178], 9e):
This was prepared from 8e in a similar manner to 9a on a 5.31 mmol scale
to give 9e as a hygroscopic, white solid. Yield: 2.86 g (99%); R;=0.49
(75:22:3 CH,CL,/MeOH/NH;); IR (CH,CL): v=23347, 2937, 2905, 2868,
1698, 1534, 1467, 1379, 1264 cm™!; '"H NMR (300 MHz, CDCL;): 6 =5.76
(brs,1H, ChocNH), 5.22 (m, 1 H, H6"),4.33 (m, 1 H, H3"), 3.08 (m, 2H, H1),
2.65 (t,J=6.5Hz,2H, H7),2.53 (t,J =6.5 Hz, 2H, H3), 2.41 (m, 2H, HY),
2.24-2.12 (m, 2H, H4'), 1.90-1.69 (m, 5H, H2', H7', H8'), 1.55-0.93 (m,
28H, H2, H4, H6, H1', HY', H11’, H12', H14'-H17', H20', H22'-H25',
NH,), 0.88 (s, 3H, H19'), 0.79 (d, J=6.5 Hz, 3H, H21’), 0.73 (dd, J=6.0,
0.5 Hz, 6H, H26', H27'), 0.55 (s, 3H, H18"); *C NMR (75 MHz, CDCLy):
0=15629 (NHC(0O)O), 139.77 (C5'), 122.24 (C6'), 73.85 (C3'), 56.59
(C14'), 56.09 (C17'), 49.92 (C9), 47.61 (C1), 47.52 (C3), 42.20 (C4'), 40.22
(Cs), 39.66 (C16"), 39.42 (C24'), 38.57 (C7), 36.94 (C2), 36.44 (C22'), 36.11
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(C8'), 35.71 (C20"), 33.04 (C7'), 31.78 (C6), 28.14 (C2'), 27.87 (C25'), 24.19
(C12), 23.78 (C15'), 22.74 (C23'), 22.49 (C26'), 20.96 (C11'), 19.25 (C19"),
18.65 (C21'), 11.77 (C18'); MS (FAB*): m/z =544 [M+H]*, 369 [Chol]*,
273, 186, 145, 119, 95, 43; HRMS (FAB') C3Hy,N;O,: [M+H]" caled
544.4842, found 544.4885.
4-Aza-N'-cholesteryloxycarbonyloctane-1,8-diamine (9 f): This was pre-
pared from 8 f in a similar fashion to 9a on a 2.10 mmol scale to give 9fas a
hygroscopic, white solid. Yield: 1.16 g (99%); R;=0.44 (75:22:3 CH,Cl,/
MeOH/NH;); IR (CH,CL,): v=3452-3345, 2937, 1694, 1531, 1468, 1380,
1256, 1135 cm~'; "TH NMR (300 MHz, CDCl;): 6 =5.71 (brs, 1H, ChocNH),
5.30 (m, 1H, H6'), 4.40 (m, 1 H, H3"), 3.27 (brs, 3H, H4, NH,), 3.17 (m, 2H,
H1), 2.69-2.58 (m, 6H, H3, H5, H8), 2.25-2.16 (m, 2H, H4'), 1.92-1.80
(m, 5H, H2', H7', H¥'), 1.64-1.06 (m, 27H, H2, H6, H7, H1’, HY, H11’,
H12', H14'-H17', H20', H22' - H25"), 0.94 (s, 3H, H19'), 0.85 (d, / = 6.5 Hz,
3H, H21'), 0.80 (d, J=6.5 Hz, 6H, H26', H27'), 0.61 (s, 3H, H18'); BC
NMR (75 MHz, CDCLy): 6=156.40 (NHC(O)O), 139.83 (C5'), 122.35
(C6'), 74.04 (C3'), 56.64 (C14'), 56.12 (C17’), 49.97 (C9'), 49.28 (C1), 4717
(C3), 42.26 (C4), 39.71 (C16'), 39.48 (C24'), 38.61 (C5), 36.98 (C1'), 36.51
(C22), 36.16 (C8'), 35.77 (C20r), 31.84 (C7'), 29.36 (C6), 28.19 (C2'), 27.95
(C25), 27.06 (C7), 24.25 (C12'), 23.83 (C15'), 22.80 (C23'), 22.55 (C26),
21.01 (C11"),19.32 (C19'), 18.69 (C21'), 11.83 (C18'); MS (FAB™"): m/z =558
[M+H]*, 539, 369 [Chol]*, 145, 121, 95, 69; HRMS (FAB*) C;sHgN;O,:
[M+H]* caled 558.4999, found 558.5022.
7-(N-Phenylmethoxycarbonyl)amino-4-azaheptanol (11¢): A solution of 3-
bromo-N-(phenylmethoxycarbonyl)propanamine 10b (3.80 g, 13.97 mmol)
in DMF (10 mL plus 5 mL wash) was added to a mixture of Nal (420 mg,
2.80 mmol, 0.2 equiv), K,CO; (3.87 g, 28.0 mmol, 2 equiv) and 3-amino-
propanol 3b (4.27 mL, 56.0 mmol, 4 equiv) in dry DMF (50 mL) under a
nitrogen atmosphere. The suspension was stirred at room temperature for
48 h, after which the solvent was removed in vacuo and the viscous oil
resuspended in CH,Cl, (40 mL). The suspension was filtered through a
short pad of Celite and the filter bed washed with CH,Cl, (100 mL).
Removal of the solvent gave a pale yellow oil, which was purified by
chromatography (92:7:1 CH,Cl,/MeOH/NH; to 75:22:3 CH,Cl,/MeOH/
NH,) to give 11 ¢ as a colourless oil. Yield: 3.00 g (81 % ); R;=0.29 (75:22:3
CH,Cl,/MeOH/NH;); IR (neat, KBr): 7=3458-3212, 3058, 2935, 2825,
1696, 1541, 1473, 1456, 1374 cm~'; 'TH NMR (300 MHz, CDCl,): 6 =7.35 (m,
SH, Ph), 5.77 (brs, 1H, ZNH), 5.09 (s, 2H, PhCH,0), 3.72 (t, J=5.5 Hz,
2H, H1),3.22-3.16 (m, 4H, H7, H4, OH), 2.75 (t,J = 6.0 Hz, 2H, H3), 2.61
(t, J=70Hz, 2H, H5), 1.71-1.60 (m, 4H, H2, H6); *C NMR (75 MHz,
CDCly): 0 =156.70 (NHC(0)O), 136.78 (C1” of Ph), 128.44 —127.96 (rest of
Ph), 66.43 (PhCH,), 62.75 (C1), 48.70 (C3), 47.03 (C5), 39.10 (C7), 31.22
(C2),29.81 (C6); MS (FAB*): m/z =267 [M+H]*, 221 [M — C,H;0]*, 154,
136, 120, 107, 91 [C;H;]*, 69; HRMS (FAB*) C,Hy;N,O;: [M+H]" caled
267.1709, found 267.1724.
4-Aza-7-t-butyldiphenylsilyloxy-N'-phenylmethoxycarbonylheptanamine
(12¢): TBDPSCI (858 pL, 3.30 mmol, 1.5 equiv) was added dropwise to a
mixture of 11¢ (583 mg, 2.20 mmol), Et;N (613 pL, 4.40 mmol, 2 equiv) and
DMAP (30 mg, 0.22 mmol, 0.1 equiv) in CH,Cl, (20 mL), under a nitrogen
atmosphere. The solution was then stirred at room temperature for 5h,
after which the reaction mixture was poured into saturated NaHCO;
(20 mL) and the aqueous layer extracted with CH,Cl, (3 x 10 mL). The
combined organic layers were washed with water (2 x 40 mL) and brine
(50 mL) and dried (Na,SO,). Concentration under reduced pressure gave a
yellow oil, which was purified by chromatography (97:2.7:0.3 CH,Cl,/
MeOH/NH; to 92:7:1 CH,Cl,/MeOH/NH;) to give 12¢ as a colourless
liquid. Yield: 1.02g (93%); R;=0.42 (92:7:1 CH,Cl,/MeOH/NH;); IR
(neat, KBr): 7=3531-3267, 3069, 2930, 2878, 1700, 1530, 1471, 1390, 1260,
1112, 1071, 821 cm~'; 'TH NMR (300 MHz, CDCl;): 6 =7.73-7.70 (m, 4H,
H3"”, H5" of Ph,Si), 7.46—7.34 (m, 11 H, rest of Ph), 5.71 (brs, 1H, ZNH),
5.13 (s,2H, PhCH,), 3.79 (t,J =6.0 Hz, 2H, H7), 3.30 (m, 2H, H1), 2.75 (t,
J=170Hz,2H, H5),2.71 (t,J = 6.5 Hz, 2H, H3), 1.78 (quin, /= 6.5 Hz, 2 H,
H6), 1.67 (quin, J = 6.5 Hz, 2H, H2), 1.63 (brs, 1H, H4), 1.11 (s, 9H, Me of
t-Bu); BC NMR (75 MHz, CDCl,): 6 =156.56 (NHC(0)0), 136.93-127.71
(Ph), 66.48 (PhCH,), 62.55 (C7), 47.99 (C5), 47.11 (C3), 40.11 (C1), 32.68
(C6), 29.69 (C2), 26.96 (Me of t-Bu), 19.25 (Me;C); MS (FAB™*): m/z =505
[M+H]*, 447 [M+H — -Bu]*, 221, 197, 183, 135, 121, 105, 91 [C;H,]*, 77
[CeHs] *, 57, 44; HRMS (FAB*) C3HyN,O;Si: [M+H]* caled 505.2886,
found 505.2903.
3-Aza-1-r-butyldiphenylsilyloxy-N*¢-di(phenylmethoxycarbonyl)hexan-6-
amine (13a): 2-Amino ethanol 3a (7.86 mL, 130 mmol, 10 equiv) was added
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to [3-(phenylmethoxycarbonyl)amino]propane-1-methanesulfonate (6b,
3.74 g, 13.0 mmol) under a nitrogen atmosphere. The mixture was stirred
vigorously for 5h, after which the resulting mixture was suspended in
CHCl; (40 mL) and K,COs; (3.60 g, 26.1 mmol, 2 equiv) added. Stirring was
continued for 30 min, after which the reaction was filtered through a short
pad of Celite and the filter bed washed with 10 % MeOH/CHCI; (100 mL).
The filtrate was washed with water (3 x 40 mL) and dried (Na,SO,), and
the solvents removed to give 11a as a pale yellow oil. To this was added
Et;N (3.63mL, 26.1 mmol, 2equiv), DMAP (79.6 mg, 0.652 mmol,
0.05 equiv) and CH,Cl, (26.1 mL), under a nitrogen atmosphere. TBDPSCI
(4.07 mL, 15.6 mmol, 1.2 equiv) was added slowly and the solution stirred
for 5h, after which the reaction mixture was poured into saturated
NaHCO; (20mL) and the aqueous layer extracted with CH,Cl, (3 x
50 mL). The combined organic layers were washed with water (2 x
40 mL) and brine (50 mL) and dried (Na,SO,). Concentration under
reduced pressure gave 12a as a yellow oil, which was redissolved in CH,Cl,
(30 mL) and Et;N (3.63 mL, 26.1 mmol, 2 equiv). The reaction was cooled
to 0°C, the mixture stirred and a solution of phenylmethoxycarbonyl
chloride (2.05mL, 14.3 mmol, 1.1 equiv) in CH,Cl, (35 mL) was slowly
introduced over 15 min. On warming to room temperature, stirring was
continued for 4 h and the reaction mixture poured into saturated aqueous
NH,Cl (50 mL). The organic layer was removed, the aqueous layer
extracted with CH,Cl, (2x50mL) and the combined organic layers
washed with water (2 x 50 mL). Drying (Na,SO,), followed by removal of
the solvents yielded a yellow oil, which was purified by chromatography
(20% —50% ether/petrol) to give 13a as a colourless oil. Yield: 2.93 g
(82%); R;=0.25 (50 % ether/petrol); IR (neat, KBr): #=3335, 2955, 2931,
2848, 1701, 1525, 1455, 1248, 1137 cm~'; 'H NMR (270 MHz, CDCl;): 6 =
775 (d,J=5.5Hz, 4H, H3", H5" of Ph,Si), 7.46-7.31 (m, 16 H, rest of Ph),
5.99 (brs, 1H, ZNH), 5.17 (s, 2H, PhCH,0), 5.11 (s, 2H, PhCH,0), 3.92 -
3.81 (m,2H, H1),3.49-3.43 (m, 4H, H2, H4), 3.24-3.20 (m, 2H, H6), 1.74
(m, 2H, H5), 1.16 (s, 9H, Me of #-Bu); *C NMR (67.5 MHz, CDCL,): 6 =
156.62,155.51 (NHC(0)0), 137.15-127.65 (Ph), 67.20, 67.10 (PhCH,), 62.19
(C1), 48.77 (C2), 45.42 (C4), 37.82 (C6), 28.09 (C5), 26.94 (Me of t-Bu),
19.17 (Me;C); MS (FABY): m/z =625 [M+H]*, 581 [M+H — CO,|*, 624
[M —t-Bu], 503, 197, 154, 136, 121, 91 [C;H,]*, 77 [C¢H;] ", 69, 55; HRMS
(FAB™) C3;HysN,OsSi: [M+H]" caled 625.3098, found 625.3094.

3-Aza-6-t-butyldiphenylsilyloxy-N'*-di(phenylmethoxycarbonyl)hexan-
amine (13b): This was prepared from mesylate 6a (or bromide 10a) and 3-
aminopropanol 3b in a similar fashion to 13a on a 38.80 mmol scale;
intermediates 11b and 12b were not isolated and characterised. After
chromatography (20-75% ether/petrol), 13b was obtained as a viscous,
colourless liquid. Yield: 14.59 g (58 %); R;=0.35 (50% ether/petrol); IR
(neat, KBr): 7=3335, 2955, 2931, 2848, 1701, 1525, 1455, 1248, 1137 cm™%;
'H NMR (400 MHz, CDCL,): 6 =769 (d, J=6.5Hz, 4H, H3", H5" of
Ph,Si), 749-734 (m, 16H, rest of Ph), 5.51 (brs, 1H, ZNH), 5.14 (s, 2H,
PhCH,0), 5.10 (s, 2H, PhCH,0), 3.70 (m, 2 H, H6), 3.47-3.44 (m, 6 H, H1,
H2, H4), 1.80 (m, 2H, HS5), 1.10 (s, 9H, Me of #-Bu); *C NMR (75 MHz,
CDCl,): 6=15746, 15717 (NHC(0O)O), 137.15-12798 (Ph), 67.70, 67.04
(PhCH,), 61.93 (C6), 47.71 (C4), 45.49 (C2), 40.51 (C1), 32.16 (C5), 27.43
(Me of t-Bu), 19.71 (Me;C); MS (FAB*): m/z =625 [M+H]*, 581 [M+H —
CO,]*, 567, 491, 305, 268, 197, 135, 91 [C,H,]*, 77 [CoH,]*; HRMS (FAB*)
C3HysN,O5Si: [M+H]* caled 625.3098, found 625.3094.

4-Aza-7-t-butyldiphenylsilyloxy-N'*-di(phenylmethoxycarbonyl)heptan-

amine (13¢): A solution of phenylmethoxycarbonyl chloride (0.30 mL,
2.18 mmol, 1.1 equiv) in CH,Cl, (5 mL) was added to a stirred solution of
12¢(1.27 g,1.98 mmol) and Et;N (0.41 mL, 2.97 mmol, 1.5 equiv) in CH,Cl,
(8.0 mL) at 0°C, over a period of 15 min. The reaction was allowed to warm
to room temperature, stirring was continued for 4 h, after which the
reaction mixture was poured into saturated aqueous NH,Cl (10 mL). The
organic layer was removed, the aqueous layer extracted with CH,Cl, (2 x
10 mL) and the combined organic layers washed with water (2 x 10 mL).
Drying (Na,SO,) and removal of the solvents yielded a yellow oil, which
after chromatography (50-100% ether/petrol) gave 13¢ as a colourless
liquid. Yield: 1.12 g (88 %); R;=0.31 (50 % ether/petrol); IR (neat, KBr):
7=23345,2931, 2847, 1700, 1519, 1455, 1222, 1136 cm™'; '"H NMR (300 MHz,
CDCly): 0 =773 (d,J=6.0 Hz, 4H, H3", H5" of Ph,Si), 7.52—7.37 (m, 16 H,
rest of Ph), 5.66 (brs, 1H, ZNH), 5.18 (s, 4H, PhCH,), 3.75 (m, 2H, H7),
3.43 (m, 4H, H3, HS), 3.23 (m, 2H, H1), 1.85-1.81 (m, 2H, H6), 1.76 (m,
2H, H2), 1.14 (s, 9H, Me of t-Bu); *C NMR (75 MHz, CDCl;): 6 =156.95,
156.92 (NHC(0)0), 136.81-127.83 (Ph), 6723, 66.54 (PhCH,), 61.41 (C7),

0947-6539/98/0401-0146 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 1





Cationic Liposomes

137-151

44.47 (C5), 44.11 (C3), 37.69 (C1), 31.70 (C6), 28.10 (C2), 26.97 (Me of t-
Bu), 19.29 (Me;C); MS (FAB™): m/z =1277 [2M+H]*, 639 [M+H]", 581
[M — -Bul*, 561, 505,383, 268, 181, 91 [C,H,]*, 77 [CiH,]*: HRMS (FAB™)
CiHN,O5Si: [M+H]", 639.3254, found 639.3268.

4-Aza-8-r-butyldiphenylsilyloxy-N"*-di(phenylmethoxycarbonyl)octan-1-
amine (13d): This was prepared from mesylate 6b (or bromide 10b) and 4-
aminobutanol 3¢ in a similar fashion to 13a on a 38.8 mmol scale;
intermediates 11d and 12d were not isolated and characterised. After
chromatography (20—80% ether/petrol), 13d was obtained as a viscous,
colourless oil. Yield: 503 mg (77 %); R;=0.65 (ether); IR (neat, KBr): 7=
3336, 3071, 3022, 2931, 2846, 1698, 1519, 1473, 1426, 1361, 1221, 1110 cm™!;
'H NMR (300 MHz, CDCLy): 6=7.69 (d, J=6.5Hz, 4H, H3", H5" of
Ph,Si), 745-7.31 (m, 16 H, rest of Ph), 5.77 (brs, 1H, ZNH), 5.14 (m, 4H,
PhCH,0), 3.68 (m,2H, H8), 3.36-3.18 (m, 6 H, H1, H3, H5), 1.72-1.54 (m,
6H, H2, H6, H7), 1.08 (s, 9H, Me of t-Bu); *C NMR (75 MHz, CDCL;): 6 =
156.92, 156.61 (NHC(O)O), 136.81-127.75 (Ph), 6722, 66.54 (PhCH,),
63.54 (C8), 46.79 (C3), 44.13 (C5), 37.71 (C1), 29.86 (C2), 28.17 (C7), 26.98
(C6), 25.17 (Me of #-Bu), 19.30 (Me;C); MS (FAB*): m/z =653 [M+H]*,
609, 197, 154, 135, 107, 91 [CH,]*, 77 [CHs], 57; HRMS (FABY)
C;3HN,OsSi: [M+H]* caled 653.3411, found 653.3429.

6-Amino-3-aza-N*S-di(phenylmethoxycarbonyl)hexanol (14a): TBAF
(3.46 mL of a 1M solution in THF, 3.46 mmol, 1.1 equiv) was added to a
solution of 13a (1.97 g, 3.15 mmol) in THF (31.5mL) and the resulting
solution stirred for 2 h. The reaction was poured into a mixture of ether
(100 mL) and saturated aqueous NaHCO; (50 mL), the organic phase
separated and the aqueous layer extracted with ether (2 x 50 mL). The
combined organic layers were washed with water (2 x 100 mL) and brine
(100 mL) and dried (Na,SO,). The solvents were removed under reduced
pressure to give a pale yellow oil, which was further purified by
chromatography (ether to 5% acetone/ether) to yield 14a as a colourless
oil. Yield: 1.11 g (92%); R;=0.50 (5 % acetone/ether); IR (neat, KBr): 7=
3345, 3089, 3065, 3033, 2948, 1695, 1681, 1536, 1455, 1366, 1139, 1027 cm™!;
'"H NMR (300 MHz, CDCl;): 6 =7.33 (m, 10H, Ph), 5.87-5.28 (brm, 1H,
ZNH),5.11-5.07 (m,4H, PhCH,0),4.15 (brs, 1H, OH), 3.70 (m, 2H, H1),
3.37 (m, 4H, H2, H4), 3.14 (m, 2H, H6), 1.72 (m, 2H, H5); 3C NMR
(75 MHz, CDCl;): 6 =156.73 (NHC(0O)O), 136.70 (C1” of Ph), 129.23—
128.06 (rest of Ph), 67.33, 66.56 (PhCH,), 61.16 (C1), 50.41 (C2), 45.68 (C4),
3825 (C6), 28.85 (C5); MS (FAB*): m/z =387 [M+H]*, 343 [M+H—
CO,]t, 167, 150, 121, 105, 91 [CH,]*, 77 [CHs]"; HRMS (FAB™)
C, Hy;N,O5: [M+H]* caled 387.1920, found 387.1937.

6-Amino-4-aza-N*S-di(phenylmethoxycarbonyl)hexanol (14b): This was
prepared from 13b in similar fashion to 14a on a 12.2 mmol scale and after
chromatography (ether to 20% acetone/ether) gave 14b as a viscous,
colourless oil. Yield: 4.18 g (89%); R;=0.41 (75% ether/acetone); IR
(CH,CL,): 7=3646-3396, 3054, 2950, 1679, 1670, 1519, 1452, 1247,
1139 cm~'; '"H NMR (400 MHz, CDCl;): 6=7.36-7.32 (m, 10H, Ph),
5.68-5.41 (brm, 1H, ZNH), 5.14 (s, 2H, PhCH,0), 5.09 (s, 2H, PhCH,0),
3.58 (m, 2H, H1), 3.45-3.39 (m, 6H, H3, H5, H6), 2.70-2.59 (brs, 1H,
OH), 1.70 (m, 2H, H2); *C NMR (75 MHz, CDCL): 6 =157.10, 156.77
(NHC(0)0), 136.45, 136.30 (C1” of Ph), 128.57-127.92 (rest of Ph), 67.56,
66.68 (PhCH,), 59.50 (C1), 47.00 (C3), 44.38 (C5), 39.73 (C6), 30.56 (C2);
MS (FAB*): m/z =387 [M+H]*, 343, 279, 242, 167, 150, 133, 120, 105, 91
[CH;]*, 77 [CeHs]*, 69, 55, 41; HRMS (FAB™) C,,H,;;N,O5: [M+H]* caled
387.1920, found 387.1914.

7-Amino-4-aza-N*’-di(phenylmethoxycarbonyl)heptanol (14¢): This was
prepared from 13c¢ in a similar manner to the preparation of 14a on a
3.44 mmol scale and purified by chromatography (ether to 20 % acetone/
ether) to give 14¢ as a colourless liquid. Yield: 1.24 g (90%); R;=0.36
(75% ether/acetone); IR (neat, KBr): 7=3373, 2945, 1698, 1681, 1536,
1532, 1455, 1367, 1253, 1145, 1059 cm~'; 'TH NMR (500 MHz, C,Dyg, 100°C):
0=715-1702 (m, 10H, Ph), 4.95 (s, 4H, PhCH,0), 3.25 (m, 2H, H1), 3.08
(t,/=70Hz, 2H, H3), 2.98 (t,/=7.0 Hz, 2H, H5), 2.86 (q, /= 6.5 Hz, 2 H,
H7), 1.43-1.37 (m, 4H, H2, H6); *C NMR (125 MHz, C,Dg, 100°C): 6 =
157.00, 157.65 (NHC(O)0O), 137.77 (C1"” of Ph), 129.34-127.95 (rest of Ph),
67.68, 66.86 (PhCH,), 59.86 (C1), 45.36 (C3), 44.71 (C5), 39.13 (C7), 32.28
(C2),29.55 (C6); MS (FAB*): m/z =401 [M+H]*, 357,265, 154, 136, 107, 91
[CH;]*, 77 [CHs*, 69, 55; HRMS (FAB*) Cp,H,N,Os5: [M+H]* caled
401.2076, found 401.2087.

8-Amino-5-aza-N>3-di(phenylmethoxycarbonyl)octanol (14d): This was
prepared from 13d in a similar manner to 14a on a 0.47 mmol scale and
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purified by chromatography (ether to 20 % acetone/ether) to give 14d as a
viscous, colourless oil. Yield: 188 mg (95%); R;=0.38 (ether); IR (neat,
KBr): 7=3341, 3033, 2945, 1698, 1681, 1531, 1455, 1365, 1139 cm™!; 'H
NMR (270 MHz, CDCl,): 6 =740-731 (m, 10H, Ph), 5.72 (brs, 1H,
ZNH), 5.13-5.10 (m, 4H, PhCH,0), 3.63 (m, 2H, H1), 3.35-3.16 (m, 6 H,
H4, H6, H8), 2.09 (brs, 1H, OH), 1.74-1.50 (m, 6H, H2, H3, H7); “C
NMR (75 MHz, CDCL,): 6 =156.49, 156.02 (NHC(O)O), 136.53, 136.38
(C1” of Ph), 128.34—127.64 (rest of Ph), 67.04, 66.35 (PhCH,), 62.04 (C1),
46.56 (C6), 44.03 (C4), 37.56 (C8), 29.57 (C7), 27.93 (C2), 24.85 (C3); MS
(FAB*): m/z =415 [M+H]", 371 [M+H — CO,]*, 290, 279, 150, 120, 105, 91
[C;H,]*, 77 [CHs]*, 69; HRMS (FAB*) CyHyN,Os: [M+H]* caled
415.2233, found 415.2200.
4-Aza-6-azido-N'*-di(phenylmethoxycarbonyl)hexanamine (15a): Meth-
anesulfonyl chloride (0.87 mL, 11.25 mmol, 2.5 equiv) was added dropwise
to a stirred solution of 14a (1.74 g, 4.51 mmol) and Et;N (1.88 mL,
13.5 mmol, 3 equiv) in CH,Cl, (40 mL) at 0°C under a nitrogen atmos-
phere. After addition, the solution was allowed to warm to room
temperature and stirring continued for 30 min. The reaction was quenched
with ice (0.25 g) and poured into a mixture of ether (100 mL) and saturated
NH,CI (50 mL), and the organic layer was separated off. The aqueous layer
was extracted with ether (2 x 100 mL) and the combined organic layers
washed with water (2 x 100 mL) and brine (100 mL) and dried (Na,SO,).
Removal of the solvents gave a pale yellow oil, to which was added NaN;,
(1.46 g, 22.5 mmol, 5 equiv), Nal (675 mg, 4.51 mmol) and DMF (30 mL)
under a nitrogen atmosphere. The suspension was carefully heated to 80°C
for 2 h, allowed to cool and the solvent removed in vacuo. The viscous
residue was redissolved in ether (200 mL), washed with water (2 x 50 mL),
brine (50 mL) and dried (Na,SO,), and the solvent removed. Chromatog-
raphy (50-100 % ether/petrol) gave 15a as a colourless liquid. Yield: 1.78 g
(96%); R;=0.58 (75 % ether/acetone); IR (CH,Cl,): 7= 3630-3346, 2946,
2102, 1698, 1526, 1455, 1364, 1296, 1143 cm~'; 'H NMR (300 MHz, CDCl,):
0=736-731 (m, 10H, Ph), 5.71 (brs, 1H, ZNH), 5.16 (s, 2H, PhCH,0),
5.11 (s, 2H, PhCH,0), 3.38 (m, 6 H, H3, H5, H6), 3.17 (m, 2H, H1), 1.73
(quin, J =6.5 Hz, 2H, H2); 3C NMR (75 MHz, CDCl;): 6 =156.54, 156.08
(NHC(0)0), 136.82 (C1” of Ph), 128.67-127.99 (rest of Ph), 67.53, 66.55
(PhCH,), 49.94 (C6), 46.26 (CS), 45.37 (C3), 37.78 (C1), 28.20 (C2); MS
(FAB"): m/z =412 [M+H]", 368, 165, 152, 120, 105, 91 [C;H,]*, 77 [C{H;] T,
69, 55; HRMS (FAB") C,H,N;O,: [M+H]"* calcd 412.2023, found
412.1985.

3-Aza-6-azido-N"*-di(phenylmethoxycarbonyl)hexanamine (15b): This
was prepared from 14b in the same way as 15a on a 10.4 mmol scale.
After purification by chromatography (50-100% ether/petrol), 15b was
obtained as a colourless liquid. Yield: 3.82 g (89 %); R;=0.64 (75 % ether/
acetone); IR (neat, KBr): #=3355, 2931, 2096, 1651, 1524, 1455, 1247,
1139 cm~'; 'TH NMR (300 MHz, CDCL,): 6 =735 (m, 10H, Ph), 5.60 (brs,
1H, ZNH), 5.13 (s, 2H, PhCH,0), 5.09 (s, 2H, PhCH,0), 3.38-3.25 (m,
8H, H1, H2, H4, H6), 1.81 (m, 2H, H5); “C NMR (75 MHz, CDCl,): 6 =
156.65 (NHC(0)O0), 136.48 (C1” of Ph), 128.61-127.96 (rest of Ph), 67.42,
66.69 (PhCH,), 48.85 (C6), 47.26 (C4), 45.27 (C2), 39.88 (C1), 28.02 (C5);
MS (FABY): m/z =412 [M+H]", 368, 165, 152, 120, 105, 91 [C;H,]*, 77
[CHS]*, 69, 51; HRMS (FAB*) C,HyNsO,: [M+H]* caled 412.2023,
found 412.2004.
4-Aza-7-azido-N"-di(phenylmethoxycarbonyl)heptanamine (15¢): This
was prepared with 14¢ in a similar manner to the synthesis of 15a on a
5.75 mmol scale and purified by chromatography (5—25% ether/acetone)
to give 15¢ as a colourless liquid. Yield: 2.16 g (88%); R;=0.57 (75%
ether/acetone); IR (neat, KBr): 7= 3344, 3034, 2941, 2097, 1642, 1529, 1424,
1358, 1294, 1252, 1138 cm~'; 'TH NMR (300 MHz, CDCl;): 6 =7.36 (m, 10H,
Ph), 5.70 (brs, 1H, ZNH), 5.15 (s, 2H, PhCH,0), 5.10 (s, 2H, PhCH,0),
3.31 (m, 6H, H3, H5, H7), 3.17 (m, 2H, H1), 1.79 (m, 2H, H6), 1.70 (t,J =
6.5 Hz, 2H, H2); ¥C NMR (75 MHz, CDCl;): 6 =156.54 (NHC(O)O),
136.80, 136.54 (C1” of Ph), 128.63-127.96 (rest of Ph), 67.36, 66.54
(PhCH,), 48.91 (C7), 44.59 (C5), 44.31 (C3), 37.76 (C1), 28.97 (C6), 27.97
(C2); MS (FAB*): m/z =426 [M+H]*, 167, 150, 133, 120, 113, 91 [C;H,]*,
77 [CsHs]*, 69, 55; HRMS (FAB*) C,HxNsO,: [M+H]* calcd 426.2141,
found 426.2150.
4-Aza-8-azido-N"*-di(phenylmethoxycarbonyl)octanamine (15d): This was
prepared from 14d in a similar manner to the synthesis 15a on a 4.50 mmol
scale and purified by chromatography (ether to 30 % acetone/ether) to give
15d as a colourless liquid. Yield: 523 mg (80%); R;=0.64 (75% ether/
acetone); IR (CH,CL,): 7= 3415, 3340, 3124, 2922, 2069, 1718, 1698, 1525,
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1475,1253,1139,1025 cm~!; 'H NMR (300 MHz, CDCl;): 8 = 7.36-7.30 (m,
10H, Ph), 5.61 (brs, 1 H, ZNH), 5.13 (s, 4H, PhCH,0), 3.31 -3.18 (m, 8H,
HI1, H3, H5, H8), 1.74 (m, 2H, H2), 1.67 (m, 4H, H6, H7); *C NMR
(75 MHz, CDCL,): 6 =156.21, 155.70 (NHC(0)O), 136.49, 136.27 (C1” of
Ph), 128.85-127.54 (rest of Ph), 66.87, 66.08 (PhCH,), 50.65 (C8), 45.87
(C3), 43.83 (C5), 37.37 (C1), 2773 (C7), 25.74 (C6); MS (FAB*): m/z =879
[2M+H]*, 440 [M+H]", 369, 332, 306, 261, 160, 91 [C;H;]*, 77 [C¢Hs]*, 57;
HRMS (FAB*) C3H3NsO,: [M+H]" calcd 440.2298, found 440.2342.

N'-Cholesteryloxycarbonyl-3,7-diaza-N"’-di(phenylmethoxycarbonyl)no-
nane-1,9-diamine (16a): This was prepared from 15b and 5a in a similar
manner to the preparation of 8a on a 4.25 mmol scale and purified by
chromatography (96:3.5:0.5 CH,Cl,/MeOH/NH; to 92:7:1 CH,Cl,/MeOH/
NH;) to give 16a as a hygroscopic, white solid. Yield: 1.93 g (54%); R;=
0.29 (92:7:1 CH,Cl,/MeOH/NH,); IR (CH,Cl,): 7= 3423 -3311, 3035, 2956,
2867, 1718, 1700, 1681, 1526, 1467, 1378, 1139 cm~!; 'H NMR (300 MHz,
CDCl;): 6 =7.32 (m, 10H, Ph), 5.70-5.50 (brm, 2H, ChocNH, ZNH), 5.35
(m, 1H, H6'), 5.10 (s, 2H, PhCH,0), 5.07 (s, 2H, PhCH,0), 4.47 (m, 1H,
H3'), 3.34-3.16 (m, 8H, HI1, H6, H8, HY9), 2.65-2.50 (m, 4H, H2, H4),
2.33-2.18 (m, 2H, H4'), 2.03-1.81 (m, 5H, H2', H7', H¥'), 1.69-1.08 (m,
24H, H3, HS5, H1', HY, H11’, H12', H14'-H17', H20’, H22' - H25’), 0.99 (s,
3H, H19'), 0.92 (d, J=6.5Hz, 3H, H21"), 0.87 (dd, J=5.5, 1.0 Hz, 6H,
H26', H27'), 0.68 (s, 3H, H18'); *C NMR (75 MHz, CDCl;): 6 =156.45
(NHC(0)0), 139.87 (C5'), 136.54 (C1"” of Ph), 128.56 —127.94 (rest of Ph),
122.44 (Co'), 74.29 (C3'), 6735 (PhCH,), 56.71 (C14), 56.20 (C17’), 50.04
(C9), 49.01 (C1), 47.48-46.66 (C2, C6, C8, C9), 45.74 (C4), 42.34 (C4),
39.78 (C16'), 39.55 (C24'), 38.64 (CS5), 36.56 (C22), 36.23 (C8'), 35.82
(C20"), 31.90 (C7'), 28.25 (C2'), 28.02 (C25'), 24.31 (C12’), 23.88 (C15'),
22.86 (C23"), 22.61 (C26'), 21.08 (C11"), 19.35 (C19"), 18.77 (C21"), 11.90
(C18); MS (FAB*): m/z =841 [M+H]", 644, 369 [Chol]*", 147, 121, 91
[CH,]*, 43; HRMS (FAB™) C5;H;;N,Oq4: [M+H]" calcd 841.5843, found
841.5884.

N'-Cholesteryloxycarbonyl-3,6-diaza-N*’-di(phenylmethoxycarbonyl)no-
nane-1,9-diamine (16b): This was prepared from 15a and 5a in a similar
fashion to 8a on a 2.10 mmol scale and purified by chromatography
(96:3.5:0.5 CH,Cl,/MeOH/NHj to 92:7:1 CH,Cl,/MeOH/NH,) to give 16b
as a hygroscopic, white solid. Yield: 1.12 g (64 %); R;=0.30 (92:7:1 CH,Cl,/
MeOH/NH;); IR (CH,CL,): 7=3332, 2948, 2867, 1689, 1531, 1455, 1366,
1139 cm~'; 'TH NMR (300 MHz, CDCl,): 6 =7.33 (m, 10H, Ph), 5.80 (m,
2H, ChocNH, ZNH), 5.36 (m, 1 H, H6'), 5.11 (s, 2H, PhCH,0), 5.08 (s, 2 H,
PhCH,0), 447 (m, 1H, H3'), 3.32 (m, 4H, H5, H7), 3.15 (m, 4H, H1, HY),
2.74 (m, 4H, H2, H4), 2.33-2.19 (m, 2H, H4'), 2.04-1.82 (m, 5H, H2', H7',
H8'), 1.72-1.06 (m, 24H, H3, H8, H1’, HY, H11', H12', H14'-H17', H20/,
H22'-H25'),1.00 (s, 3H, H19"),0.93 (d, /= 6.5 Hz, 3H, H21"), 0.87 (dd, J =
5.5, 1.0 Hz, 6H, H26', H27'), 0.68 (s, 3H, H18'); “C NMR (75 MHz,
CDCl,): 6 =156.59 (NHC(0)O), 139.82 (C5'), 136.74 (C1” of Ph), 128.60—
127.98 (rest of Ph), 122.49 (C6'), 74.82 (C3'), 67.35, 66.52 (PhCHy,), 56.72
(C14), 56.21 (C17), 50.03 (C9'), 48.82 (C1), 47.61-46.55 (C2, C5, C7, C9),
45.05 (C4), 42.34 (C4'), 39.78 (C16"), 39.55 (C24'), 38.63 (C8), 36.56 (C22'),
36.23 (C8'), 35.83 (C20"), 31.90 (C7’), 28.25 (C2’), 28.01 (C25'), 24.31 (C12'),
23.89 (C15'), 22.86 (C23'), 22.61 (C26'), 21.08 (C11’), 19.35 (C19’), 18.77
(C21'),11.90 (C18); MS (FAB*): m/z =841 [M+H]*, 644,369 [Chol]*, 147,
121, 91 [C;H,]*, 43; HRMS (FAB*) Cs;H;;N,Oy: [M+H]* calcd 841.5843,
found 841.5750.

N'-Cholesteryloxycarbonyl-3,8-diaza-N*!!-di(phenylmethoxycarbonyl)un-
decane-1,11-diamine (16 ¢): This was prepared from 15d and 5a in a similar
fashion to 8a on a 1.08 mmol scale and purified by chromatography
(96:3.5:0.5 CH,CL,/MeOH/NH; to 92:7:1 CH,Cl,/MeOH/NHj;) to give 16¢
as a hygroscopic, white solid. Yield: 752 mg (80%); R;=0.35 (92:7:1
CH,Cl,/MeOH/NH,); IR (CH,Cl,): 7=3332, 3062, 3033, 2948, 2867, 1699,
1537, 1455, 1378, 1254, 1145 cm~'; 'TH NMR (300 MHz, CDCLy): 6 =7.35 (m,
10H, Ph), 5.71 (brs, 1H, ZNH), 5.38 (m, 1H, H6'), 5.13 (s, 2H, PhCH,0),
5.10 (s, 2H, PhCH,0), 4.95 (brs, 1H, ChocNH), 4.51 (m, 1H, H3'"), 3.35-
3.19 (m, 8H, H1, H7, H9, H11), 2.67-2.63 (m, 4H, H2, H4), 2.38-2.28 (m,
2H, H4'), 2.04-1.79 (m, SH, H2', H7', H¥'), 1.71 (t, /=6.0 Hz, 2H, H10),
1.62-1.05 (m, 26H, H3, HS, H6, H1', HY, H11’, H12', H14'-H17', H20',
H22'-H25'), 1.01 (s, 3H, H19'), 0.93 (d, /= 6.5 Hz, 3H, H21"), 0.88 (d, J =
6.5 Hz, 6H, H26', H27'), 0.69 (s, 3H, H18'); ¥*C NMR (125 MHz, CDCL,):
0=156.29 (NHC(0)O), 139.78 (C5'), 136.66 (C1” of Ph), 128.40-127.77
(rest of Ph), 122.40 (C6’), 74.23 (C3'), 67.13, 66.43 (PhCH,), 56.63 (C14'),
56.08 (C17'),49.96 (C9'), 48.91 (C1),47.25-46.66 (C7,C9), 44.11 (C2),42.25
(C4'), 40.45 (C4), 39.64 (C24'), 39.46 (C11), 38.54 (C16'), 37.61 (C10), 36.49
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(C22'),36.13 (C8), 35.73 (C20'), 31.82 (C7'), 28.16 (C2'), 27.94 (C25'), 27.16
(C6), 24.22 (C12'), 23.77 (C15"), 22.76 (C23'), 22.50 (C26'), 20.98 (C11’),
19.26 (C19'), 18.66 (C21'), 11.78 (C18'); MS (FAB*): m/z =869 [M+H]*,
426,369 [Chol]", 161, 147, 133, 121, 105, 91 [C,H,]*, 77 [CHs*, 55; HRMS
(FAB*) Cs;Hg N,Oy: [M+H]* calcd 869.6156, found 869.6096.

N'-Cholesteryloxycarbonyl-3,7-diaza-N"3-di(phenylmethoxycarbonyl)dec-
ane-1,10-diamine (16d): This was prepared from 15b and 5b in a similar
fashion to 8a on a 3.65 mmol scale and purified by chromatography
(96:3.5:0.5 CH,Cl,/MeOH/NH; to 92:7:1 CH,Cl,/MeOH/NH;) to give 16d
as a hygroscopic, white solid. Yield: 2.15 g (69 % ); Ry = 0.34 (92:7:1 CH,CL,/
MeOH/NH,); IR (CH,CL): #=3333, 2944, 2867, 1698, 1531, 1467, 1368,
1139 em™!; 'TH NMR (300 MHz, CDCl,): 6 =7.33 (m, 10H, Ph), 5.97-5.61
(m, 2H, ChocNH, ZNH), 5.37 (m, 1 H, H6"), 5.12 (s, 2H, PhCH,0), 5.08 (s,
2H, PhCH,0), 4.51 (m, 1H, H3'), 3.37 (m, 6H, H1, H2, H4), 3.20 (m, 2H,
H10), 2.55 (m, 4H, H6, HS8), 2.31-2.22 (m, 2H, H4'), 1.96-1.82 (m, 5H,
H2',H7’,H8'),1.71-1.08 (m, 26 H, H5, H7, H9, H1’, HY', H11’, H12', H14' -
H17', H20", H22'-H25'), 1.00 (s, 3H, H19'), 0.95 (d, J=6.5 Hz, 3H, H21"),
0.90 (dd, J=5.5, 1.0 Hz, 6H, H26', H27'), 0.70 (s, 3H, H18'); C NMR
(75 MHz, CDCl;): 6 =156.64, 156.34 (NHC(O)O), 139.86 (C5'), 136.60
(C1” of Ph), 128.51-127.85 (rest of Ph), 122.36 (C6'), 74.01 (C3'), 67.22,
66.50 (PhCH,), 56.69 (C14'), 56.18 (C17'), 50.01 (C9'), 46.55 (C10), 47.34—
46.22 (C2, C4, C6, C8), 45.81 (C1), 42.31 (C4'), 39.86 (C16'), 39.77 (C24),
39.54 (C5), 38.68 (C9), 36.53 (C22'), 36.23 (C8'), 35.81 (C20"), 31.88 (C7'),
28.26 (C2'), 2799 (C25'), 24.31 (C12'), 23.88 (C15'), 22.88 (C23'), 22.62
(C26'),21.07 (C11'),19.34 (C19'), 18.78 (C21'), 11.90 (C18'); MS (FAB™): m/
z=2855 [M+H]", 398, 369 [Chol]", 154, 121, 105, 91 [C;H,]*, 57; HRMS
(FAB™) C5,H;oN,Oy: [M+H]" calcd 855.6000, found 855.6009.

N'-Cholesteryloxycarbonyl-4,8-diaza-N*!1-di(phenylmethoxycarbonyl)un-
decane-1,11-diamine (16 e): This was prepared from 15¢ and 5b in a similar
fashion to 8a on a 2.35mmol scale and purifed by chromatography
(96:3.5:0.5 CH,Cl,/MeOH/NHj; to 92:7:1 CH,Cl,/MeOH/NH;) to give 16e
as a hygroscopic, white solid. Yield: 1.53 g (75%); R;=0.28 (92:7:1 CH,Cl,/
MeOH/NH;); IR (CH,CL,): v=3334, 2901, 2867, 1698, 1532, 1467, 1455,
1373, 1137 cm~'; 'TH NMR (300 MHz, CDCl,): 6 =7.33 (m, 10H, Ph), 5.80-
5.50 (brm, 2H, ChocNH, ZNH), 5.37 (m, 1H, H6'), 5.12 (s, 2H, PhCH,0),
5.08 (s, 2H, PhCH,0), 4.49 (m, 1H, H3'), 3.31 (brm, 4H, H7, H9), 3.17
(brm, 4H, H1, H11), 2.56 (m, 4 H, H3, H5), 2.37-2.26 (m, 2H, H4'), 2.04 -
1.82 (m, 5H, H2', H7', H8'), 1.72-1.07 (m, 28 H, H2, H4, H6, H10, H1’, HY',
H11', H12', H14'-H17', H20', H22'-H25'), 1.00 (s, 3H, H19'), 0.93 (d, /=
6.5 Hz, 3H, H21'), 0.88 (dd, /=5.5, 1.0 Hz, 6H, H26', H27'), 0.69 (s, 3H,
H18'); 3C NMR (75 MHz, CDCl;): 6 =156.53, 156.36 (NHC(0)O), 139.86
(C5), 136.64 (C1” of Ph), 128.56-127.89 (rest of Ph), 122.42 (C6’), 74.09
(C3'), 67.23, 66.45 (PhCH,), 56.69 (C14'), 56.17 (C17’), 50.02 (C9"), 47.52 -
46.36 (C1, C7, C9, C11), 44.93 (C3), 44.35 (C5), 42.32 (C4), 39.76 (C16'),
39.54 (C24'), 38.67 (C2), 37.02 (C6), 36.56 (C22'), 36.22 (C8'), 35.81 (C20'),
31.89 (C7'),28.98 (C10), 28.25 (C2'),28.01 (C25'), 24.31 (C12'),23.87 (C15'),
22.87 (C23'), 22.61 (C26'), 21.07 (C11"), 19.34 (C19'), 18.77 (C21’), 11.89
(C18); MS (FAB*): m/z =869 [M+H]", 369 [Chol]*, 161, 145, 121, 105, 91
[CH,]*, 69, 55; HRMS (FAB*) Cs3HgN,Og: [M+H]* caled 869.6156,
found 869.6154.

N'-Cholesteryloxycarbonyl-4,9-diaza-N*'2-di(phenylmethoxycarbonyl)do-
decane-1,12-diamine (16f): This was prepared from 15d and 5b analo-
gously to 8a on a 2.90 mmol scale and purified by chromatography
(96:3.5:0.5 CH,Cl,/MeOH/NH; to 92:7:1 CH,Cl,/MeOH/NHj;) to give 16 f
as a hygroscopic, white solid. Yield: 1.78 g (71 %); R;=0.25 (92:7:1 CH,CL,/
MeOH/NH;); IR (CH,CLy): 7=3567-3349, 3037, 2942, 1681, 1531, 1455,
1378, 1255, 1139 em~'; '"H NMR (300 MHz, CDCl,): 6 =7.33-7.30 (m, 10H,
Ph), 6.08 (brs, 1 H, ZNH), 5.77 (brs, 1 H, ChocNH), 5.37 (m, 1 H, H6'), 5.12
(s, 2H, PhCH,0), 5.08 (s, 2H, PhCH,0), 4.49 (m, 1 H, H3), 3.25 (m, 6H,
H3, H5, H12), 3.11 (m, 2H, H1), 2.61-2.52 (m, 4H, HS, H10), 2.34-2.19
(m, 2H, H4'), 2.06- 1.86 (m, SH, H2', H7, HS'), 1.66-1.13 (m, 30H, H2,
H6, H7, H9, H11, H1', HY', H11’, H12', H14' - H17', H20’, H22' - H25'), 1.01
(s, 3H, H19'), 0.95 (d, /=6.0 Hz, 3H, H21"), 0.91 (d, J=6.5 Hz, 6 H, H26/',
H27'), 0.71 (s, 3H, H18'); *C NMR (75 MHz, CDCL,): 6 = 156.62, 156.27,
155.96 (NHC(0)O), 139.88 (C5'), 136.89, 136.72 (C1” of Ph), 128.49—
12773 (rest of Ph), 12230 (C6'), 74.01 (C3'), 67.03, 66.29 (PhCH,), 56.66
(C14'), 56.15 (C17'), 49.98 (CY), 49.27 (C1), 47.53-46.34 (C3, C5, C12),
42.28 (C4'), 39.74 (C24'), 39.52 (C10), 38.63 (C8), 37.01 (C11), 36.51 (C22)),
3621 (C8), 35.80 (C20'), 31.58 (C7’), 29.48 (C2), 28.22 (C2'), 27.98 (C25),
2701 (C7), 24.29 (C12'), 23.87 (C15'), 22.88 (C23), 22.62 (C26), 21.05
(C11'), 19.34 (C19'), 18.77 (C21'), 11.88 (C18); MS (FAB*): m/z =883
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[M+H]*, 515, 369 [Chol]*, 261, 221, 133, 121, 105, 91 [C;H,]*, 77 [CsH;]*,
55; HRMS (FAB") Cs,Hg;N,Og: [M+H]* caled 883.6313, found 883.6341.
N'-Cholesteryloxycarbonyl-3,7-diazanonane-1,9-diamine (CDAN, [B198],
17 a): This was prepared from 16 a in a similar manner to the synthesis of 9a
on a 1.50 mmol scale to give 17a as a hygroscopic, white solid. Yield:
850 mg (99 %); IR (CH,Cl,): 7=3584-3245, 2937, 2868, 1695, 1538, 1469,
1379, 1251, 1133, 1014 cm~'; 'H NMR (400 MHz, CDCl;): 6 =5.82 (brs,
1H, ChocNH), 5.23 (m, 1H, H6’), 433 (m, 1H, H3"), 3.54-2.55 (m, 16 H,
H1-H4, H6-H9, NH,), 2.21-2.09 (m, 2H, H4'), 1.97-1.73 (m, 5H, H2',
H7',H8'), 1.55-0.99 (m, 23H, H5, H1’, HY, H11', H12', H14'-H17', H20/,
H22'-H25'), 0.88 (s, 3H, H19'), 0.78 (d, /= 6.0 Hz, 3H, H21’), 0.74 (d, J =
6.5 Hz, 6H, H26', H27'), 0.55 (s, 3H, H18'); *C NMR (100 MHz, CDCL):
0=156.38 (NHC(0)O), 139.70 (C5'), 122.30 (C6'), 73.99 (C3'), 56.56
(C14), 56.05 (C17’), 51.91 (C1), 49.88 (C9'), 47.95 (C2), 42.18 (C4'), 41.12
(C8), 39.63 (C16'), 39.40 (C24"), 38.53 (C2), 36.90 (C1"), 36.42 (C22’), 36.08
(C8'), 35.69 (C20"), 31.75 (C7’), 29.62 (C5), 28.12 (C2'), 27.86 (C25'), 24.17
(C12), 23.75 (C15'), 22.73 (C23'), 22.48 (C26'), 20.94 (C11'), 19.24 (C19"),
18.62 (C21'), 11.76 (C18'); MS (FAB™*): m/z =573 [M+H]*, 544, 513, 369
[Chol]*, 215,175, 147,121, 95, 69, 55; HRMS (FAB*) C3sHgsN,O,: [M+H]*
caled 573.5108, found 573.5139.
N'-Cholesteryloxycarbonyl-3,6-diazanonane-1,9-diamine (17b): This was
prepared from 16b in a similar fashion to 9a on a 1.01 mmol scale to give
17b as a hygroscopic, white solid. Yield: 56 mg (99 %); IR (CH,CL): 7=
3439-3294, 2938, 2868, 1698, 1530, 1467, 1379, 1253, 1135, 1032 cm™!; 'H
NMR (300 MHz, CDCl;): 6 =5.55 (brs, 1H, ChocNH), 5.33 (m, 1H, H6'),
4.43 (m, 1H, H3'), 3.63-2.99 (m, 10H, H1, H2, H4, HS, H9), 2.77 (m, 2H,
H7),2.36-2.18 (m, 2H, H4'), 2.00-1.79 (m, 5H, H2’, H7', HY'), 1.65-1.05
(m, 27H, H3, He, HS, H1’, HY', H11’, H12', H14'-H17', H20', H22'-25',
NH,), 0.98 (s,3H, H19'),0.89 (d, J=5.5 Hz, 3H, H21), 0.84 (d, /= 6.5 Hz,
6H, H26’, H27'), 0.65 (s, 3H, H18'); 3*C NMR (75 MHz, CDCl,): 6 =156.76
(NHC(0)0), 139.82 (C5'), 122.43 (C6'), 74.37 (C3'), 56.70 (C14'), 56.19
(C17'), 51.48 (C9’), 50.03 (C1), 48.80 (C2), 44.69 (C4), 42.31 (C7), 40.43
(C4'),39.76 (C16'), 39.51 (C24'), 38.62 (C9), 37.02 (C1"), 36.55 (C22'), 36.20
(C8"), 35.79 (C20), 31.88 (C7’), 28.21 (C2'), 27.97 (C25"), 24.27 (C12’), 23.86
(C15"), 22.80 (€C23'), 22.55 (C26'), 21.05 (C11'), 19.33 (C19"), 18.72 (C21’),
11.86 (C18); MS (FAB*"): m/z =573 [M+H]*, 369 [Chol]*, 215, 161, 147,
121, 105, 95, 81, 69, 55; HRMS (FAB*) C;HgN,O,: [M+H]* caled
573.5108, found 573.5136.
N'-Cholesteryloxycarbonyl-3,8-diazaundecane-1,11-diamine (17¢): This
was prepared from 16¢ in a similar fashion to 9a on a 0.18 mmol scale to
give 17 ¢ as a hygroscopic, white solid. Yield: 107 mg (99%); IR (CH,CL):
7=13396, 2936, 2867, 1701, 1476, 1256, 1197 cm~'; 'H NMR (300 MHz,
CDCl): 0=5.31 (d, J=5.0Hz, 1H, H6'), 5.23 (brm, 1H, ChocNH), 4.42
(m, 1H, H3"),3.16 (m, 2H, H1), 2.73-2.55 (m, 10H, H2, H4, H7, H9, H11),
2.32-2.16 (m, 2H, H4'), 1.96-1.77 (m, SH, H2', H7', H¥'), 1.59 (quin, J =
7.0 Hz,2H, H10), 1.56 -1.01 (m, 29 H, H3, H5, H6, H8, H1', HY’, H11’, H12',
H14'-H17', H20', H22'-25', NH,), 0.94 (s, 3H, H19'), 0.84 (d, J=6.5 Hz,
3H, H21),0.79 (dd, J=5.5,1.5 Hz, 6 H, H26', H27"), 0.60 (s, 3H, H18'); BC
NMR (75 MHz, CDCL): 6=156.39 (NHC(O)O), 139.88 (C5'), 122.45
(C6'), 74.26 (C3'), 56.70 (C14'), 56.15 (C17'), 50.03 (C9'), 49.28 (C9), 48.96
(C7), 42.32 (C1), 40.43 (C4'), 39.75 (C16'), 39.52 (C24'), 38.61 (C4), 37.01
(C1"), 36.19 (C8'), 35.80 (C20'), 31.90 (C7’), 28.22 (C2'), 28.01 (C25'), 27.85
(CS), 24.29 (C12'), 23.84 (C15'), 22.82 (C23"), 22.57 (C26'), 21.05 (C11’),
19.34 (C19'), 18.72 (C21'), 11.86 (C18'); MS (FAB"): m/z =601 [M+H]",
544, 525, 369 [Chol]*, 159, 145, 121, 105, 95, 81, 69, 57; HRMS (FABY)
Cy;HgoN,O,: [M+H]* caled 601.5421, found 601.5394.

N'".Cholesteryloxycarbonyl-3,7-diazadecane-1,10-diamine (17d): This was
prepared from 16d in a similar fashion to 9a on a 2.14 mmol scale, to give
17d as a hygroscopic, white solid. Yield: 1.24 g (99 %); IR (CH,CL): 7=
3334, 2904, 2871, 1698, 1534, 1467, 1379, 1254 cm™!; 'H NMR (400 MHz,
CDCl;): 0 =5.87 (brs, 1H, ChocNH), 5.16 (m, 1 H, H6), 4.26 (m, 1 H, H3’),
3.02 (m, 2H, H10), 2.62 (m, 2H, H1), 2.51-2.46 (m, 8H, H2, H4, H6, HS),
2.18-1.92 (m, 2H, H4'), 1.83-0.86 (m, 34H, H3, HS5, H7, H9, H1’, H2',
H7'-HY', H11’, H12', H14'-H17', H20', H22'-H25', NH,), 0.81 (s, 3H,
H19'), 0.72 (d, J=6.5 Hz, 3H, H21’), 0.66 (dd, J=5.0, 1.5 Hz, 6H, H26',
H27'), 0.48 (s, 3H, H18); “C NMR (100 MHz, CDCl): 6=156.20
(NHC(0)0), 139.68 (C5'), 122.15 (C6'), 73.68 (C3'), 56.49 (C14'), 55.98
(C17'), 52.24 (C10), 49.82 (C9'), 48.06 (C8), 42.11 (C4"), 41.40 (Co), 39.56
(C16'),39.34 (C24'),38.51 (C2),36.35 (C22'),36.02 (C8'), 35.63 (C20"), 31.68
(C7'),29.91 (C5), 28.07 (C2'), 27.80 (C25"), 24.11 (C12’), 23.69 (C15'), 22.69
(C23"), 22.44 (C26'), 20.88 (C11"), 19.19 (C19'), 18.57 (C21"), 11.70 (C18);
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MS (FAB™*): m/z =587 [M+H]", 369 [Chol]*, 161, 149, 131, 121, 105, 95, 81,
55; HRMS (FAB*) C;HgN,O,: [M+H]* caled 587.5264, found 587.5302.
N'-Cholesteryloxycarbonyl-4,8-diazaundecane-1,11-diamine (17e): This
was prepared from 16e in a similar fashion to 9a on a 1.53 mmol scale to
give 17e as a hygroscopic, white solid. Yield: 909 mg (99 %); IR (CH,CL,):
7=3347-3294,2937,2868, 1698, 1533, 1467, 1379, 1250, 1132, 1037 cm~'; '"H
NMR (300 MHz, CDCl;): 6 =5.75 (brs, 1H, ChocNH), 5.22 (m, 1H, H6'),
4.33 (m, 1H, H3"),3.09 (m, 2H, H1), 2.65 (t,J/ = 6.5 Hz, 2H, H3), 2.58 -2.48
(m, 8H, HS5, H7, H9, H11), 2.28-2.12 (m, 2H, H4'), 1.96-1.69 (m, 5H, H2',
H7', H8'), 1.57-0.92 (m, 31 H, H2, H4, H6, H8, H10, H1’, HY', H11’, H12',
H14'-H17', H20', H22'-H25', NH,), 0.87 (s, 3H, H19"), 0.78 (d, / = 6.5 Hz,
3H, H21'),0.73 (dd, J=5.5, 1.5 Hz, 6 H, H26', H27'), 0.54 (s, 3H, H18'); *C
NMR (75 MHz, CDCly): 6=156.28 (NHC(0)O), 139.78 (C5'), 122.24
(Ce'), 73.84 (C3'), 56.58 (C14'), 56.07 (C17’), 49.92 (C9'), 48.32 (C1), 48.21
(C3), 47.76 (CS5), 42.31 (C9), 42.20 (C4'), 39.65 (C16'), 39.42 (C24'), 38.57
(C8), 36.94 (C1"), 36.44 (C22'), 36.10 (C8'), 35.70 (C20"), 31.78 (C7’), 29.75
(C2),28.14 (C2'),27.88 (C25'),24.19 (C12'),23.76 (C15'), 22.75 (C23'), 22.50
(C26'), 20.96 (C11"), 19.26 (C19'), 18.65 (C21"), 11.77 (C18'); MS (FAB*):
mlz =601 [M+H]*, 369 [Chol]*, 273, 255, 229, 215; HRMS (FABY)
C3;HgoN,O,: [M+H]* caled 601.5421, found 601.5449.
N'-Cholesteryloxycarbonyl-4,9-diazadodecane-1,12-diamine (CDAD,
[B185], 17f): This was prepared from 16 f in a similar fashion to 9a on a
1.64 mmol scale to give 17f as a hygroscopic, white solid. Yield: 990 mg
(99%); IR (CH,Cl,): 7=3349, 2937, 2868, 1697, 1468, 1378, 1253 cm™!; 'H
NMR (400 MHz, CDCl;): 6 =5.70 (brs, 1H, ChocNH), 5.27 (m, 1H, H6'),
4.38 (m, 1H, H3'),3.28-3.14 (m, 6 H, H1, H4, H9, NH,), 2.71 (t,J = 6.5 Hz,
2H, H12), 2.63-2.52 (m, 8H, H3, HS, H8, H10), 2.33-2.17 (m, 2H, H4'),
1.93-1.85(m,5H, H2',H7',HS8'),1.77-1.07 (m, 29 H, H2, H6, H7, H11, H1',
HY', H11', H12', H14'-H17', H20", H22' - H25'), 1.03 (s, 3H, H19'), 0.97 (d,
J=6.0Hz,3H, H21"),0.77 (dd,/=5.0, 1.5 Hz, 6 H, H26", H27"), 0.59 (s, 3H,
H18'); BC NMR (100 MHz, CDCl,): 6 =156.25 (NHC(0)0), 139.77 (C5'),
122.26 (Ce'), 73.87 (C3'), 56.57 (C14'), 56.04 (C17'), 49.90 (C1), 49.60 (C9’),
49.47 (C3), 47.40 (C10), 42.19 (C4'), 39.63 (C16'), 39.40 (C24'), 38.55 (C8),
36.92 (C5), 36.44 (C22), 36.08 (C8'), 35.69 (C20"), 31.77 (C7’), 28.13 (C2'),
27.87 (C25'), 2753 (C2), 24.18 (C16), 23.74 (C12'), 22.73 (C23'), 22.48
(C26'), 20.94 (C11"), 19.25 (C19'), 18.62 (C21"), 11.76 (C18'); MS (FAB™):
mlz =615 [M+H]*, 539, 369 [Chol]*, 161, 147, 129, 105, 81, 69, 57; HRMS
(FAB*) CyH;N,O,: [M+H]* caled 615.5577, found 615.5626.
3-Bromo-N-(cholesteryloxycarbonyl)propanamine (18): Methanesulfonyl
chloride (4.76 mL, 61.5 mmol, 2.5 equiv) was added dropwise to a solution
of 4b (12.0 g, 24.6 mmol) and Et;N (10.30 mL, 73.8 mmol, 3 equiv) in
CH,Cl, (120 mL) at 0°C under a nitrogen atmosphere. After addition, the
solution was allowed to warm to room temperature and stirring continued
for 30 min. The reaction was quenched with ice (1 g) and poured into a
mixture of ether (200 mL) and saturated NH,Cl (100 mL) and the organic
layer separated. The aqueous layer was extracted with ether (2 x 150 mL),
the combined organic layers washed with water (2 x 100 mL) and brine
(100 mL) and dried (Na,SO,). Removal of the solvents gave a white solid,
to which was added NaBr (12.66 g, 123 mmol, 5 equiv) and DMF (120 mL),
under a nitrogen atmosphere. The suspension was carefully heated to 80°C
for 2 h, allowed to cool and the solvent removed in vacuo. The viscous
residue was redissolved in ether (300 mL), washed with water (2 x 100 mL)
and brine (100 mL), dried (Na,SO,) and the solvent removed. Chromatog-
raphy (50-100% ether/petrol) gave 18 as a white crystalline solid. Yield:
12.5 g (92%); m.p.: 131°C; R;=0.67 (ether); IR (CH,Cl,): #=3333, 2904,
2822, 1684, 1540, 1467, 1380, 1264, 1135 cm~'; '"H NMR (270 MHz, CDCl,):
0=5.35(d, J=5.0Hz, 1H, H6'), 4.88 (brs, 1H, ChocNH), 4.49 (m, 1H,
H3'), 3.42 (t, J=6.5Hz, 2H, H3), 3.30 (q, /=6.0 Hz, 2H, H1), 2.33-2.21
(m, 2H, H4'), 2.07-1.81 (m, 7H, H2, H2', H7’, HY'), 1.60-1.02 (m, 21H,
H1', HY, H11', H12', H14'-H17', H2(0', H22'-H25'), 0.99 (s, 3H, H19'),
0.89 (d, J=6.5Hz, 3H, H21"), 0.84 (dd, J=6.0, 1.0 Hz, 6H, H26’, H27'),
0.66 (s, 3H, H18'); *C NMR (75 MHz, CDCl;): d =156.23 (NHC(O)O),
139.75 (C5'), 122.55 (C6'), 74.45 (C3'), 56.70 (C14'), 56.18 (C17'), 50.02
(C9'), 44.53 (C1), 42.33 (C4'), 39.76 (C24'), 39.54 (C16'), 38.58 (C13'), 37.01
(C1), 36.57 (C22'), 36.21 (C8'), 35.82 (C3), 31.90 (C7'), 30.70 (C2), 28.25
(C2'), 28.02 (C25'), 24.31 (C12'), 23.87 (C15’), 22.84 (C23'), 22.59 (C26'),
21.07 (C11"),19.36 (C19'), 18.74 (C21"), 11.88 (C18'); MS (FAB™*): m/z =369
[Chol]*, 255, 159, 145, 133, 119, 105, 91, 81, 69, 55; C;;H;,BrNO, (550.3):
caled C 67.60, H 9.52, N 2.54; found: C 67.62, H 9.57, N 2.57.
4-Aza-8-r-butyldiphenylsilyloxy-N'-cholesteryloxycarbonyl-N*-phenylme-
thoxycarbonyloctanamine (19): This was prepared from 18 and 3¢ in a
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similar manner to 13a on a 1.81 mmol scale and purified by chromatog-
raphy (25-80% ether/petrol) to give 19 as a viscous, colourless oil. Yield:
1.48 g (78 %); R;=0.30 (50 % ether/petrol); IR (neat, KBr): #=3351, 3070,
2936, 2905, 2867, 1699, 1509, 1468, 1381, 1266, 1247, 1112, 737, 701 cm~!; 'H
NMR (300 MHz, CDCl;): 6 =7.69 (d, J=6.5 Hz, 4H, H3", H5" of Ph,Si),
7.46-7.35 (m, 11 H, rest of Ph), 5.56 (brs, 1 H, ChocNH), 5.41 (d,J = 5.0 Hz,
1H, H6'), 5.16 (s, 2H, PhCH,0), 4.54 (m, 1H, H3'), 3.68 (m, 2 H, H8), 3.37 -
3.16 (m, 6H, H1, H3, HS), 2.38-2.27 (m, 2H, H4), 2.08 - 1.82 (m, 5H, H2',
H7', HY), 1.78-1.13 (m, 27H, H2, H6, H7, H1’, HY, H11’, H12/, H14' -
H17', H20', H22'-H25'), 1.09 (s, 9H, Me of -Bu), 1.06 (s, 3H, H19'), 0.97
(d,J=6.5Hz,3H, H21'),0.92 (d,J=6.5 Hz, 3H, H26'), 0.91 (d, /= 6.5 Hz,
3H, H27'), 0.73 (s, 3H, H18'); °C NMR (75 MHz, CDCl;): 6 =156.86,
156.32 (NHC(O)O0), 140.05 (C5'), 136.81-127.70 (Ph), 122.38 (C6'), 74.16
(C3'), 67.12 (PhCH,), 63.50 (C8), 56.76 (C14'), 56.21 (C17'), 50.09 (C9"),
47.02-46.56 (C3, C5), 44.13 (C1), 42.38 (C4'), 39.82 (C16'), 39.59 (C24'),
38.67 (C2), 3748 (C1"), 36.62 (C10'), 36.26 (C22'), 35.86 (C20'), 31.96 (C8"),
29.84 (C7), 28.31 (C6), 28.26 (C12'), 26.94 (Me of t-Bu), 24.36 (C15'), 23.91
(C23),22.91 (C26'), 22.66 (C27'), 21.12 (C11’), 19.41 (C19'), 19.25 (Me;C),
18.81 (C21"), 11.94 (C18'); MS (FAB™"): m/z =931 [M+H]*, 887 [M+H —
CO,|*, 797 [M+H — Z]*, 614, 519, 369 [Chol]*, 197, 161, 135, 91 [C;H,]*;
HRMS (FAB™) CsyHg;N,O5Si: [M+H]" caled 931.6615, found 931.6639.

8-(N-Cholesteryloxycarbonyl)amino-5-aza-N>-phenylmethoxycarbonyloc-
tanol (20): This was prepared from 19 in a similar way to the synthesis of
14a on a 1.02 mmol scale and after chromatography (ether to 35 % acetone/
ether) gave 20 as a waxy solid. Yield: 644 mg (90%); R;=0.51 (75 % ether/
acetone); IR (CH,Cl,): 7= 3422, 3353, 3065, 2943, 2906, 2868, 1699, 1525,
1468, 1380, 1167 cm~'; '"H NMR (300 MHz, CDCl,): 6 =7.32-7.30 (m, 5H,
Ph), 5.62 (brs, 1 H, ChocNH), 5.34 (m, 1H, H6'), 5.10 (s,2H, PhCH,0), 4.46
(m, 1H, H3'), 3.56 (m, 2H, H1), 3.23-3.15 (m, 4H, H4, H6), 3.10 (m, 2H,
HS), 2.30-2.18 (m, 2H, H4'), 2.02-1.81 (m, SH, H2', H7', HY'), 1.69 (m,
2H, H7), 1.57-1.05 (m, 26 H, H2, H3, H1’, HY', H11’, H12', H14'-H17',
H20', H22'-H25', OH), 0.99 (s, 3H, H19'), 0.90 (d, J=6.5 Hz, 3H, H21’),
0.85 (d, J=6.5 Hz, 6 H, H26', H27'), 0.67 (s, 3H,H18'); *C NMR (75 MHz,
CDCl;): 6 =156.74, 156.35 (NHC(0)0), 139.88 (C5'), 136.70 (C1” of Ph),
128.54-127.70 (rest of Ph), 122.40 (C6'), 74.18 (C3'), 67.16 (PhCH,), 62.00
(C1), 56.69 (C14'), 56.16 (C17’), 50.01 (C9'), 47.32 (C6), 46.55 (C4), 44.32
(C8), 42.31 (C4'), 39.75 (C16'), 39.54 (C24'), 38.61 (C7), 37.01 (C1'), 36.55
(C10), 36.21 (C22'), 35.82 (C20'), 31.88 (C8'), 29.74 (C2), 28.26 (C3), 28.20
(C12), 28.01 (C25'), 24.31 (C15'), 23.87 (C23'), 22.87 (C26'), 22.62 (C27'),
21.07 (C11'),19.36 (C19'), 18.76 (C21"), 11.89 (C18'); MS (FAB"): m/z = 693
[M+H]*, 649 [M+H — CO,]*, 626, 603, 559, 369 [Chol]*, 325,281,133, 121,
105, 91 [C;H,]*, 81 [CsHo]*, 69, 55; HRMS (FAB*) C;3HgN,O5: [M+H]*
caled 693.5206, found 693.5240.

8-(N-Cholesteryloxycarbonyl)amino-5-(N-phenylmethoxycarbonyl)azaoc-
tanal (21): This was prepared from 20 in a similar fashion to 5a on a
7.65 mmol scale and after purification by chromatography (50% ether/
petrol 1% NH;) gave 21 as a waxy solid. Yield: 4.96 g (94 % ); m.p.: 230°C
(decomp.); R;=0.28 (ether); IR (CH,Cl,): 7= 3431, 3348, 2944, 1698, 1527,
1455, 1380, 1253, 1172 cm™!; 'H NMR (300 MHz, CDCl;): 6 =9.72-9.62
(m, 1H, CHO), 7.33 (m, 5H, Ph), 5.51 (brs, 1H, ChocNH), 5.35 (m, 1H,
H6'), 5.11 (s, 2H, PhCH,0), 4.45 (m, 1H, H3'), 3.26 (m, 4H, H4, H6), 3.11
(m, 2H, H8), 2.45-2.25 (m, 4H, H2, H4'), 2.02-1.82 (m, 7H, H3, H2, H7,
H8), 1.68 (m, 2H, H7), 1.53-1.06 (m, 21 H, HI’, HY, H11’, H12/, H14'—
H17', H20’, H22'-H25'), 0.99 (s, 3H, H19'), 0.90 (d, / = 6.5 Hz, 3H, H21"),
0.85 (d, J=6.5Hz, 6H, H26’, H27'), 0.66 (s, 3H, H18'); 3C NMR (75 MHz,
CDCl,): 6 =201.09 (CHO), 156.23 (NHC(O)O0), 139.90 (C5'), 136.54 (C1”
of Ph), 128.58 —127.95 (rest of Ph), 122.39 (C6'), 74.14 (C3'), 67.26 (PhCH,),
56.69 (C14'), 56.16 (C17'), 50.01 (C9'), 47.36 (C4), 46.33 (C6), 44.25 (C2),
42.31 (C4'), 40.79 (C8), 39.76 (C16), 39.53 (C24'), 38.61 (C3), 37.02 (CL'),
36.56 (C22'),36.21 (C8'), 35.81 (C20"), 31.89 (C7'), 28.26 (C2'), 28.20 (C10"),
28.01 (C25"), 24.31 (C15'), 23.86 (C12'), 22.87 (C23'), 22.61 (C26'), 21.06
(C11"), 19.36 (C19'), 18.76 (C21'), 11.89 (C18'); MS (FAB*): m/z =369
[Chol]*, 159, 129, 117, 105, 95, 91 [C,H,]*, 79, 69, 55; C;3HeN,Os5 (690.5):
caled C 74.73, H 9.63, N 4.06; found: C 74.54, H 9.40, N 3.95.

N*®-Cholesteryloxycarbonyl-3,7,12-triaza-N"*'>-tri(phenylmethoxycarbon-
yl)pentadecane-1,15-diamine (22a): This was prepared from 15b and 21 in
an analogous way to the synthesis of 8a on a 2.91 mmol scale and purified
by chromatography (96:3.5:0.5 CH,ClL,/MeOH/NH; to 92:7:1 CH,Cly/
MeOH/NH;) to give 22a as a white, hygroscopic solid. Yield: 2.28 g (74 %);
R;=0.33 (92:7:1 CH,Cl,/MeOH/NHj;); IR (CH,CL,): 7= 3630-3346, 3064,
2942, 1693, 1531, 1455, 1366, 1253, 1139 cm~'; 'H NMR (300 MHz, CDCl;):
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0=732-728 (m, 15H, Ph), 6.05-5.75 (brm, 2H, ChocNH, ZNH), 5.37 (m,
1H, H6'), 523 (s, 2H, PhCH,0), 5.09 (s, 2H, PhCH,0), 5.06 (s, 2H,
PhCH,0), 4.49 (m, 1H, H3), 3.32-3.12 (m, 12H, H1, H2, H4, H11, H13,
H15), 2.50 (m, 4H, H6, H8), 2.34-2.20 (m, 2H, H4'), 2.04-1.86 (m, 5H,
H2',H7', H8'), 1.68 (m, 4H, H5, H14), 1.56 (m, 4 H, H9, H10), 1.53-1.07 (m,
22H, H7, HI', HY, H11', H12, H14'~ H17', H20, H22'— H25'), 1.00 (s, 3H,
H19'), 0.94 (d, J=6.0 Hz, 3H, H21'), 0.89 (d, /= 6.5 Hz, 6H, H26', H27'),
0.69 (s, 3H, H18'); “C NMR (75 MHz, CDCL,): 6 =156.61, 156.27, 155.95
(NHC(0)0), 139.90 (C5), 136.75, 136.62 (C1” of Ph), 128.49—127.76 (rest
of Ph), 122.32 (C6'), 74.03 (C3'), 67.14, 67.04, 66.44 (PhCH,), 56.67 (C14'),
56.15 (C17'), 49.99 (C9'), 49.42 (C15), 46.87-46.34 (C1, C2, C4, C11, C13),
42.29 (C4), 39.76 (C24'), 39.53 (C6), 38.64 (C8), 37.02 (C5), 36.53 (C22)),
3621 (C8'), 35.80 (C20'), 31.86 (C7'), 28.23 (C2), 27.99 (C25'), 27.13 (C9),
2431 (C12), 23.87 (C15'), 22.90 (C23'), 22.64 (C26'), 21.07 (C11"), 19.35
(C19), 18.78 (C21'), 11.90 (C18'); MS (FAB*): m/z = 1060 [M+H]*, 369
[Chol]*, 147, 121, 105, 91 [C,H,]*, 77 [CeHs]*, 67, 57; HRMS (FAB")
CosHoyN;Oy: [M+H]*, 1060.7102, found: 1060.7083.

N'¢-Cholesteryloxycarbonyl-4,8,13-triaza-N'*-tri(phenylmethoxycarbon-
yl)hexadecane-1,16-diamine (22b): This was prepared from 15¢ and 21
in a similar fashion to 8a on a 2.89 mmol scale and after chromatography
(96:3.5:0.5 CH,Cl,/MeOH/NH; to 92:7:1 CH,Cl,/MeOH/NH;) gave 22b as
a white, hygroscopic solid. Yield: 1.32 g (71%); R;=0.27 (92:7:1 CH,Cl,/
MeOH/NH;); IR (CH,Cl,): v=3325, 3033, 2942, 2867, 1699, 1527, 1475,
1455, 1368, 1252, 1139, 1083 cm~!; "H NMR (300 MHz, CDCl;): 6 =733 (m,
15H, Ph), 5.78-5.53 (brm, 2H, ChocNH, ZNH), 5.36 (d, J=5.0 Hz, 1H,
H6'), 5.12 (s, 2H, PhCH,0), 5.11 (s, 2H, PhCH,0), 5.08 (s, 2H, PhCH,0),
4.48 (m, 1H, H3'), 3.30-3.14 (m, 12H, H1, H3, H5, H12, H14, H16), 2.52
(m, 4H, H8, H10), 2.32-2.18 (m, 2H, H4'), 2.03-1.83 (m, 5H, H2', H7',
HS'), 1.78-1.06 (m, 32H, H2, H6, H7, H9, H11, H15, H1’, HY', H11', H12',
H14'-H17', H20', H22'-H25"), 1.01 (s, 3H, H19), 0.93 (d, /= 6.5 Hz, 3H,
H21'), 0.87 (dd, J=5.5, 1.0 Hz, 6H, H26', H27'), 0.68 (s, 3H, H18'); 1*C
NMR (75 MHz, CDCL): 6 =156.50, 156.27 (NHC(O)O), 139.97 (C5'),
136.67 (C1” of Ph), 128.56 —-127.84 (rest of Ph), 122.37 (C6’), 74.15 (C3'),
6721, 67.13, 66.48 (PhCH,), 56.71 (C14’), 56.18 (C17’), 50.04 (C9’), 49.50
(C1), 47.31-46.46 (C3, C5, C12, C14, C16), 44.25 (C10), 42.33 (C4'), 39.77
(C16'),39.54 (C24'), 38.63 (C8), 37.04 (C11), 36.58 (C22'), 36.22 (C8'), 35.81
(C20),31.91 (CT7'), 28.24 (C2'), 28.02 (C25'), 27.22 (C2), 24.31 (C12'), 23.86
(C15'), 22.87 (C23'), 22.61 (C26'), 21.08 (C11’), 19.36 (C19'), 18.77 (C21),
11.90 (C18'); MS (FAB*): m/z =1074 [M+H]*, 706, 369 [Chol]*, 154, 136,
121, 107, 91 [CH,]*, 77 [CeHs]* 69, 43; HRMS (FAB*) CgsHoNsOg:
[M+H]* caled 1074.7256, found 1074.7279.

N'-Cholesteryloxycarbonyl-4,9,14-triaza-N*'4"-tri(phenylmethoxycarbo-

nyl)heptadecane-1,17-diamine (22¢): This was prepared from 15d and 21
analogously to 8a on a 2.28 mmol scale and purified by chromatography
(92:7:1 CH,Cl,/MeOH/NH;) to give 22¢ as a hygroscopic, white solid.
Yield: 1.40 g (56 % ); R;=0.25 (92:7:1 CH,Cl,/MeOH/NHs;); IR (CH,Cl,):
7=3649-3384, 3069, 2933, 1679, 1655, 1483, 1455, 1366, 1139 cm™!; 'H
NMR (300 MHz, CDCl;): 6 =734 (m, 15H, Ph), 5.88 (brs, 1H, ZNH), 5.64
(brs, 1H, ChocNH), 5.39 (m, 1H, H6'), 5.14 (s, 2H, PhCH,0), 5.13 (s, 2H,
PhCH,0), 5.10 (s, 2H, PhCH,0), 4.50 (m, 1H, H3), 3.38-3.16 (m, 12H,
H1, H3, H5, H13, H15, H17), 2.55 (m, 4H, HS8, H10), 2.35-2.23 (m, 2H,
H4'), 2.06-1.84 (m, SH, H2, H7', H8)), 1.70 (m, 4H, H2, H16), 1.57-1.10
(m, 30H, H6, H7, H9, H11, H12, H1, HY, H11’, H12, H14' - H17', H20/,
H22'-H25"), 1.02 (s, 3H, H19'), 0.94 (d, J=6.5 Hz, 3H, H21"), 0.90 (d, / =
6.5 Hz, 6H, H26', H27'), 0.70 (s, 3H, H18"); 3C NMR (75 MHz, CDCL):
0=156.53, 156.28 (NHC(0)O), 139.93 (C5'), 136.75 (C1” of Ph), 128.52 -
12775 (rest of Ph), 122.34 (C6'), 74.09 (C3'), 67.09, 66.41 (PhCH,), 56.69
(C14), 56.16 (C17’), 50.02 (C9'), 49.55 (C1), 46.63-46.12 (C3, C5, C13),
44.23 (C15), 42.31 (C4'), 39.76 (C24"), 39.54 (C17), 38.63, 37.03 (C8, C10),
36.56 (C22'),36.21 (C8'), 35.80 (C20"), 31.89 (C7’), 28.22 (C2'), 28.01 (C25'),
2729, 26.44 (C7, C11), 24.31 (C12'), 23.86 (C15'), 22.89 (C23'), 22.63 (C26'),
21.07 (C11'), 19.36 (C19'), 18.77 (C21’), 11.90 (C18'); MS (FAB*): m/z =
1088 [M+H]*, 369 [Chol]*, 147, 133, 121, 105, 91 [C;H,]*, 77 [C{H;]*, 57;
HRMS (FAB*) C4HgsNsOg: [M+H]* caled 1088.7415, found 1088.7404.

N*-Cholesteryloxycarbonyl-3,7,12-triazapentadecane-1,15-diamine

(CTAP, [B232], 23a): This was prepared from 22a in the same way as the
preparation of 9a on a 1.47 mmol scale, to give 23a as a hygroscopic, white
solid. Yield: 957 mg (99 %); IR (CH,CL,): 7= 3568 —3295, 2937, 1690, 1537,
1467,1380, 1130, 1019 cm~'; '"H NMR (300 MHz, CDCl;): 6 =5.76 (brs, 1H,
ChocNH), 522 (m, 1H, H6'), 4.32 (m, 1 H, H3'), 3.21 (m, 2H, H15), 2.65 (t,
J=5.5Hz,2H, H13),2.56-2.45 (m, 12H, H1, H2, H4, H6, H8, H11),2.18 -
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2.05 (m, 2H, H4'), 1.97-1.67 (m, 10H, H3, H7, H12, H2', H7', H8', NH,),
1.59-0.91 (m, 29H, H5, H9, H10, H14, H1’, HY', H11’, H12', H14'-H17,
H20’, H22'-H25'), 0.86 (s, 3H, H19'), 0.77 (d, J=6.5 Hz, 3H, H21"), 0.72
(dd,J=6.0,1.0 Hz, 6H, H26', H27'), 0.53 (s, 3H, H18'); ®*C NMR (75 MHz,
CDCl,): 6=156.24 (NHC(0)O), 139.77 (C5'), 122.21 (C6’), 73.81 (C3'),
56.57 (C14'), 56.05 (C17'),49.91 (C9'), 49.67 (C15), 48.20 (C13), 42.19 (C4'),
39.64 (C16'), 39.40 (C24'), 38.56 (C2), 36.92 (C1'), 36.43 (C22'), 36.08 (C8'),
35.68 (C20r), 31.77 (CT7’), 28.12 (C2’), 27.86 (C25'), 27.69 (C14), 27.63 (C5),
2417 (C12), 23.74 (C15'), 22.73 (C23'), 22.48 (C26'), 20.94 (C11), 19.25
(C19), 18.63 (C21'), 11.76 (C18'); MS (FAB™*): m/z =658 [M+H]*, 539, 369
[Chol]*, 147, 133, 121, 109, 95, 84, 69, 57; HRMS (FAB*) C,H7N;O,:
[M+H]" caled 658.5999, found 658.6056.

N'¢-Cholesteryloxycarbonyl-4,8,13-triazahexadecane-1,16-diamine
(CTAH, [B222], 23b): This was prepared from 22b in a similar fashion to
9a on a 0.90 mmol scale to give 23b as a hygroscopic, white solid. Yield:
598 mg (99 %); IR (CH,CL,): 7=3344, 2936, 2855, 1700, 1536, 1468, 1379,
1265, 1122, 1028 cm™'; 'H NMR (300 MHz, CDCl;): 6 =5.69 (brs, 1H,
ChocNH), 5.22 (d, J=4.0 Hz, 1H, H6), 433 (m, 1H, H3'), 3.20 (m, 2H,
H1), 2.63 (t, J=6.5 Hz, 2H, H3), 2.55-2.35 (m, 12H, HS, HS, H10, H12,
H14, H16),2.23-2.08 (m, 7H, H4, H9, H13, H4', NH,), 1.90-1.63 (m, 5H,
H2', H7', HY'), 1.57-0.90 (m, 31H, H2, H6, H7, H11, H15, H1’, HY', H11',
H12', H14'-H17', H20', H22' - H25'), 0.87 (s, 3H, H19"),0.78 (d, / = 6.5 Hz,
3H, H21'), 0.73 (d, J=6.5 Hz, 6H, H26', H27'), 0.55 (s, 3H, H18'); BC
NMR (75 MHz, CDCl;): 6=156.27 (NHC(O)O), 139.79 (C5'), 122.24
(C6'), 73.86 (C3'), 56.58 (C14'), 56.06 (C17), 49.92 (C9'), 49.62 (C1), 49.72
(C3), 49.62 (C12), 47.52 (C14), 42.20 (C4'), 39.65 (C16), 39.42 (C24'), 38.56
(C8), 36.93 (C1"), 36.45 (C22), 36.09 (C8'), 35.69 (C20), 31.78 (C7’), 28.14
(C2'), 27.88 (C25'), 27.74 (C2), 24.19 (C12), 23.74 (C15'), 22.75 (C23'),
22.49 (C20), 20.95 (C11), 19.26 (C19'), 18.64 (C21'), 11.77 (C18); MS
(FAB"): m/z =672 [M+H]", 584, 570, 539, 369 [Chol]*, 133, 121, 105, 95,
84, 69, 55; HRMS (FAB*) C,H»NsO,: [M+H]* caled 672.6156, found
672.6205.

N'-Cholesteryloxycarbonyl-4,9,14-triazaheptadecane-1,17-diamine (23c¢):
This was prepared from 22¢ in a similar fashion to 9a on a 1.21 mmol
scale to give 23¢ as a hygroscopic, white solid. Yield: 821 mg (99 %); IR
(CH,CL,): 7= 3357, 2936, 2845, 1697, 1469, 1433 cm™!; 'H NMR (400 MHz,
CDCl,): 0 =5.69 (brs, 1H, ChocNH), 5.20 (m, 1 H, H6'), 4.31 (m, 1H, H3'),
3.06 (m, 2H, H1), 2.64-2.45 (m, 14H, H3, H5, H8, H10, H13, H15, H17),
2.33-2.13 (m, 2H, H4'), 2.11-1.84 (m, 5H, H2', H7', HY'), 1.79-1.01 (m,
38H, H2, H4, H6, H7, H9, H11, H12, H14, H16, H1, HY, H11’, H12', H14' -
H17', H20', H22'-H25', NH,), 0.98 (s, 3H, H19'), 0.77 (d, /=6.5 Hz, 3H,
H21'), 0.71 (dd, J=5.0, 2.0 Hz, 6 H, H26', H27'), 0.53 (s, 3H, H18'); BC
NMR (100 MHz, CDCL,): 6 =156.01 (NHC(O)O), 139.54 (C5’), 121.99
(Ce6'), 73.59 (C3'), 56.33 (C14'), 55.80 (C17’), 52.29 (C1), 49.66 (C9'), 49.35
(C3), 41.95 (C4), 39.39 (C16'), 39.16 (C24'), 36.68 (C22), 36.20 (C8'), 35.84
(C20"), 31.53 (C7'), 27.88 (C2'), 27.63 (C25'), 2747 (C2), 2743 (C16), 23.93
(C12), 23.49 (C15'), 22.49 (C23'), 22.24 (C26'), 20.70 (C11"), 19.01 (C19"),
18.39 (C21"), 11.52 (C18'); MS (FAB™): m/z =686 [M+H]*, 558, 539, 369
[Chol]*, 173, 147, 121, 105, 95, 84, 69, 57; HRMS (FAB*) C,,HN;O,:
[M+H]" caled 686.6312, found 686.6364.

In vitro and in vivo testing of cationic liposomes

For in vitro and in vivo tests, a dried lipid film containing the given
polyamine DC-Chol analogue and 2 (in a 1:0, 1:1, 1:2 or 2:1 molar ratio),
was hydrated for 10 min in sterile pyrogen-free water and then the
liposomes were produced by 2 min vortex mixing. Average diameter was
between 200-400 nm.' Cationic liposomes containing 1 and 2 were
formulated as described elsewhere.*!®! Cationic liposome/plasmid DNA
complexes were then prepared as follows. Both the cationic liposome
suspensions and the DNA (either pCF1-fGal plasmid expressing -
galactosidase or pCF1-CAT expressing chloramphenicol acetyl transfer-
ase)l"Yl solutions were separately preincubated for 5 min at 30°C before
being diluted to the appropriate final concentrations and then combined.
Usually, cationic liposome suspensions were added to an approximately
equal volume of plasmid DNA solutions. Complexes were allowed to
equilibrate for a minimum of 15 min at ambient temperature and used
within 2 h of preparation. In vitro and in vivo gene-delivery assays were
then performed as described previously using CFT1 cells and female
BALB/c mice, respectively.['
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Efficient Transport of Aromatic Amino Acids by
Sapphyrin — Lasalocid Conjugates

Jonathan L. Sessler* and Andrei Andrievsky

Abstract: The synthesis and character-
ization of several sapphyrin-—Ilasalocid
conjugates is reported. This family of
receptors is capable of acting as efficient
and selective carriers for aromatic a-
amino acids, as judged from both U-tube
and W-tube through-model-membrane
transport experiments. The first member
of this family, system 6, was found to
display an inherent preference for phen-
ylalanine > tryptophan > tyrosine. Fur-
ther, L-amino acids were shown to be
transported with greater efficiency than
the corresponding D-enantiomers by this

equilibrium binding studies carried out
using visible-spectroscopic titrations.
These latter studies revealed that system
6 does display significant affinity for
zwitterionic amino acids in this organic
solvent. These binding studies, as well as
a number of control experiments involv-
ing, inter alia, porphyrin —lasalocid con-
jugate 7, showed the importance of
having both the sapphyrin and lasalocid
subunits contained within the same
overall receptor framework. The four
other second-generation sapphyrin—la-
salocid conjugates reported here (11—

14) were also tested as carriers for the
transport of Phe, Trp, and Tyr. It was
found that the esterified systems 11 and
12 functioned well as amino acid carri-
ers, while the free-acid compounds 13
and 14 did not. These latter conjugates,
containing both carboxylic acid and
sapphyrin subunits, presumably undergo
self-assembly in organic solutions, a
process that hampers their ability to act
as effective carriers. In the case of the
functioning systems 11 and 12, the con-
figuration of the stereogenic phenylala-
nine appendages could be varied such

particular carrier. The high level of
amino acid carrier capability displayed
by receptor 6 in dichloromethane solu-
tions correlates well with the results of

phores
sapphyrin

Introduction

Nature uses amino acids as the building blocks for construc-
tion of proteins,l! and as molecular messengers capable of
transmitting information in living organisms.’l Therefore,
elaborate procedures for synthesizing, manipulating, and
transporting these key biological molecules have developed.
In all cases, the critical processes rely on molecular recog-
nition of amino acids, which provides the basis for a precise,
selective read out of the chemical information inherent in
their structure and functionality.®] Given the importance of
the common amino acids, it is not surprising that supra-
molecular chemists have long been interested in designing
abiotic receptors and carriers for this group of compounds.*-!
Here, some of the motivating factors have come from a need
to develop efficient methods of amino acid sensing and
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that either the L- or p-antipodes of the
aromatic amino acid substrates being
studied were transported at a greater
rate.

iono-

analysis,l”) and from a desire to extend what is learned with
amino acids into the arena of peptide recognition.!

As a part of a program concerned with the generation of
efficient methods for effecting the trans-membrane transport
of important biological species,”) we became interested in
developing carriers capable of facilitating the transport of a-
amino acids across lipophilic barriers. At present, only a
minute amount of information is available concerning the
dynamics and regulation of amino acid transport in nature."]
Hence, our approach to the construction of abiotic amino acid
carriers has been guided as much by intuition as by an analysis
of natural amino acid binding systems. The very structure of
amino acids, however, invites us to explore a variety of
possible host—guest interactions. In particular, the zwitter-
ionic form of this species contains a negatively charged
carboxylate group, a positively charged ammonium moiety,
and a side chain. Therefore, we came to appreciate that an
ideal carrier for amino acids would a) have different, nonself-
complementary binding sites capable of recognizing all three
parts of a putative amino acid substrate, b) have enough
extraction power to compensate for the energetic desolvation
costs associated with bringing the heavily hydrated carbox-
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ylate and ammonium groups out of the aqueous environment,
c) be able to release the substrates into an aqueous receiving
phase rapidly, and, ideally, d) display stereochemically de-
pendent interactions with the substrates, thereby allowing for
their enantioselective transport.['!]

The above design requirements are, of course, very severe.
Compounding the problem is the fact that the ammonium and
carboxylate functionalities of a-amino acids are tied up in the
form of a zwitterion. This makes each of these functional
groups more difficult to chelate.l'” In view of this, much work
in the area has been concerned with the problem of
recognizing derivatized amino acids (i.e., those in which
either the carboxylate or ammonium group is protected).>
For the same reason, many of the amino acid transport studies
have been carried out under conditions of either high or low
pH_[13]

In this paper we report the synthesis of carriers designed to
effect the selective transport of zwitterionic a-amino acids.
We have shown previously that sapphyrins (cf. parent
structure 1), when protonated,!" unlike their simple porphy-

R? R

1a R'=CHg; R?=H; R®=CH,CO.H 2
1b R'=CHj RZ=H;

R3 = CH,CONH(CH,),NH(+-Boc)
1c R'=CO,H; R?=R3=CHj4

rin congeners (e.g., 2), act as excellent receptors for a variety
of anions,”>#"51 including carboxylates.') Comprehensive
solution and solid-state datal'”? show that the bound carbox-
ylate anion is located above the protonated sapphyrin plane,
held in place by a combination of electrostatic interactions
and NH-to-O hydrogen bonds. Given this, it was surmised that
a sapphyrin subunit, once conjugated to an appropriate
receptor for ammonium groups, would function as a receptor
for zwitterionic amino acids.

HsC.
’ CHa Cas cn,

As our ammonium binding group, we have chosen the
naturally occurring polyether ionophore lasalocid (cf. parent
structure 3, Scheme 1).1'*2% Lasalocid itself is composed of a
conformationally constrained cyclic polyether chain termi-
nated at one end by a carboxylic acid and at the other end by a
hydroxyl group. These structural features allow lasalocid to
form intramolecular head-to-tail hydrogen bonds, thereby
generating a pseudocyclic cavity capable of binding cations.
Indeed, lasalocid is known to bind and transport a range of
cations across both biological and artificial membranes.!'>2"]
Importantly, lasalocid has been shown to effect the enantio-
selective recognition of chiral ammonium cations.?**<I On this
basis it was thought that a covalently connected sapphyrin—
lasalocid conjugate might indeed function as a bona fide
amino acid receptor.?!l In particular, it was expected that the
protonated sapphyrin portion of the conjugate would bind the
carboxylate portion of an a-amino acid,?? while the lasalocid
subunit would simultaneously chelate the corresponding
protonated amino group. We expected that such a receptor,
featuring non-self-complementary binding sites, would be free
of problems associated with internal collapse. Further, since it
would contain an asymmetric cavity, this kind of system might
function as an enantioselective amino acid binding agent. We
have thus prepared and recently reported in communication
form the synthesis of a prototypical sapphyrin-lasalocid
conjugate 6.1 In this paper full details as to the recognition
and transport properties of this system are given. Also
reported are several second-generation sapphyrin-lasalocid
conjugates (11-14) which bear extra, chiral, phenylalanine-
based covalent appendages. As expected, these systems do in
fact bind and transport zwitterionic a-amino acids through
model membrane barriers with good selectivity.

Results and Discussion

Synthesis of the sapphyrin-lasalocid conjugate 6 and por-
phyrin -lasalocid conjugate 7: The sapphyrin—lasalocid con-
jugate 6 was prepared from its constituents in a stepwise
fashion as illustrated in Scheme 1. First, lasalocid (3) was
coupled with mono-ters-butyloxycarbonylethylenediamine,?!
yielding the amide 4. After deprotection with TFA, the
resulting lasalocid amino derivative § was treated with the

HaC

HiC 9H3 ?2H5 CHy

Ho | +C2Hs HO | .C2Hs
o o
HaC'HG “CoHs HaC'ugd “CaMs
HN 3 ReOH HN
o} = o
il 8 R=0CH;
<4 R = NH(CH,),NH(t-Boc)
ii
6 5 R= NH(CHz)zNHZ 7

Scheme 1. Synthesis of sapphyrin-lasalocid conjugate 6, porphyrin—lasalocid conjugate 7, and lasalocid methyl ester 8. Reagents and conditions:
i) H,N(CH,),NH(#-Boc), EDC, HOBt, Py, DMF, 72 h; ii) TFA, CH,Cl,, 2 h; iii) 1a, EDC, HOBt, Py, DMF, 48 h; iv) 2, EDC, HOBt, Py, DMF, 48 h;
v) EDC, HOBt, MeOH, 48 h.
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sapphyrin monoacid 1aP! in DMF, using EDC as a coupling
agent. Compound 6 was isolated in approximately 73 % yield
after careful chromatographic purification. By means of the
same approach, the structurally cognate porphyrin —lasalocid
conjugate 7 was synthesized from the porphyrin monoacid 224
as a control for compound 6. To the best of our knowledge,
these systems constitute the first examples of porphyrin and
expanded-porphyrin appended lasalocids.['>!

U-tube amino acid transport studies with conjugates 6 and 7:
The aromatic a-amino acids phenylalanine, tryptophan, and
tyrosine were selected for the transport studies, because
a) the side chains of these amino acids could provide for
additional, stereogenic van der Waals-type interactions in-
volving both the aromatic surfaces of the sapphyrin macrocycle
and the salicylate portion of the lasalocid subunit (thereby
favoring selective transport), and b) the transport rates of
these aromatic substrates can be monitored easily by HPLC
analyses (by means of a UV detector). The transport experi-
ments themselves were then run using a Pressman-type U-tube
model membrane system.?l Here, the initial phase, Aq. I, was
charged with either a solution of the particular zwitterionic a-
amino acid under study, or a mixture of all three amino acids
being considered (Phe, Trp, Tyr), while the receiving phase,
Aq. 11, was made basic to increase the off-rates.]

It was found that at neutral pH compound 6 acts as a very
efficient carrier for phenylalanine and tryptophan, but not
tyrosine (Table 1, Figure 1). When this same system was tested
under conditions of competitive transport, it was found that L-
phenylalanine was transported four times faster than L-
tryptophan and a thousand times faster than L-tyrosine
(Table 1, entry 1). Interestingly, L-amino acids were trans-
ported with greater efficiency by this carrier than the
corresponding D-antipodes. Taken together, these results are
consistent with a high level of amino-acid-based selectivity,
and provide clear evidence that the amino acid side chains
actively participate in the binding and transport process.

Table 1. Amino acid transport rates measured in a U-tube (k,) [a, b].
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Figure 1. Relative rates of L-Phe and L-Trp transport as determined from
U-tube model membrane experiments.

To help us understand more fully the above results, a
number of control experiments were then carried out. These
were designed to elucidate the roles the constituent parts of 6
could be playing in terms of mediating the overall transport
phenomenon. For instance, in order to probe the role of
carboxylate binding, the porphyrin —lasalocid conjugate 7 was
tested. This system proved inefficacious for amino acid
transport (entry 2). Likewise, lasalocid itself (3) proved
incapable of effecting amino acid transport (entry 4). Taken
together, these results support the contention that sapphyrin-
based carboxylate binding plays a critical role in mediating
the amino acid transport effected by conjugate 6.

Interestingly, only modest transport was achieved by use of
sapphyrin 1b?"! either alone (entry 3), or as a mixture with 3
(entry 5).%81 In the latter case one could envision the
formation of putative supramolecular complexes between
protonated sapphyrin 1b and lasalocid 3 as a result of
lasalocid carboxylate chelation by sapphyrin. Formation of

Carrier k, (10 molcm—2h-1) kelkwlky (L) kelkwlky (D))
L-Phe D-Phe L-Trp p-Trp L-Tyr D-Tyr
1 614 20.0 12.7 5.0 42 0.02 0.02 1000/250/1 635/210/1
2 74 0.7 0.9 0.3 0.2 < 0.001 <0.001 2.3/1 4.5/1
3 1b 6.9 NA ] 1.4 NA < 0.001 NA ] 4.9/1 NA ]
4 3 0.5 0.4 0.2 0.2 <0.001 < 0.001 2.5/1 2/1
5 1b+31 32 3.1 0.9 0.9 0.2 0.2 16/4.5/1 15.5/4.5/1
6 1b + 8L 7.8 7.2 1.4 1.4 0.5 0.6 15.6/2.8/1 12/2.3/1
7 8l 0.8 0.8 0.2 0.2 < 0.001 <0.001 4/1 4/1
8 111 6.4 8.2 1.0 2.3 <0.001 <0.001 6.4/1 3.6/1
9 121 10.5 6.7 2.5 1.1 <0.001 < 0.001 4.2/1 6.1/1
10 131 1.9 1.4 0.8 0.7 <0.001 <0.001 2.4/1 2/1
11 141 0.9 0.7 0.7 0.7 <0.001 <0.001 1.3/11 11
12 none 0.05 0.05 0.01 0.01 <0.001 < 0.001 NA ] NAL

[a] Transport experiments were performed as described in ref. [9d] under competitive conditions (with respect to amino acid substrates): the initial rate
values given for L-Phe, L-Trp, and L-Tyr transport are thus obtained from experiments involving mixtures of L-Phe (50 mm), L-Trp (50mm), and L-Tyr (Smm)
in the initial aqueous phase, Aq. I. Likewise, those given for D-Phe, b-Trp and D-Tyr are derived from studies involving analogous mixtures of b-Phe (50 mm),
D-Trp (50mMm) and D-Tyr (SmMm) in Aq. L. In all runs 10mm NaOH was used as the receiving phase, Aq. II. [b] Values are averages of two or three separate
experimental runs; estimated errors are +15%. [c] Single-letter symbols for amino acids are used: F=Phe, W=Trp, and Y =Tyr. When Tyr initial
transport rate was less than 10-® molcm=2h~!, the kp/ky ratio was used instead of kp/kw/ky. [d] 1 x 10~*M in dichloromethane. [e] NA =not measured due to
achirality of the carrier. [f] Organic phase containing a mixture of 1b (1 x 10~*m) and 3 (1 x 10~*m) in dichloromethane was used. [g] A mixture of 1b (1 x

10~*m) and 8 (1 x 10~*m) in dichloromethane was used as the organic phase.
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such complexes would inevitably reduce the rate of amino
acid transport by the mixed 1b+ 3 system. To exclude this
possibility, a control experiment involving a mixture of
sapphyrin 1b and lasalocid methyl ester 8 (synthesized as
shown in Scheme 1) was carried out (entry 6). Even in this
case, however, no significant increase in transport rate was
observed compared to the 1b + 3 mixture.

Amino acid binding efficacy in dichloromethane was
assessed quantitatively by visible-light spectroscopic titra-
tions. Upon addition of aromatic amino acids, the Soret
maximum of conjugate 6 underwent an approximate 5 nm
blue shift from 452 nm to 447 nm that was accompanied by the
growing-in of a new band also at 447 nm. By following the
increase in absorbance at 447 nm as a function of substrate-to-
receptor ratio, we determined both the relative association
constants (K,) and the stoichiometry of binding.””! For
instance, it was found that compound 6 forms 1:1 complexes
with phenylalanine and tryptophan with association constants
(K,) as follows: K,(@-Phe)=4.86x10°m~!, K,(-Phe)=
535x10°M7, K,(@L-Trp)=0.83 x 10°m~!, K,(D-Trp)=0.94 x
105M—1_[15e]

The high levels of absolute receptor-to-substrate binding
affinity and amino acid binding selectivity are in accord with
the transport results. However, the finding that the L-
enantiomers are bound with the same affinity (within error)
as the p-congeners may reflect the fact that not only binding
affinities, but also the substrate release rates, are important in
terms of mediating transport efficiency.’*! Consistent with this
contention is the fact that when water was used as a receiving
phase (as opposed to a sodium hydroxide solution), the Lb
ratio of the transport rates was found to be still further
amplified (Table 2, entries 1, 2).

Table 2. Amino acid transport rates (k,) determined from U-tube experi-
ments using carrier 6 [a].

Carrier Aq. 11 k, (10" molecm—2h")
L-Phe D-Phe
1 6] 10mm NaOH 23.9 15.4
2 6 H,O 21.7 10.2
3 6+ Cl-l 10mm NaOH 19.4 14.3
4 6+F 1 10mm NaOH 19.3 13.8

[a] In these experiments, the initial phase, Aq. I, contained a single amino
acid: either L-Phe (50mMm) or p-Phe (50mm). [b] 1x 10~*Mm in dichloro-
methane. [c] A mixture of 6 (1x10-*m) and Bu,NCI (1 x10-*m) in
dichloromethane was used as the organic phase. [d] A mixture of 6 (1 x
10~*m) and Bu,NF (1 x 10~*m) in dichloromethane was used as the organic
phase.

Taken together, the above results lead us to propose the
transport mechanism outlined in Figure 2. In particular, it is
suggested that carrier 6, featuring a monoprotonated sap-
phyrin macrocycle and a deprotonated lasalocid,*”! binds
zwitterionic amino acid at the Aq. I/CH,Cl, interface, forming
a neutral complex.?!l This complex then diffuses through the
membrane and is released in the more basic receiving phase,
Aq.II. The amino acid thus transported then reacts with
NaOH to form an amino acid sodium salt. This transformation
and sapphyrin deprotonation at the CH,Cl,/Aq. Il interface
facilitates product release. Once at this interface, the lasalocid
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Figure 2. Proposed mechanism for amino acid transport catalyzed by the
sapphyrin —lasalocid conjugate 6. Pentagon, sapphyrin; horseshoe, lasalo-
cid.

part of carrier 6 chelates a sodium cation and carries it back to
the Aq. I/CH,Cl, interface. Release of Na* and protonation of
the sapphyrin macrocycle then occurs at this locus. This, in
turn, regenerates carrier 6 in a form ready to effect amino acid
transport again. Consistent with this mechanism is the fact
that addition of anions (e.g., Cl-, F7)P? to the organic phase
did not result in a significant change in the transport rates
(Table 2, entries 3, 4). This is most likely because the putative
complex of the conjugate 6 with amino acids is a neutral,
tightly bound entity, and does not require any extra anionic
species for its efficient through-membrane transport. Also in
accord with the proposed mechanism was the detection of
countertransported Na* cations in Aq.I (see Experimental
Section), and the observation of an increase in the pH of Aq. I
(~0.3 pH units over 24 h) over the course of the transport
experiments.3334

Taken together, these results lead us to conclude that
system 6 is an efficient carrier for aromatic a-amino acids and
one that shows inherent selectivity within this limited
substrate subset. This receptor and its amino acid substrates
react to form lipophilic, well-defined supramolecular com-
plexes that are stabilized by stereogenic multiple point
interactions. The stable, neutral character of these complexes
provides the basis for the fast, enantiomerically dependent
amino acid transport observed in the model U-tube mem-
branes.

Synthesis and U-tube amino acid transport of the second-
generation sapphyrin-lasalocid conjugates 11-14: Encour-
aged by the successful transport results obtained using 6 as a
carrier, we decided to take this methodology a step further
and to prepare two new, second-generation sapphyrin—lasa-
locid conjugates 13 and 14, featuring phenylalanine-derived
carboxylate appendages. The reasons for this were threefold:
first, we were interested to see whether the use of a
zwitterionic carrier would be advantageous for the transport
of zwitterionic amino acids. Secondly, we wanted to examine
how the chirality of phenylalanine adjuvants affects the amino
acid transport selectivity. Finally, on a more practical level, we
considered that the carboxylate tail of 13 and 14 could provide
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a handle allowing these receptors to be attached to a solid
support. These latter materials could act as chromatographic
media for the separation and analysis of amino acid mix-
tures.’) Here we realized, of course, that the protonated
sapphyrin macrocycle and the anionic carboxylate of 13 are
mutually complementary. This feature could result in the
formation of the higher-order self-assembled aggregates of
13 in solution (e.g., non-covalent dimers), as has been
shown previously with the zwitterionic sapphyrin monoacid
1al'%® 3l and with the other systems.*”] Therefore, we were
interested to see which process (self-assembly versus amino
acid binding) is dominant under conditions of our transport
studies.

The synthesis of compound 13 is depicted in Scheme 2.
The sapphyrin bis-acid 1¢ was coupled with one equivalent of
L-phenylalanine fert-butyl ester to yield monoacid mono-
amide 9 in 67 % yield after careful chromatographic purifi-
cation. Compound 9 was further conjugated with the lasalocid
amino derivative 5 to yield the protected product 11. It was
then deprotected with TFA to produce the desired compound
13. Transport studies using 13 showed, however, that it is a
very poor carrier for aromatic zwitterionic a-amino acids
(Table 1, entry 10, and Figure 1). This is because it self-
assembles in organic media and this prevents it from binding
an amino acid and effecting the through-membrane transport
of these substrates.! Not so with its precursor 11! This
compound, when used in our standard U-tube model mem-
brane transport studies, proved to be a much better carrier
than 13 for both phenylalanine and tryptophan (Table 1,
entry 8).

Interestingly, the enantiomeric selectivity of transport with
carrier 11 was reversed compared to 6. In particular, D-
enantiomers of amino acid substrates were transported some-
what faster by 11 than the r-ones. This effect is clearly
attributable to the presence of the L-phenylalanine appendage
in 11. Specifically, it was considered likely that the chirality of
the lasalocid component and the rL-phenylalanine fert-butyl
ester moiety act to exert a contradictory effect on amino acid
transport selectivity. It was thus thought that replacing the L-
phenylalanine fert-butyl ester with its D-analogue would lead
to a more synergistic effect.

1c
;
OH
o)
H, COx(tBu) COu(t-B
9 R= 3 11 R=\H;02( u)
N” "CHaCgHs N”" “CH,CgHs
H H
C .
10 R= \H}/\OZ('B”) 12 Ro \H}Lcoz(r-au)
N CHaCeHs N CH,CgHs

To test this idea, compounds 12 and 14 were prepared; these
incorporate a D-phenylalanine residue instead of the L-phenyl-
alanine subunit found in 11 and 13 (Scheme 2). This inversion
of chirality in the phenylalanine appendage led, as expected, to
areversal (compared to compound 11) of the observed amino
acid transport selectivity. In particular, when the U-tube trans-
port experiments were carried out with conjugate 12 (conditions
as described in Table 1), L-Phe was found to be transported
1.6 times faster than D-Phe. Likewise, L-Trp was found to be
transported 2.3 times faster than p-Trp (Table 1, entry 9).034]

W-Tube transport experiments: To compare aromatic a-
amino acid transport rates under conditions where two
carriers were competing for two different amino acids (e.g.
phenylalanine and tryptophan), transport experiments were
carried out using a W-tube model membrane.[*!! These W-tube
experiments involve Aq. Il/organic/Aq. I/organic/Aq. IIT ar-
rangements and provide a better way of comparing efficien-
cies and selectivities under competitive conditions. They could
also provide a better model for the chemical conditions of
nature wherein a variety of ion-transporting entities are found
to compete simultaneously for the same pool of ions. In the
present instance, we chose to compare 6, the most efficient
carrier, with each of the second-best systems, 11 and 12. The
results obtained (Table 3) are consistent with what one would

Table 3. Amino acid transport rates (k,) determined from W-tube experi-
ments carried out under competitive conditions.

Carrier Amino acids Left arm @ Right arm [

left arm right arm Phe Tip Phe Trp

1 6 11 L-Phe, L-Trp® 103 2.1 3.0 1.1
26 1 p-Phe, D-Trpll 7.6 1.8 4.9 2.3
3 6 12 L-Phe, L-Trp® 115 2.3 8.7 1.9
4 6 12 D-Phe, D-Trpld 7.7 1.8 42 1.0

[a] Initial amino acid transport rates (k;, 10->molcm2h~!) were measured
by HPLC (UV detection). Two separated organic phases containing
dichloromethane solutions of competing carrier compounds (1 x 10~*m in
each) were put in contact with the same initial phase, Aq. L. In all runs
10mM NaOH was used as the two receiving phases, Aq. I and Aq. III.
[b] The initial phase, Aq. I, contained mixtures of L-Phe (50mm) and L-Trp
(50mm). [c] The initial phase, Aq. I, contained mixtures of p-Phe (50 mm)
and D-Trp (50mm).

COH
13 A= U\
H CHoCgHg
14 R= HXCOZH
” CHyCgHs

Scheme 2. Synthesis of sapphyrin—lasalocid conjugates 11-14. Reagents and conditions: i) L- or D-phenylalanine fert-butyl ester hydrochloride, EDC,
HOBt, Py, DMF, 72 h; ii) 5, EDC, HOBt, Py, DMF, 48 h; iii) TFA, CH,Cl,, 4 h.
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expect based on the predicative U-tube studies (Table 1). In
particular, phenylalanine was found to be transported faster
than tryptophan by all carriers under investigation. Likewise,
the enantiomeric selectivity of all carriers was found to
correlate well with what was concluded from the U-tube
experiments. In certain cases, however, the actual k(L)/k(D)
transport rate ratio was found to be enhanced in the W-tube
experiments as compared to the U-tube ones.?!

Conclusions

The present results have served to confirm that sapphyrin—
lasalocid conjugates which feature binding sites for both
carboxylate anion complexation and ammonium group rec-
ognition, can act as effective carriers for zwitterionic aromatic
a-amino acids as judged from simple Pressman-type U-tube
model membrane experiments. In the case of carrier 6,
selectivity for phenylalanine over tryptophan was observed. It
was also found that tyrosine is not transported to any
significant extent. Also, L-amino acids were found to be
transported faster than their D-congeners using this carrier. In
analogy to what is often observed in nature,* the mechanism
is thought to involve sodium-cation antiport. Specifically, the
amino acid substrates from the initial aqueous phase are
transported through the organic phase and into the receiving
aqueous phase at the expense of sodium being carried back
from Aq. II to Aqg. I. The transport process itself is thought to
be predicated upon formation of a tight supramolecular
complex between 6 and its amino acid substrates as illustrated
in Figure 2.

In the case of the second-generation conjugates 11— 14 with
chiral phenylalanine adjuvants (in addition to the sapphyrin
and lasalocid moieties present in 6), a clear difference was
observed between the free acid (13 and 14) and esterified (11
and 12) forms. The former did not effect amino acid transport,
presumably as the result of the carrier undergoing self-
assembly in the organic phase. By contrast, the esterified
systems 11 and 12 showed utility as amino acid transport
enhancing agents. In fact, depending on the chirality of the
phenylalanine appendage used, either L- or b-enantiomers of
amino acid substrates were transported faster. This leads us to
suggest that the approach illustrated here could provide a
generalized basis for the design of other, module-based
carriers capable of binding and transporting selectively a full
range of chiral substrates.

Experimental Section

General materials and methods: 'H and *C NMR spectra were recorded
on General Electric QE-300 (300 MHz), GE GN-500 (500 MHz), and
Bruker AM-500 (500 MHz) instruments. Visible spectra were recorded on
a Beckman DU640 instrument with cuvettes of 1cm path length.
Sapphyrin mono- and bisacids 1a and 1c¢ were prepared according to
procedures described previously.’ Porphyrin monoacid 2 was synthesized
as previously described.?! Mono-fert-butyloxycarbonylethylenediamine
was prepared according to a literature procedure.”’! The sodium salt of
lasalocid, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), 1,I'-carbonyldiimidazole, 1-hydroxybenzotriazole hydrate
(HOBt), pyridine, trifluoroacetic acid, and dimethylformamide were
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purchased from Aldrich. Phenylalanine, tryptophan, tyrosine, and L-
phenylalanine tert-butyl ester hydrochloride were purchased from Sigma.
D-Phenylalanine fert-butyl ester hydrochloride was purchased from Ad-
vanced Chemtech. Transport experiments were performed using a standard
glass U-tube, or modified W-tube at 293 K. The release of the amino
acid substrates into the receiving phase was monitored as a function of time
by HPLC product analysis (Varian, equipped with a UV detector; 1=
209 nm). In all cases, control experiments were performed in the absence of
the carrier. Errors are less than 15%. The presence of countertransported
Na™ ions in the Aq. I phase was confirmed by observation of the intense
peaks corresponding to the [2.2.1] Na* cryptate in the FAB mass spectra of
samples prepared from 4,7,13,16,21-pentaoxa-1,10-diazabicyclo[8.8.5]trico-
sane ([2.2.1] cryptand) mixed with solutions taken from Agq.I; these
measurements were made 24 h after the transport experiments were
commenced. Binding studies were effected by means of visible spectro-
scopic titrations (Beckman DU 640) and were carried out at 293K in
dichloromethane. All receptors were prepared by washing organic
solutions (dichloromethane containing 10% methanol) twice with 10%
NaOH,, and three times with water. They were then taken to dryness on
the rotorary evaporator and dried in vacuo.

Sapphyrin 1b: Sapphyrin monoacid 1a (189 mg, 0.3 mmol) was dissolved
under argon in anhydrous DMF (10 mL) containing dry pyridine (Py)
(0.1 mL). A solution of 1,1'-carbonyldiimidazole (97 mg, 0.6 mmol) in
anhydrous DMF (2 mL) was then added, followed by HOBt (13.5 mg,
0.1 mmol). The resulting mixture was stirred at room temperature under
argon for 2 h. A solution of mono-tert-butyloxycarbonylethylenediamine
(96 mg, 0.6 mmol) in anhydrous DMF (3 mL) was then added, and the
resulting reaction mixture stirred at room temperature under argon for
24 h. The protected amine 1b that resulted was then concentrated by means
of a rotorary evaporator and purified by column chromatography on silica
gel as the solid support and with a gradient of 2—7% methanol in
dichloromethane as the eluent. Solvents were then evaporated off, and the
residue redissolved in dichloromethane containing 20% methanol
(100 mL). This solution was washed consecutively twice with 1m NaOH
(30 mL), and three times with water. The organic phase was evaporated
and the product dried in vacuo. The yield of compound 1b was 185 mg (free
base, 80 % ). 'H NMR (300 MHz, CDCl;): 6 =—3.39 (brs, 3H, pyrrole NH),
0.88 (s, 9H, CHj;), 1.81-1.97 (m, 12H, CH,), 2.63 (brs, 2H, CH,), 2.88 (brs,
2H, CH,), 3.03 (brs,2H, CH,), 3.73 (s, 3H, CH3), 3.74 (s, 3H, CHj;), 3.84 (s,
3H, CH;), 3.86 (s, 6H, CH;), 4.18 (m, 4H, CH,), 4.35 (m, 4H, CH,), 4.59 (t,
3J (H,H) =8 Hz, 2H, CH,), 5.80 (brs, 1 H, NH), 10.49 (s, 1 H, CH), 10.56 (s,
1H, CH), 10.61 (s, 1H, CH), 10.63 (s, 1H, CH); ®*C NMR (75 MHz, CDCl;,
with 5% CD;0D): 6 =12.12, 12.50, 15.91, 17.59, 20.34, 20.45, 20.56, 23.24,
27.74, 39.14, 39.42, 39.51, 77.21, 78.87, 90.07, 90.34, 96.16, 126.92, 132.81,
132.97, 133.61, 133.94, 134.04, 134.17, 135.80, 135.92, 137.14, 138.38, 139.28,
139.44, 140.02, 140.35, 142.32, 156.23, 173.16; HRMS (FAB) calcd for
C,HeoN,O;3 [M+H]* 772.4914, observed 772.4922.

t-Boc-protected aminolasalocid 4: The sodium salt of lasalocid 3 (123 mg,
0.2mmol), mono tert-butyloxycarbonylethylenediamine (64 mg,
0.4 mmol), and dry Py (0.1 mL) were dissolved in anhydrous DMF
(10 mL) under argon. A solution of EDC (76 mg, 0.4 mmol) in anhydrous
DMF (2 mL) was then added, followed by a catalytic amount of HOBt. The
resulting reaction mixture was stirred at room temperature under argon for
72 h. The solvents were then evaporated, the solids dried in vacuo, and the
product was purified by column chromatography on silica gel as the solid
support and with a gradient of 2—5 % methanol in dichloromethane as the
eluent. The yield of compound 4 was 107 mg (Na* salt, 71%). 'H NMR
(300 MHz, CD,Cl,): 6 =0.74-0.86 (m, 12H, CHj3), 0.93 (d, *J (H,H) =7 Hz,
3H, CH,), 1.02 (d, 3/ (H,H) =6.7 Hz, 3H, CH,), 1.12 (d, 3/ (H,H) =7.7 Hz,
3H, CH,), 1.20 (m, 3H), 1.39 (s, 9H, CH,), 1.30-1.90 (m, 12H, CH and
CH,), 2.16 (s, 3H, CH;), 2.20 (m, 1H, CH), 2.58-2.74 (m, 2H, CH,), 2.89 -
2.95 (m, 2H, CH,), 3.38 (m, 4H, CH and CH,), 3.66 (m, 2H, CH), 3.91 (m,
1H, CH), 4.12 (m, 1H, CH), 5.60 (m, 1H, NH), 6.65 (d, 3/ (H,H) =8.3 Hz,
1H, CH), 6.86 (s, 1H, NH), 7.07 (d, 3/ (H,H) =8.6 Hz, 1H, CH), 10.34 (s,
1H, OH); *C NMR (75 MHz, CD,Cl,): d =6.47, 8.98, 12.85, 13.72, 14.39,
15.56, 15.91, 17.07, 21.06, 28.53, 30.14, 30.81, 31.02, 31.60, 34.07, 35.04, 36.82,
38.78, 40.50, 40.83, 48.43, 54.67,70.59, 71.26, 72.88, 77.74, 79.25, 85.15, 87.15,
118.19, 121.33, 123.77, 133.00, 138.84, 156.88, 157.08, 171.25, 213.62; HRMS
(FAB) calcd for C,;HgN,Oq [M+H]* 733.5003, observed 733.4987.

Aminolasalocid 5: -Boc-protected 4 (90 mg, 0.12 mmol) was deprotected
by treatment with 3:1 dichloromethane/TFA mixture (5 mL) for ca. 2 h
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(TLC control). Solvents were then evaporated off, and the residue purified
chromatographically on silica gel as the solid support and 10 % methanol
(saturated with NH; gas) in dichloromethane as the eluent. Fractions with
R;=0.2-0.5 were collected. The yield of compound 5 was 63 mg (84 % ). '"H
NMR (300 MHz, CD,Cl,): 6=0.74-0.89 (m, 15H, CH;), 1.01 (d, 3/
(H,H)=7 Hz, 3H, CHs;), 1.13 (d, 3/ (H,H) =7.7 Hz, 3H, CH;), 1.20-1.90
(m, 15H, CH and CH,), 2.14 (s, 3H, CH,), 2.20 (m, 1 H, CH), 2.45-2.60 (m,
2H, CH,),2.75-2.94 (m,4H, CH and CH,), 3.33-3.42 (m, 2H, CH), 3.65 -
3.73 (m, 2H, CH), 3.87 (m, 1H, CH), 3.98 (m, 1 H, CH), 6.59 (d, 3/ (H,H) =
8.7 Hz, 1H, CH), 701 (d, 3/ (H,H) =83 Hz, 1H, CH); 3C NMR (75 MHz,
CD,Cl,): 6 =6.54, 9.00, 12.84, 13.59, 14.40, 15.73, 16.15, 16.85, 20.61, 30.09,
30.50, 31.26, 31.31, 34.12, 35.36, 36.65, 39.05, 41.28, 48.52, 55.10, 70.82, 71.76,
72.15, 77.65, 84.80, 86.51, 120.41, 121.09, 123.73, 132.25, 138.72, 155.89,
171.26, 214.80; HRMS (FAB) calcd for C;HgN,O, [M+H]" 633.4479,
observed 633.4466.

Sapphyrin - lasalocid conjugate 6: The sapphyrin mono acid 1a (189 mg,
0.3 mmol) and aminolasalocid 5 (379 mg, 0.6 mmol) were dissolved under
argon in anhydrous DMF (10 mL) containing dry Py (0.1 mL). A solution
of EDC (115 mg, 0.6 mmol) in anhydrous DMF (4 mL) was then added,
followed by HOBt (13.5 mg, 0.1 mmol). The resulting reaction mixture was
stirred at room temperature under argon for 48 h. The solvents were
evaporated off, and the resulting solids were then dried in vacuo. The
product was then purified chromatographically on silica gel as the solid
support and with a gradient of 2-15 % methanol in dichloromethane as the
eluent. The yield of compound 6 was 272 mg (73 % ). 'H NMR (300 MHz,
CD,Cl,): 6 =0.49-1.70 (m, 33H), 1.82 (brs, 2H), 1.91-2.15 (m, 13H), 2.13
(s,3H, CHs;), 2.14 (m, 1H, CH), 2.47 (m, 2H), 2.69 (m, 2H), 3.16 (m, 4H),
3.13 (m, 2H), 3.45 (m, 2H), 3.64 (m, 4H), 3.84 (s, 3H, CH;), 3.87 (s, 3H,
CH;), 4.01 (m, 3H, CHj;), 4.06 (m, 3H, CHj;), 4.08 (m, 3H, CH;), 4.35 (m,
4H, CH,), 4.57 (m, 4H, CH,), 4.87 (m, 2H, CH,), 6.37 (d,*J (H,H) = 8.7 Hz,
1H, CH), 6.72 (d, *J (H,H) =8.3 Hz, 1H, CH), 10.51 (s, 1H, CH), 10.60 (s,
1H, CH), 10.64 (s, 1H, CH), 10.72 (s, 1H, CH); '*C NMR (126 MHz,
CD,Cl,): 6=6.33, 6.44, 8.44, 851, 11.96, 12.43, 12.60, 13.05, 13.14, 13.59,
13.83,13.99, 14.10, 15.59, 15.67, 15.81, 16.42, 16.45, 17.45, 17.78, 18.08, 18.15,
20.61, 20.86, 20.97, 21.21, 23.57, 29.37, 29.51, 29.74, 29.96, 30.13, 30.71, 30.95,
31.88,33.76, 34.29, 34.39, 35.29, 35.53, 35.86, 36.75, 38.82, 39.29, 39.98, 40.44,
48.42, 48.68, 55.06, 70.27,70.43, 71.15, 71.71, 73.76, 74.23, 77.13, 71.35, 84.49,
84.66, 85.99, 86.07, 90.23, 90.34, 96.64, 122.10, 124.45, 127.51, 128.71, 130.84,
134.04, 135.49, 135.66, 136.27, 137.06, 140.00, 140.21, 141.09, 141.89, 144.19,
160.95, 169.66, 172.81, 214.28, 215.05; HRMS (FAB) calcd for C,cH,,N;Oy
[M+H]* 1244.8103, observed 1244.8122.

Porphyrin -lasalocid conjugate 7: This material was made by the procedure
used for the synthesis of conjugate 6, with the exception that the starting
material was the porphyrin monoacid 2. The yield of compound 7 obtained
this way was 86%. 'H NMR (300 MHz, CDCl;): 6=—3.91 (brs, 2H,
pyrrole NH), 0.20-2.24 (m, 49H), 2.13 (s, 3H, CH,), 2.40-4.10 (m, 31 H),
4.37 (brs, 2H, CH,), 5.30 (s, 1H, NH), 6.43 (d, 3/ (H,H) =7.3 Hz, 1H, CH),
6.53 (s, 1H, NH), 6.95 (d, 3/ (H,H) =73 Hz, 1H, CH), 10.05 (m, 4H, CH);
BCNMR (126 MHz, CDCL): 6 =6.91, 6.14, 6.31, 8.16, 8.18,8.19, 9.01, 11.39,
11.43,11.56,11.99,12.29, 12.41, 12.53,12.96, 12.99, 13.14, 13.26, 13.35, 13.81,
15.08, 15.33, 15.53, 15.95, 16.07, 17.57, 17.59, 17.64, 18.51, 18.53, 18.66, 28.37,
28.99,29.04, 29.33, 30.13, 30.43, 32.75, 33.47, 33.75, 35.39, 37.04, 37.40, 39.50,
48.30, 54.31, 55.21, 67.65, 69.99, 70.20, 70.58, 76.31, 82.36, 86.01, 86.76, 96.08,
96.22, 96.37, 119.32, 121.96, 122.39, 122.83, 124.27, 131.22, 131.57, 136.99,
143.02, 154.92, 160.69, 170.48, 173.45, 175.92, 218.39; HRMS (FAB) calcd
for C;)HgNOg [M+H]* 1151.7524, observed 1151.7518.

Lasalocid methyl ester 8: The sodium salt of lasalocid 3 (95 mg, 0.16 mmol)
and dry Py (0.1 mL) were dissolved in anhydrous methanol (10 mL). EDC
(59 mg, 0.31 mmol) and a catalytic amount of HOBt were then added. The
resulting reaction mixture was stirred at room temperature under argon for
48 h. The solvents were then evaporated off, and the resulting solids dried
in vacuo. The resulting crude product was then purified by column
chromatography using silica gel as the solid support and 3 % methanol in
dichloromethane as the eluent. Compound 8 eluted off the column first,
and was followed by trace quantities of various unidentified by-products.
The yield of compound 8 was 72 mg (Na* salt, 74 % ). '"H NMR (300 MHz,
CD,Cl,): 6 =0.78—-0.86 (m, 9H, CHj;), 0.92-0.94 (m, 6H, CHs), 1.01 (d, 3/
(H,H)=7Hz, 3H, CHs;), 1.15 (d, 3/ (H,H) =7.6 Hz, 3H, CH;), 1.20-1.90
(m, 15H, CH and CH,), 2.19 (s, 3H, CHj;), 2.20 (m, 1H, CH), 2.72 (m, 1 H,
CH), 2.88-3.00 (m, 3H, CH), 3.25 (brs, 1H, CH), 3.42 (m, 1H, CH), 3.71
(m, 1H, CH), 3.87 (m, 1H, CH), 3.96 (s, 3H, OCH,), 6.68 (d, 3/ (H,H)=
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8.3 Hz, 1H, CH), 717 (d, 37 (H,H) =83 Hz, 1H, CH), 11.45 (s, 1 H, OH);
BC NMR (75 MHz, CD,Cl,): 6 = 6.60, 8.78, 12.36, 12.86, 13.85, 14.37, 15.79,
15.95,17.53, 21.20, 29.93, 30.74, 31.16, 34.71, 35.04, 35.30, 37.14, 39.19, 48.95,
52.51, 54.96, 70.46, 71.69, 74.41, 7778, 85.08, 86.51, 111.57, 122.11, 124.35,
135.37, 144.06, 161.13, 172.85, 214.35; HRMS (FAB) calcd for Cs;sHs,Ox
[M+H]* 605.4053, observed 605.4063.

Sapphyrin mono acids 9 and 10: The sapphyrin bis acid 1c¢ (205 mg,
0.31 mmol) and phenylalanine tert-butyl ester hydrochloride (80 mg,
0.31 mmol) (L- or p- for the synthesis of 9 and 10, respectively) were
dissolved under argon in anhydrous DMF (10 mL) containing dry Py
(0.1 mL). A solution of EDC (89 mg, 0.47 mmol) in anhydrous DMF
(2mL) was then added, followed by HOBt (13.5 mg, 0.1 mmol). The
resulting reaction mixture was stirred at room temperature under argon for
72 h. The progress of the reaction was followed by TLC. Three major
sapphyrin-containing spots were observed: that of a bisamide (highest Ry),
followed by the monoamide monoacid (9 or 10, depending on antipode
used), and the starting material, 1¢ (lowest R;). When the reaction was
deemed complete, solvents were evaporated off, the solids dried in vacuo,
and the product (middle fraction) was carefully isolated by column
chromatography on silica gel as the solid support and with a gradient of 2—
15 % methanol in dichloromethane as the eluent. The yield of compound 9
or 10 was found to be of the order of 180 mg (67 % ). 'H NMR (300 MHz,
CDCl; with 5% CD;0OD): 6 =129 (brs, 9H, CH;), 2.24 (m, 12H, CHs),
2.4-39 (m, 4H), 4.13 (s, 3H, CHs;), 425 (s, 3H, CH,), 4.38 (s, 3H, CH,),
3.95-5.12 (m, 14H), 5.63 (m, 1H, NH), 6.60-7.10 (m, SH, phenyl CH),
10.88 (s, 1H, CH), 11.16 (s, 1H, CH), 11.75 (s, 2H, CH); ®*'C NMR (75 MHz,
CDCl;, with 5% CD;OD): 6 =11.92, 14.76, 14.97, 16.02, 16.59, 17.66, 18.20,
19.85, 20.16, 20.26, 26.79, 33.39, 36.87, 54.27, 81.42, 86.83, 93.24, 97.14, 99.21,
126.04, 12720, 127.59, 128.46, 128.79, 129.78, 132.18, 133.25, 134.79, 136.13,
139.64, 141.95, 142.70, 142.80, 143.34, 170.28; HRMS (FAB) calcd for
Cs;HgNgOs [M+H]* 863.4860, observed 863.4849.

Sapphyrin -lasalocid conjugates 11 and 12: The sapphyrin monoamide
monoacid 9 or 10, for the synthesis of compounds 11 and 12 respectively,
(60 mg, 0.07mmol) and aminolasalocid 5 (88 mg, 0.14 mmol) were
dissolved under argon in anhydrous DMF (10 mL) containing dry Py
(0.1 mL). A solution of EDC (27 mg, 0.14 mmol) in anhydrous DMF
(2mL) was then added, followed by HOBt (6.8 mg, 0.05 mmol). The
resulting reaction mixture was stirred at room temperature under argon for
48 h. The solvents were then evaporated off. After the resulting solids were
dried in vacuo, the products 11 and 12, as appropriate, were purified
chromatographically on silica gel as the solid support and a solution of
methanol (12% v/v) in dichloromethane as the eluent. The yield of
compound 11 was 94 mg (92 %), and the yield of compound 12 was 88 mg
(86%). 'THNMR (11, 300 MHz, CDCl,): 6 =0.35 (t, %/ (H,H) =73 Hz, 1 H),
0.55-0.90 (m, 15H), 1.05 (s, 9H, CH;), 1.1-2.2 (m, 37H), 2.3-3.2 (m,
10H), 3.84 (s, 3H, CH3;), 3.86 (s, 3H, CH3), 3.91 (s, 3H, CH;), 4.16 (s, 3H,
CH,),3.3-4.7 (m, 19H), 5.37 (q, *J (H,H) = 18.7 Hz, 2H), 5.62 (s, 1H), 6.02
(t,37 (HH)=8Hz,2H, CH), 6.17 (d, %/ (H,H) =8.3 Hz, 1H, CH), 6.25 (m,
3H, CH), 6.78 (d, *J (H,H) =8.3 Hz, 1H, CH), 10.43 (s, 1H, CH), 10.46 (s,
1H, CH), 10.84 (s, 1 H, CH), 10.89 (s, 1 H, CH); *C NMR (75 MHz, CDCl,
with 5% CD;0D): 6 =5.83, 8.39, 12.01, 12.25, 12.43, 12.70, 12.75, 13.21,
15.43,16.15, 16.43, 16.89, 17.67, 1774, 18.31, 18.41, 19.65, 20.13, 20.48, 27.36,
28.91, 28.96, 30.46, 32.19, 33.65, 34.78, 34.89, 36.27, 37.27, 38.08, 38.79, 40.10,
49.29, 53.58, 54.91, 69.63, 70.37, 72.83, 76.19, 77.22, 81.98, 83.66, 86.03, 90.00,
90.68, 96.35, 96.47, 117.28, 119.03, 125.30, 125.91, 127.37, 128.40, 130.70,
130.96, 131.20, 132.48, 132.85, 133.09, 135.16, 135.30, 135.67, 135.85, 137.81,
138.75, 140.44, 142.41, 142.64, 143.06, 143.15, 163.34, 170.00, 170.55, 171.88,
172.20, 216.56; HRMS (FAB) calcd for CgH,5NgOy; [M+H]* 1477.9155,
observed 1477.9118. Compound 12 showed similar NMR characteristics.

Sapphyrin - lasalocid conjugates 13 and 14: tert-Butyl-protected 11 or 12
for the synthesis of compound 14 (59 mg, 0.04 mmol) was deprotected by
treatment with 3:1 dichloromethane/TFA mixture (2mL) for ca. 4h at
room temperature (TLC control). Solvents were then evaporated off, and
the resulting solids were purified on a short chromatographic column, on
silica gel as the solid support and dichloromethane —methanol (6:1 v/v) as
the eluent. Small amounts of macrocyclic by-products (presumably, a
mixture of esters obtained from the reaction of terminal carboxylic acid
portion of the phenylalanine appendage with one or more of the free
hydroxy groups present in the lasalocid appendage) were separated out
during column chromatography. The yield of compound 13 obtained in this
way was 40 mg (71 %), while that of compound 14 was 43 mg (75%). 'H
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NMR (13, 500 MHz, CDCl;): 6 =0.60-2.10 (m, 52H), 2.3-3.7 (m, 10H),
3.99 (s, 3H, CH,), 4.03 (s, 3H, CH,), 4.05 (s, 3H, CH;), 4.11 (s, 3H, CHj;),
43-4.7 (m,16H), 4.8 (s, 1H), 5.46 (s,2H), 5.56 (s, 1 H), 6.40-7.00 (m, 7H),
11.35-11.65 (m, 4H, CH); *C NMR (126 MHz, CDCI; with 5% CD;OD):
0=5.91, 6.03, 7.95, 8.43, 12.26, 12.29, 12.82, 13.12, 13.69, 13.93, 15.68, 16.13,
16.60, 17.31, 17.37,17.89, 17.99, 18.24, 18.32, 19.92, 20.05, 20.19, 20.36, 20.55,
20.73,20.77,23.04, 23.18, 26.30, 28.46, 29.24, 29.46, 30.31, 30.71, 33.40, 35.04,
35.67,36.26, 37.10, 38.68, 38.92, 45.17, 50.53, 54.25, 55.00, 70.46, 70.78, 72.38,
73.02, 83.59, 84.34, 85.70, 86.13, 91.11, 91.78, 92.13, 95.86, 120.26, 123.36,
125.58, 127.44, 127.79, 128.35, 128.68, 129.09, 129.28, 129.71, 131.61, 132.39,
132.53, 133.84, 134.37, 134.79, 137.73, 138.77, 140.74, 143.67, 150.88, 152.60,
169.33, 170.48, 170.60, 170.98, 215.00, 215.13; HRMS (FAB) calcd for
CgsH,13NgOy; [M+H]™ 1421.8529, observed 1421.8500. Compound 14
showed similar NMR characteristics.
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case, a carboxylate hook from one molecule is chelated to the
protonated pyrrolic core of the second macrocycle. Simultaneously,
this second macrocycle shares its carboxylate tail with the first
sapphyrin subunit. A trifluoroacetate ion is coordinated to each of
unchelated faces in the dimer and prevents these sites from being
involved in further binding. The second example consists of a 2:1
complex formed between trifluoroacetic acid and the diprotonated
form of 3,8,12,13,17,22-hexaethyl-2,7,18,23-tetramethylsapphyrin. In
this case, the TFA carboxylate anion is chelated above the plane of the
protonated sapphyrin macrocycle by a combination of electrostatic
attractions and hydrogen bonding involving the ligated oxygen atom
and the pyrrolic hydrogens: J. L. Sessler, A. Andrievsky, V. Lynch,
unpublished results. The available solution data is consistent with this
kind of binding occuring in organic media (ref. [16]).

[18] a) M. Dobler, lonophores and Their Structures, Wiley, New York,
1981;b) R. Hilgenfeld, W. Saenger, Top. Curr. Chem. 1982, 101,1-82;
¢) G.R. Painter, B. C. Pressman, ibid. 1982, 101, 83-110.

[19] For examples of metal cation complexation by lasalocid, see
a) ref. [18]; b) R. Lyazghi, Y. Pointud, G. Dauphin, J. Juillard, J.
Chem. Soc. Perkin Trans. 2 1993, 1681 — 1686, and references therein;
¢) H. Tsukube, K. Takagi, T. Higashiyama, T. Iwachido, N. Hayama,
Inorg. Chem. 1994, 33, 2984-2987, and references therein. For
examples of adducts of lasalocid with metal complexes, see:
d) P.S.K. Chia, L. F. Lindoy, G. W. Walker, G. W. Everett, Pure
Appl. Chem. 1993, 65, 521-526, and references therein; e) R.
Ballardini, M. T. Gandolfi, M. L. Moya, L. Prodi, V. Balzani, Isr. J.
Chem. 1992, 32, 47-51.

[20] For examples of ammonium cation binding by lasalocid and its
derivatives, see: a) J. W. Westley, R. H. Evans, Jr., J. F. Blount, J. Am.
Chem. Soc. 1977, 99, 6057-6061; b) H. Tsukube, H. Sohmiya, J. Org.
Chem. 1991, 56, 875-878; c¢) H. Tsukube, H. Sohmiya, Supramol.
Chem. 1993, 1, 297304, and references therein; d) R. C. R. Gueco,
G. W. Everett, Tetrahedron 1985, 41, 4437-4442; ¢) J. F. Kinsel, E. .
Melnik, S. Lindenbaum, L. A. Sternson, Yu. A. Ovchinnikov, Bio-
chim. Biophys. Acta 1982, 684, 233 -240; f) J. F. Kinsel, E. I. Melnik,
L. A. Sternson, S. Lindenbaum, Yu. A. Ovchinnikov, ibid. 1982, 692,
377-383;¢) C.Shen, D. J. Patel, Proc. Natl. Acad. Sci. USA 1977, 74,
4734 -4738.

[21] Importantly, it was shown by Tsukube that chemically modified
natural polyether ionophores (i.e., as their ester or amide derivatives)
retain the ability to chelate ammonium cations. In most cases
improved enantioselectivity is actually observed (see ref. [20b]).

[22] The central core of sapphyrin macrocycle is monoprotonated at
neutral pH (ref. [14]).

[23] A.P. Krapcho, C. S. Kuell, Synth. Commun. 1990, 20, 2559 —-2564.

[24] J. L. Sessler, G. W. Genge, A. Urbach, P. I. Sansom, Synlett 1996, 187 —
188.

[25] H. Tsukube, Liquid Membranes: Chemical Applications (Eds.: T.
Araki, H. Tsukube), CRC, Boca Raton, FL, 1990.

[26] In particular, increasing the pH of the receiving phase leads to
deprotonation of the sapphyrin macrocycle. This, in turn should lead
to weakening of the sapphyrin—amino acid carboxylate non-covalent
interactions and thus result in a release of the amino acid substrate
into Aq. IL.

[27] Compound 1b was chosen as a control because it has a large
hydrophobic tail attached to the sapphyrin macrocycle. It was
prepared by coupling the sapphyrin mono acid 1a with mono-tert-
butyloxycarbonylethylenediamine, using 1,1-carbonyldiimidazole as
the coupling agent (see Experimental Section).

[28] It appears, however, that the sapphyrin part of the conjugate plays
greater role in enhancing amino acid transport than the lasalocid part.

[29] These spectroscopic titrations were carried out in dichloromethane
with aliquots of the substrates in question (10~ in dichloromethane:
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methanol =99:1) being added to a solution of receptor 6 at fixed
(10-°M) concentration. Association constants and the stoichiometric
compositions of the complexes were determined by Benesi—Hilde-
brand plots and by standard nonlinear curve-fitting protocols: K. A.
Connors, Binding Constants, Wiley, New York, 1987. For a complete
discussion, see supplementary material to ref. [9h]. Also, in the case of
L-Phe, 1:1 stoichiometry was confirmed by a Job plot.

[30] The salicylic hydroxy group of lasalocid is acidic enough to be
deprotonated by a strong base, which, in this instance, could be either
sapphyrin or NaOH.

[31] Charge neutralization is required for efficient carrier-mediated trans-
port (a corollary of Fick’s first law, see ref. [25]). While we favor a
model wherein the net neutralization process takes place as shown in
Figure 2, a referee has suggested that it could occur in part as the
result of proton transfer between oppositely charged species taking
place within the lipophilic medium of the model membrane (e.g., from
the primary ammonium group of an amino acid zwitterion to the
salicylamide moiety of the lasalocid subunit). While at present it is
difficult to distinguish between these interpretive extremes of what
may well be a chemical continuum, it is important to point out that
functionally (i.e., in terms of experimental prediction) they are the
same.

[32] Fluoride anions have a much higher affinity for protonated sapphyrin
than chloride (ref. [15d]).

[33] Importantly, the pH increase in question is not sufficient to change the
predominant form of amino acid species in Aq. I from zwitterionic to
anionic.

[34] Finally, in support of proposed mechanism are the results of
two negative control experiments: When either a) the pH of
the initial phase, Aq.l, was made basic by means of NaOH
addition (pH =13 and the other conditions as in entry 1 of Table 1)
or b) the pH was lowered by adding HCl (pH=1, with other
conditions as in entry 1 of Table 1), no amino acid transport by carrier
6 was observed.

[35] a) B. L. Iverson, R. E. Thomas, V. Kral, J. L. Sessler, J. Am. Chem.
Soc. 1994, 116,2663-2664;b) J. L. Sessler, J. W. Genge, V. Kral, B. L.
Iverson, Supramol. Chem. 1996, 8, 45-52.

[36] Analysis of CPK space-filling models indicated that the linker
between the sapphyrin core and the carboxylate group in 13 is not
long enough to allow for efficient, within-monomer carboxylate-to-
sapphyrin binding. This precludes internal collapse.

[37] M. Berger, F. P. Schmidtchen, J. Am. Chem. Soc. 1996, 118, 8947 -
8948.

[38] The evidence for compound 13 self-dimerization was obtained from
FAB mass-spectrometric analysis. An intense dimer peak at twice the
molecular weight was found when carboxylate 13 was analyzed in this
way. Such a peak, however, was not seen when the control fert-butyl
ester 11 was subject to similar mass spectrometric analyses. Although
these analyses were carried out in the gas phase, they can be safely
extrapolated to solution conditions, as shown previously (see
ref. [16b]). Further, in the case of 13, the proposed aggregation effect
was confirmed by 'H NMR dilution experiments carried out in
[D,]dichloromethane.

[39] The deprotected, presumably zwitterionic substance 14 displayed
poor transport capabilities, just as did its congener compound 13.

[40] These results, not fully understood from a mechanistic point of view,
somewhat resemble those of chiral amplification, a nonlinear phe-
nomenon observed in asymmetric catalysis: R. Noyori, Asymmetric
Catalysis in Organic Synthesis, Wiley, New York, 1994.

[41] The W-tube was constructed in a fashion similar to Cram’s Catalytic
Resolving Machine (ref. [Sa]). It has two organic phases (each
containing competing carrier compounds) which share the same
initial phase, Aq.I, (containing a mixture of the amino acids in
question). Each organic phase was put in contact with its own
receiving phase (Aq. I and Aq. III). The initial Aq. I phase and both
of the organic phases were continuously stirred at equal rates. The
increase in concentration of amino acids in phases Aq. I and Aq. III
was monitored by HPLC analysis.

[42] For instance, the k,(L-Phe)/k,(D-Phe) ratio for compound 12 went up
from 1.6 when measured in the U-tube to 2.1 when studied by means
of the W-tube. The more complex equilibria relevant to the W-tube
conditions are probably responsible for this effect.
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Silver(1) Complexes with [ (CsHs),MoH,] and [ (CsHs),WH,] Ligands

Henri Brunner,* Manfred Muschiol, Thomas Neuhierl, and Bernhard Nuber

Abstract: The reaction of [Cp,MH,]
(Cp=CsHs; M=Mo, W) with AgX
(X=BF,, PFy) in a2:1 molar ratio yields
[Ag(Cp,MH,),]X (1). X-ray crystal
structure analyses show nearly linear
coordination at the silver ion. The silver

is trigonal planar. The hydride ligands
are located by using the difference
Fourier method. The clusters [Ag;(Cp,-
MoH,);X;] (X =Br, I) (3) are formed in
the reaction of [Ag(Cp,MoH,),|BF,
with [N(nBu),]X. X-ray crystal structure

analyses reveal that these trinuclear
clusters contain two different halide
bridges and a single short Ag—Ag dis-
tance. The  complex [Agi;(Cp,-
MoH,),Br,|PF, (4) with two different
bromide bridges has an unusual tri-

halide complexes with [Cp,MoH,]| ex-
hibit a diversity of structures. For in-
stance, in [Ag(Cp,MoH,),Cl] (2) the
coordination of the silver ion by two

. o tungsten
[Cp,MoH,] ligands and the chloride ion

Introduction

The complexes [Cp,MoH,]! and [Cp,WH,]" each contain
three low-lying molecular orbitals?! between the two bent
cyclopentadienyl rings. The two outer orbitals are used to bind
the o-bonded hydride ligands, the orbital in the middle
contains a lone pair of electrons. In dilute acids, [Cp,MoH,]
and [Cp,WH,] behave as bases,|!l and the resulting cations
[Cp.MoH;]" and [Cp,WHj;] " are soluble in water. Protonation
and deprotonation are reversible. Lewis acids such as BF;,?!
AlMe,ll and GaMe,™ add to the lone pairs of electrons in
[Cp.MoH,] and [Cp,WH,]. In the reaction with
[M(CO)s(thf)] M =Cr, Mo, W) they form the complexes
[{Cp,MOH, }{M(CO)4}] and [{Cp,WHL}{M(CO)}] 5 There are
relatively few transition metal complexes known that contain
the ligands [Cp,MoH,] and [Cp,WH,].[’l In 1992 the reaction
of [Cp,WH,] with AgBF, was reported to give
[Ag(Cp,WH,),]BF,."l Here we describe the structure of the
complexes [Ag(Cp,MH,),]X (M =W, X=BF,; M=Mo, X=
PF,) and the coordination chemistry of [Cp,MoH,] with
silver(1) halides.
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nuclear structure in which two silver
ions are each bound to one [Cp,MoH,]
ligand, and one silver ion is bound to two
[Cp,MoH,] ligands.

molybdenum

Results and Discussion

Yellow solutions of [Cp,MoH,] or [Cp,WH,] in acetone or
methanol react rapidly (as evident from the colour change)
with AgBF, or AgPF, (molar ratio 2:1) to give the air-
sensitive complexes [Ag(Cp,MH,),]X (M =Mo, W; X=BF,,
PF) of type 1. In the "H NMR spectra of the complexes 1, a

Qs @], CpnP
¢ ol @ vp

1 M=Mo, W, X=BF,, PF¢

Mo Ag— Ag—Mo
~H H=
H \X\/X II—I\ Br /1@
\ _
H AgH | / e
\¢ N
BB T
3 X=Br, 1 4

triplet appears for the Cp ligands and a multiplet for the
hydride ligands.
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Crystals of the complexes [Ag(Cp,WH,),|BF,-H,0 and
[Ag(Cp,MoH,),]PF,-H,O suitable for X-ray structure anal-
ysis were obtained from a mixture of CH,Cl,, THF and
toluene. Figure 1 shows the nearly linear arrangement of the
two [Cp,WH,] units at the Ag ion in [Ag(Cp,WH,),]".

(e cs
c16 A Agt '.g%
W1 w2 C7
c20
C5, L ‘I c11
L] .
RS
04@ v sz
@% Cp1 Cp3 §
c2 %Dycw
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Figure 1. Molecular structure of the cation of [Ag(Cp,WH,),]|BF,-H,0 in
the crystal (ORTEP plot). Selected bond lengths [A] and angle []: W1 -
Agl 2.813(2), W2 - Agl 2.796(2) W1-Agl-W2 170.8(1).

In [Ag(Cp,WH,),|BF, the W1-Agl-W?2 angle is 170.8°, and
in [Ag(Cp,MoH,),]PF, the Mol-Agl-Mo2 angle is 175.2°.
Assuming linearity for the M-Ag-M unit, the dihedral angle
between the normals to the Cp planes should be 90° in an
ideally staggered conformation of the [Cp,MH,] ligands and
0° in an ideally eclipsed conformation. However, the differ-
ence between the dihedral angles ring centroid-M-Ag-M is
49.6° for Cpl and Cp3 and 49.1° for Cp2 and Cp4 in
[Ag(Cp,WH,),|BF,. There are two independent molecules in
the crystal of [Ag(Cp,MoH,),]PFg, and in both cases the angle
between Cpl and Cp3 and between Cp2 and Cp4 is 57.7°.
Thus, in both complexes the ligands [Cp,MH,] adopt an
orientation intermediate between a staggered and an eclipsed
conformation.

The position of the hydride ligands could not be localised in
the two structures; however, they are expected to lie in planes
perpendicular to the metal — Cp centroid axes, and surround
the silver ion as a rhombic disphenoid. As the angles between
the M-H bonds and the M- Ag axes are extremly small (1/2
H-Mo-H angle in [Cp,MoH,]=37.4°), the four hydride
ligands should be directed towards the silver ion.

The reaction of [Ag(Cp,MoH,),|BF, with tetrabutylammo-
nium chloride in acetone gave the complex [Ag(Cp,-
MoH,),Cl] (type 2), which was crystallised from dichloro-
methane/toluene. Figure 2 shows that the silver ion is
coordinated to two [Cp,MoH,] ligands and one chloride ion
in a trigonal planar fashion (sum of bond angles 359.9°). The
Mol-Agl-Mo2 angle is 136.2°. The Cp rings at the two Mo
centers adopt a twisted conformation similar to that in the Ag
complexes 1. Cpl and Cp3 form an angle of 32.4°, Cp2 and
Cp4 an angle of 33.6°. The dihedral angles ring centroid-Mo-
Ag-Cl differ considerably; Cp2-Mo1-Agl-Cl1 is 8.5°, whereas
Cp4-Mo2-Agl-Cll is 49.8°.

The position of the hydride ligands H1A, H1B, H2A and
H2B was determined by the difference Fourier method. The
two planes formed by Mo, the two hydrides, H1 and H2, and
Ag are tilted (dihedral angle H1B-Mol-Agl-H2A 20.9°,
H1A-Mo2-Agl-H2B 35.4°). The angle H1B-Mol-H2A is
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Cp1 Cp3

Figure 2. Molecular structure of [Ag(Cp,MoH,),Cl] in the crystal
(ORTEP plot). Selected bond lengths [A] and angles [°]: Mol—-Agl
3.007(2), Mo2-Agl 2.966(2), Agl —Cl1 2.583(3) Mol-Agl-Mo2 136.2(1),
Mol-Agl-CI1 109.6(1), Mo2-Agl-Cl1 114.1(1).

81.8° and the H1A-Mo2-H2A angle is 73.8°. The Mo-H
distances lie between 1.54 and 1.80 A, and the shortest Ag-H
distance is 1.76 A and the longest is 2.31 A.

Solid Agl reacted with [Cp,MoH,] in dichloromethane to
give a yellow compound containing [Cp,MoH,], Ag and I in
the ratio 1:1:1. The complex is hardly soluble in dichloro-
methane or chloroform, but it can be purified by chromatog-
raphy. The complex crystallised from dichloromethane/tol-
uene in the form of yellow bipyramids. Figure 3 shows the
crystal structure of the cluster [Ag;(Cp,MoH,);1;] (type 3).

C13a C13

Figure 3. Molecular structure of [Ag;(Cp,MoH,);I;] in the crystal
(ORTEP plot). Selected bond lengths [A] and angles [°]: Mol-Agl
2.930(1), Mo2—Ag2 2.944(2), Agl-Agla 2.940(2), Agl-I1 2.857(1),
Ag2-12 2.834(1); Mol-Agl-I1 121.2(1), I1-Agl-I2 104.9(1), Mol-Agl-
Agla 161.9(1), 12-Ag2-12a 116.8(1), Agl-11-Agla 61.9(1).

The hydrides H1A, H1B and H2A were localised by the
difference Fourier method. The C, axis of the molecule passes
through the atoms I1, Ag2 and Mo2. The coordination of Ag2
by [Cp,MoH,] and two I atoms is trigonal planar (sum of bond
angles 360°). The planes I1-Agl-Ag2 and Mo2-Ag2-12 are
arranged perpendicular to each other. The Agl-Agla
distance of 2.94 A is very short.”) Mol, Agl, Agla and
Mola are arranged nearly in a straight line (the Mol-Agl-
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Agla and Mola-Agla-Agl bond angles are both 161.9°). The
two iodide bridges Agl-12-Ag2 and Agla-12a-Ag2 lie above
and below the plane of the three Ag atoms, respectively; the
Agl-I1-Agla bridge also lies in this plane. The distances of the
silver atoms to the iodide bridge atoms are between 2.83 and
2.86 A; the Agl-I2a and Agla—I2 distances of 3.41 A are
much larger. The rhomb formed by Mo2-H2A-Ag2-H2Aa is
planar (dihedral angle 0°). In contrast, the dihedral angle
Mol-H1B-Agl-H1A is 19.8°. The Mo—H bond lengths range
from 1.78 to 1.89 A, and the H-Mo-H angles lie between 65.0°
and 96.1°. The Ag-H distances differ considerably; the
shortest Ag—H distance is 1.70 A and the longest is 2.19 A.

The reaction of [Cp,MoH,] with AgPF¢ and tetrabutyl-
ammonium bromide in dichloromethane afforded two kinds
of crystals: [Ag;(Cp,MoH,);Br;] (type 3), whose structure is
analogous to that of [Ag;(Cp,MoH,);1;], and the complex
[Ags(Cp,MoH,),Br,]|PF, (type 4), which represents a new
class of a trinuclear structure with two different bromide
bridges (Figure 4). In the structure of 4 two of the silver atoms

c27, C26

0
c28 ) Mo3 f
@CSO 7 2 c23

C29

Qo en o

Figure 4. Molecular structure of [Ag;(Cp,MoH,),Br,]|PF, in the crystal
(ORTEP plot). Selected bond lengths [A] and angles [°]: Mol—-Agl
2.962(4), Mo2—-Agl 2.939(4), Mo3-Ag2 2.931(4), Mo4—-Ag3 2.927(4),
Agl—Ag3 3.114(4), Agl-Br2 3.048(5), Ag2—-Brl 2.760(4), Ag3—Br2
2.722(4); Agl-Br2-Ag3 65.0(1), Mol-Agl-Mo2 142.7(1), Mo2-Agl-Ag2
145.4(1), Mol-Agl-Ag3 134.1(1).

are each coordinated to one [Cp,MoH,] ligand, whilst the
third silver atom is coordinated to two [Cp,MoH,] ligands.
The Agl-Brl and Ag2-Br2 distances of 3.31 and 3.51 A,
respectively, are much larger than in the Ag-Br bridges
(2.69-3.05 A). The position of the hydride ligands could not
be localised. The Agl—Ag3 distance (3.11 A) is longer than
the Agl - Agla distance (3.02 A) in [Ag;(Cp,MoH,);Br;].

Experimental Section

All reactions were carried out under an atmosphere of dry nitrogen with
standard Schlenk techniques. AgBF, was purchased from Strem Chemical
Co. and stored under argon. The synthesis of [Cp,MH,] M =Mo, W was
described in reference [1]. Field desorption mass spectra were obtained
from solutions of the compounds in dichloromethane on a Finnigan MAT
95 spectrometer. 'H NMR spectra were recorded on a Bruker ARX 400
instrument. Elemental analyses were performed by the microanalytical
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laboratory of the Universitdt Regensburg. All X-ray structure analyses
were recorded on a Syntex R3 diffractometer with Mog, radiation at 7=
296 K. The structures were solved by direct methods using the SHELXTL
Plus Program SHELXTL Plus (release 4.2/800), PC version. Further details
of the crystal structure investigations may be obtained from the Fachin-
formationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Ger-
many) on quoting the depository CSD number given in each case.
Reaction of [Cp,MH,] (M =Mo, W) with AgX (X =BF,, PF): Typical
procedure: To a solution of [Cp,MoH,] (245 mg, 1.07 mmol) in acetone
(15 mL) was added AgPF; (136 mg, 0.54 mmol) and the mixture was stirred
for 1 h. The solvent was removed under reduced pressure and the yellow
residue was washed with ether (nearly quantitative yield). Crystals suitable
for X-ray structure analysis were obtained from a mixture of CH,Cl,, THF
and toluene.

[Ag(Cp,MoH,),]PF,: M.p. 145°C (decomp); 'H NMR (400 MHz, [D¢]ace-
tone): 0 =5.11 (t, *J(H,H) = 0.8 Hz, 10H Cp), —9.63 (m, J(H,H) = 0.8 Hz,
2H; MoH); FD-MS: m/z (%): 567 (10) [M*], 230 (100) [Cp,MoH,"];
elemental analysis for C,)H,,AgF;Mo,P (709.1): caled: C 33.88, H 3.41;
found: C 33.71, H 3.39.

X-ray structure analysis of [Ag(Cp,MoH,),]PF,-H,0: Yellow needles,
crystal dimensions 0.10 x 0.15 x 0.35 mm?, rhombic, space group P,., (D1})
(no. 56), a=20.65(1), b =21.823(7), c=10.488(4) A, V=4726(3) A3, Z=4
(two independent molecules), P.u.q=2.03 gcm™, empirical absorption
correction (4 reflections 7.0 <260 < 32.0°), w scans, transmission factors
0.91-1.00, #=1.99 mm~!, F(000) = 2784; 4753 independent, 1337 observed
reflections (/>2.506(I)); parameters 162; R=0.102, R,=0.076, residual
electron density 1.17/—1.52 e A-3. CSD-406822.

[Ag(Cp,WH,),]PF: M.p. 153°C (decomp); '"H NMR (250 MHz, [D¢]ace-
tone): 6=5.03 (t, 3J(H,H)=0.8 Hz, 10H; Cp), —12.19 (m, 3/(HH) =
0.8 Hz, 'J(W,H)=73.0 Hz, 2H; WH); FD-MS: m/z (%): 741 (10) [M'],
316 (100) [Cp,WH,"]; elemental analysis for C,yH,,AgFsPW, - H,0O (903.0):
caled: C 26.60, H 2.90; found: C 26.65, H 2.83.

X-ray structure analysis of [Ag(Cp,WH,),|BF,-H,0: Yellow plates,
irregular shape, crystal dimensions 0.05 x 0.25 x 0.45 mm?, monoclinic,
space group P2,/c(C3,) (no.14), a=10.281(5), b=21247(8), c=
10.388(5) A, f=99.34(4)°, V=2239(2) A3, Z=4, peyea =249 gcm™3, em-
pirical absorption correction (7 reflections 4.5 <260 <32.5°), o scans,
transmission factors 0.24-1.00, x =11.16 mm~"', F(000) = 1544; 4432 inde-
pendent, 2638 observed reflections (/>2.50(I)); parameters 228; R=
0.063, R, =0.052, residual electron density 1.46/ — 1.46 ¢ A-3. CSD-406823.

Reaction of [Ag(Cp,MoH,),]BF, with [N(nBu),]X (X = Cl, Br, I): Typical
procedure: To a solution of [Ag(Cp,MoH,),|BF, (57.8 mg, 0.09 mmol) in
acetone (4 mL) was added [N(nBu),]X (X=ClI, Br, I) (0.09 mmol) and the
mixture was stirred for 18 h. The solvent was removed and the yellow
residue was washed with ether (nearly quantitative yield).

[Ag(Cp,MoH,),Cl]: M.p.85°C (decomp); 'H NMR (400 MHz, CDCl;):
6=4.90 (t, ’J(H,H) =0.7 Hz, 10H; Cp), — 9.85 (bs, 2H; MoH).

X-ray structure analysis of [Ag(Cp,MoH,),Cl]: Yellow prisms, crystal
dimensions 0.05 x 0.15 x 0.30 mm?, rhombic, space group P.2,(C3,)
(n0.29), a=15.472(4), b=11.274(3), ¢=11236(3) A, V=1960(1) A3,
Z=4, Peea=2.03 gcm 3, empirical absorption correction (7 reflections
8.0 <260 <37.0°), w scans, transmission factors 0.77-1.00, x=2.38 mm~,
F(000) =1168; 5065 independent, 3148 observed reflections (I >2.50(1));
parameters 218; H1A, H2A, H1B, H2B were found by difference Fourier
synthesis and fixed. R =0.057, R, =0.044, residual electron density 2.07/
—1.90 e A=, CSD-406817.

[Ag;(Cp,MoH,);L;]: M.p. 100°C (decomp); 'H NMR (400 MHz, CD,Cl,,
80 scans due to low solubility): 6 =4.85 (t, 3/(H,H)=0.7 Hz, 10H; Cp),
—9.56 (m, 3J(H,H)=0.7 Hz, 2H; MoH); elemental analysis for CsHss-
Ag;1:Mo; (1388.7): caled: C 25.95, H 2.61; found: C 25.63, H 2.71.

X-ray structure analysis of [Ag;(Cp,MoH,);L;]: Yellow bipyramids, crystal
dimensions 0.15 x 0.25 x 0.55 mm?, monoclinic, space group C2/c(CS%,)
(no.15), a=11.559(4), b=18.236(6), ¢ =16.591(5) A, =95.84(2)°, V=
3479(2) A3, Z=4, peyeq=2.65 gcm=, empirical absorption correction (7
reflections 8.0 <26 <46.0°), o scans, transmission factors 0.74—-1.00, u =
5.39 mm~!, F(000)=2568; 5088 independent, 3122 observed reflections
(I>2.50(1)); parameters 179; H1A, H2A, H1B were found by difference
Fourier synthesis and fixed. R =0.046, R,, = 0.038, residual electron density
0.90/—0.95 ¢ A-3. CSD-406821.
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[Ag:(Cp,MoH,);Br;]: M.p. 90°C (decomp); 'H NMR (400 MHz, CDCl;):
0=4.83 (t,3/(HH)=0.7 Hz, 10H Cp), — 9.41 (m, *J(H,H) = 0.7 Hz, 2H, MoH).
X-ray structure analysis of [Ag;(Cp,MoH,);Br;]: Yellow bipyramids,
crystal dimensions 0.08 x 0.15 x 0.25 mm?, monoclinic, space group
C2/c(CY) (no.15), a=11.538(7), b=18.02(1), c=16.160(6) A, f=
96.15(4)°, V=3340(3) A3, Z=4, pyea=2.48 gecm3, empirical absorption
correction (6 reflections 9.0 <26 <36.0°), w scans, transmission factors
0.76-1.00, u = 6.42 mm~"', F(000) = 2352; 2954 independent, 1363 observed
reflections (I >2.50(1)); parameters 176; H1A, H2A, H1B were found by
difference Fourier synthesis and fixed. R=0.069, R,=0.051, residual
electron density 1.24/ —1.20 ¢ A-3. CSD-406819.

X-ray structure analysis of [Ag;(Cp,MoH,),Br,]PF: Yellow plates, crystal
dimensions 0.05 x 0.20 x 0.30 mm?, monoclinic, space group P2,/c(C3;)
(no. 14), a=11.724(9), b=14.70(1), ¢=25.94(2) A, f=96.06(6)°, V=
4447(6) A3, Z=4, p.uea=2.29 gcm=3, empirical absorption correction (6
reflections 8.5 <26 <34.0°), w scans, transmission factors 0.67-1.00, u =
4.27 mm~!, F(000)=2912; 7391 independent, 3245 observed reflections
(I>2.50(1)); parameters 305; R=0.093, R,=0.070, residual electron
density 1.47/—1.38 e A-3. CSD-406818.
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Self-Assembly of Pyrrole — Ferrocene Hybrids, Determined Inter Alia by a
New Chemically Induced Electrospray Mass Spectrometry Technique

Markus Scherer, Jonathan L. Sessler,* Mehdi Moini,* Andreas Gebauer, and

Vincent Lynch

Abstract: A new approach to organic superstructure self-assembly, based on the use
of pyrrole —ester-substituted ferrocenes, is described. Specifically, di- and tetrapyr-
role-substituted ferrocenes have been prepared. These species are found to form

ribbon-like infinite chains in the solid state. In the case of the tetra-substituted
system, self-association takes place in solution to produce small but well-defined
oligomers. These oligomers were characterized in solution by VPO analysis and in

Keywords: electrospray mass spec-
trometry - ferrocenes - pyrroles -
self-assembly

the solution/gas phase by electrospray mass spectrometric methods. In the latter
instance the ferrocene moiety was subjected to selective oxidation prior to analysis, a
technique we term oxidative electrospray mass spectrometry (O-ESMS).

Introduction

Self-assembly plays a critical role in regulating the formation
of many essential biological superstructures, including DNA —
protein complexes, cell membranes, viral capsids and multi-
component enzymes.['! The facile, and often precisely con-
trolled, formation of these highly defined structures in nature
derives from a range of recognition and/or self-association
processes that are dictated by the chemical information (size
and shape) contained in the constituent structural elements.
This information, amongst other things, provides the basis for
the recognition or nonrecognition of a given substrate.

Recently, considerable effort has been focused on the use of
simple synthetic systems to probe the determinants of natural
self-assembly. Indeed, a number of elegant organic self-
assembling systems are now known.>3¢l In these, a full range
of noncovalent forces, including sw—mx stacking, hydrogen
bonding, and hydrophobic interactions, have been used as
recognition motifs. Both inorganic*! and organometallicP!
recognition interactions have also been employed in this
context.

In our own work, we have recently found that expanded
porphyrins® and calix[4]pyrroles,® which are both excellent
anion-binding receptors, can be used to assemble noncovalent

[*] Prof. J. L. Sessler, Dr. M. Scherer, Dr. M. Moini
A. Gebauer, Dr. V. Lynch
Department of Chemistry and Biochemistry
The University of Texas at Austin
Austin, TX 78712 (USA)
Fax: Int. code 4+ 1512471-7550
e-mail: sessler@mail.utexas.edu
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supramolecular aggregates.[! This success led us to question
whether it might be possible to use nonmacrocyclic (i.e., open-
chain) polypyrrolic systems to generate novel self-assembled
superstructures. In this paper we wish to report that this can in
fact be done. Specifically, we show that the tetrapyrrolylfer-
rocene system 4 self-assembles through hydrogen-bonding
interactions both in solution and in the solid state.

As a potential recognition subunit, pyrrole offers only one
hydrogen-bond-donating group (i.e., the N-H functionality)
in contrast to, for example, nucleobase-derived subunits.*
Therefore, we reasoned that if we were to be able to study the
self-assembly behavior of pyrrolic receptors, it would be
necessary to design subunits containing at least two inde-
pendent pyrrolic functions. Accordingly, we considered it
worthwhile to attach two separate pyrrole units to a ferrocene
moiety, a group recently introduced as an easy-to-study
molecular ball bearing by Gokel et al.”! The resulting systems
would possess an inherent redox-active element that could be
used to facilitate the sometimes tricky process of establishing
the occurance of self-assembly.

Results and Discussion

Although the choice of a ferrocene spacer was viewed as
attractive for the reasons outlined above, one clearly recog-
nized drawback associated with such an approach centers
around the fact that, prior to this work, di- or tetrapyrrolic-
ferrocenes were unknown. In fact, only a few papers describ-
ing five-membered-heterocycle-substituted ferrocenes have
appeared in the literature.%2?! Of the published reports in the
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area, only one describes a 1,1’-disubstituted ferrocene, specif-
ically, a 1,1’-dithiopheneferrocene.l®! This material was syn-
thesized starting from an already functionalized 1,1’-disub-
stituted ferrocenyl precursor and building the heterocycle
onto the ferrocene scaffold. In contrast, we recently succeed-
ed in synthesizing the novel cyclopentadiene-substituted
pyrroles 1 and 2 using a substitution-type strategy that
involves the reaction between NaCp and an a-acetoxy-
methylpyrrole.”’l Thus, with precursors 1 and 2 in hand, we
were able to generate the desired pyrrole-substituted ferro-
cenes 3 and 4. This was done by 1) effecting a specific TIOEt-
mediated deprotonation followed by 2) a metathesis process
involving the reaction of the Tl-cyclopentadienyls generated
in situ with FeCl, (see Scheme 1).

CO,Et

\ 1
m J \E W = <)
EtO,C N EtO,C N N-NH AN
H H

EtO,C
i TIOEt i TIOEt

Figure 1. Molecular structures of 3 (above) and 4 (below) as determined
by X-ray crystallography (thermal ellipsoids are scaled to the 30%
probability level). C: black; H: yellow; N: dark blue; O: red; Fe: green.

2.95 A, a distance consistent with the proposed intermolecular
hydrogen bonds. Interestingly, presumably as a result of a need
to accommodate two intermolecular H-bridges between the
two noncovalently linked pyrrole units, the N-H--- O angle
of 164° deviates considerably from the ideal value of 180°.
Similar features are seen in the solid-state structure of 4. In
this instance, the individual tetrapyrrolic ferrocene subunits
are linked by eight hydrogen bonds. Since this is twice the
number of intermolecular contacts found in the ribbons of 3, it
was expected that the monomer-to-monomer separation
might be smaller in 4 than in 3. This indeed proved to be
the case. In fact an average N(pyrrole)-to-O(ester) distance of
2.89 A was found in the solid structure of 4.1% This is 0.06 A
shorter than in the structure of 3 (vide supra). Further, in the
case of 4, the need to accomodate a greater number of
hydrogen bonds than 3 leads to a further deviation from
linearity of the N—H--- O angle (averaged value 145°).

Scheme 1. Synthesis of the pyrrole substituted ferrocenes 3 and 4.

Solid-state structure: The first evidence that systems 3 and 4
could self-assemble came from X-ray diffraction studies. X-
ray quality crystals of both derivatives were obtained from
CH,Cly/hexanes. In the case of 3 this was done by storing the
relevant samples at —30°C for several days, whereas in the
case of 4 it was achieved by allowing the solution to evaporate
slowly at room temperature. The resulting
structures revealed that the ferrocene ball
bearings adopt a trans geometry in both cases .\y—{
(Figure 1). ]Ei’ﬁ 1
These same structural analyses also re- . ‘)\}*}.

vealed that strong intermolecular H-bond .,’-f

interactions between the pyrrolic NH and 4 \ s
ester functionalities result in the formation

of infinite ribbons (Figure 2). While there is o
no obvious evidence of interaction between ..Mtﬁ.}{f?

the chains, the contacts within the chain - {, [ LT
. ) A PV, ion
(leading to the observed long range order) ’ > ‘,-{;,f }% b f“:d\ . } e
appear to be extremely well defined. For P AN p ] }‘\ S )
instance, in the case of 3 the intermolecular ¢ *

separation between the pyrrole nitrogens Figure 2. Side views of representative tetrameric subunits found in the infinite ribbon structures
and the ester oxygens was found to be formed by 3 (above) and 4 (below) in the solid state.
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In both complexes the individual ferrocene units within a
given supramolecular chain lie parallel to each other. In the
case of 3 the ferrocene units form an angle of 62° with regard
to the mean ribbon plane. By contrast, the analogous angle is
29°in the case of 4. The larger angle found in 3 is in agreement
with the smaller pyrrole-to-Cp twist seen in this system as
compared to 4. In 4 the individual pyrroles of each dipyr-
rolecyclopentadienyl unit are seen to stack on top of each
other (distance: 3.45 A).l"l This leads to the suggestion that
nt—m stacking effects could play a role in defining the overall
self-assembled structure.

Solution-state structure: The well-defined long-range order
observed in the solid-state structures of both 3 and 4 led us to
question whether a similar self-assembly process might occur
either in solution or in other less well defined media. In this
context, we were particularly keen to determine whether 4,
with its greater number of hydrogen-bonding groups and
structurally defined potential for m—m stacking, would be
more likely to form aggregates than 3. In a first effort to
address this issue, vapor pressure measurements (VPO) were
conducted in toluene. From these it was determined that the
average molecular weight of 4 in solution is that of a trimer
(Mouna = 2897, M, .q(monomer) =959).2] By contrast, the
average molecular weight of 3 was found to be that
of a monomer (Mya=3587 gmol™!, M,(monomer)=
572 gmol™'). These results lead us to conclude that 4, but
not 3, undergoes self-assembly in solution, even under
conditions of high dilution (10~* to 8 x 10~*M) required for
the VPO measurements.

In an attempt to define more rigorously the nature of the
solution-phase self-assembly seen with 4, 'H NMR spectro-
scopic dilution studies were carried out in CDCl;. Interest-
ingly, no observable spectroscopic changes could be seen over
the studied concentration range (1mmM-10mwm). Thus, little
could be concluded from these studies. Further, efforts to
break any putative self-assembled aggregates by adding
[DJMeOH proved unsuccessful as a result of the very poor
solubility of 4 in this solvent.

Given the above, an alternative means of characterizing the
solution-phase behavior of 4 was sought. To this end we
turned to mass spectrometry (MS). While, strictly speaking,
MS gives information only about species present in the gas
phase, there is often a good correlation between what occurs
in solution and what is observed using electrospray ionization
mass spectrometry (ESI-MS).[¥! Indeed, this technique has
been used recently to analyze a range of aggregation
processes in solution.'! It has seen limited application,
however, in the area of organic self-assembly. This is because
many noncovalently linked superstructures are uncharged
and thus not detectable by ESI-MS techniques. Furthermore,
attempts to generate protonated species by the addition of
acids are expected to lead to the collapse of aggregates based
on H-bonding. Facing this problem, Lehn and coworkers
developed a method, called ion-labeling ESMS (IL-ESMS),
which offers the detection of originally neutral species.'”] In
this technique, a Kt-binding crown ether is appended
synthetically to a less relevant binding site of the super-
molecule, thereby introducing the requisite charge into the
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self-assembled structures. While this approach is elegant, in
the case of 3 and 4 we reasoned that the ferrocene subunit,
were it oxidized to its corresponding ferrocenium form, would
serve as the sought-after charged functionality. To the best of
our knowledge such an approach, which we term oxidative
electrospray mass spectrometry (O-ESMS), has not hitherto
been tried.

Prior to the ESMS experiments, a small amount of I, (10 %
of a molar equiv) was added to dichloromethane solutions of 3
and 4.1' Complexes 3 and 4 activated in this way gave spectra
such as those reproduced in Figure 3. No signals ascribable to
decomposition products were detected, leading us to suggest
that the oxidation process involves the ferrocene units
exclusively. The dominant O-ESMS signal observed for 4
(Figure 3b) corresponds to the dimeric species (m/e 1916.9)
whereas the spectrum of 3 (Figure 3a) is strongly dominated

a)
X 500
100 % " .
5722
b 1716.6
x10
1144.4
600 1000 1400 1800 m/e
b)
100% 7 1916.9
958.5 2875.5
500 1500 2500 mle
c)
100% T | 9585
4 1916.9
1000 1800 2600 m/e

Figure 3. O-ESMS mass spectra of a) 3 and b) 4 dissolved in CH,Cl,. A
solution of I, in CH,Cl, (10 uL; 10~>m) was added to solutions of 3 and 4
(0.2 mL total volume; 5 x 10-3M) one hour prior to analysis. The resulting
solutions were then diluted eighty times with CH,ClL,. c) O-ESMS of the
solution used to produce trace b) reanalyzed after the addition of an
identical amount (v/v) of a mixture consisting of 47 % MeOH, 47 % H,O,
and 6 % AcOH.
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by a peak that is easily assignable to the monomer (m/e 572.2).
This latter signal is characterized by an intensity approx-
imately 700 times larger than that of the corresponding trimer
peak (m/e 1716.6). By contrast, the trimer peak observed in
the O-ESMS spectrum of 4 (m/e 2875.5), while not dominant,
is actually more intense than the corresponding monomer
signal (m/e 958.5).

Adding methanol to a dichloromethane solution of 4 (prior
to the I, treatment) did not result in a great change in the ESI-
MS spectrum, a result we take to reflect the stability of these
aggregates. By contrast, when samples of 4 in CH,Cl, were
combined with a similar quantity (v/v) of a solution consisting
of 47% MeOH, 47% H,O, and 6% AcOH prior to the I,
treatment, the peak assigned to the trimer was seen to vanish
(Figure 3c). Under these conditions the intensity of the dimer
peak also decreases while that of the monomer increases. This
deaggregation process is not ascribed to simple protonation;
rather, it is thought to reflect the fact that the added acetic
acid acts as a hydrogen-bond donor. Thus it competes
successfully with the pyrrole NH group for the carbonyl lone
pairs. This prevents aggregation both in solution and in the gas
phase. This explanation is consistent with the fact that, under
these conditions, we observed monomer peaks ascribable to
M*" and [M+H,O]" rather than to [M+H]" species.

Several control studies were carried out in order to confirm
that the observed ions are actually present in solution prior to
the ESI-MS experiment and not caused by, for instance,
proton-mediated ion-molecule reactions in the gas phase. The
first of these consisted of dilution studies carried out in the
context of the O-ESMS analyses. These revealed that in the
case of both 3 and 4, similar aggregate-to-monomer ratios
were observed independent of the sample concentration
employed. While not a proof, such findings are consistent with
the postulate that the aggregation behavior observed reflects
events taking place in solution rather than those occurring in
the gas phase subsequent to ionization.

The second set of control experiments involved high-
resolution oxidative electrospray ionization analyses of the
monomer and dimer signals associated with the ferrocenium
forms of 3 and 4.1' These studies confirmed that no additional
hydrogen atoms were present in the detected ion. This result
provides good support for the contention that the signals
assigned to the self-assembled forms of 3 and 4 are those of
ferrocenium cations. These same high-resolution experiments
also served to rule out the presence of doubly charged positive
ions. In particular, the observation of a unit mass separation
between the 2C- and *C-isotope peaks served to confirm the
singly charged nature of the species assigned to monomeric
and aggregated forms of 3 and 4. Thus, while not bearing
directly on the issue of solution-phase versus gas-phase
chemistry, these studies do confirm the reliability of the data
discussed above and their relevance in the context of self-
assembly.

In addition to the above experiments, we studied dichloro-
methane samples of 3 and 4 under alternative soft ionization
conditions, namely those of fast atom bombardment ioniza-
tion (FAB) using nitrobenzyl alcohol as the matrix.'s! Here,
significantly weaker dimer and trimer peaks were found for
both 3 and 4 than in the corresponding O-ESMS experiments
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(the ratios of monomer:dimer:trimer were found to be of the
order of 1:0.02:<0.003 in both cases). While these small
peaks could reflect aggregation processes occuring in the gas
phase, the general lack of higher order signals under the FAB-
MS conditions appears consistent with the proposal that the
O-ESMS measurements reflect self-assembly processes oc-
curing in solution.

Conclusion

In this paper we have described a new approach to generating
self-assembling structures containing organometallic subunits.
The two prototypic systems we report here, the di- and
tetrapyrrole-substituted ferrocenes 3 and 4, both crystallize in
the form of infinite ribbons and show the expected intermo-
lecular interactions in the solid state. On the basis of VPO and
O-ESMS analyses, it is also clear that system 4 undergoes self-
assembly in solution and/or the gas phase. Interestingly, the
O-ESMS experiments, to the extent that they reflect chemical
processes occurring in solution, reveal a lower percentage of
self-assembled trimer than might be expected on the basis of
the VPO analyses. However, such differences, although
noteworthy, could simply reflect the fact that it is a cationic
(i.e., ferrocenium) material that is being studied by O-ESMS,
whereas VPO measurements are carried out with neutral
species. Certainly, it could be expected that cation-cation
repulsions would serve to restrict the size of the aggregates
formed by self-assembly.'”] In any event, we propose that the
O-ESMS method detailed in this report is one that could
prove useful in analyzing the solution and/or gas phase
aggregation properties of appropriately designed self-assem-
bling systems.

Experimental Section

Material and methods: For the characterization of synthetic intermediates,
low-resolution CI mass spectra were obtained on a Finnigan MAT TSQ 70
mass spectrometer. High-resolution CI mass spectra were obtained on a
VG ZAB-E mass spectrometer. '"H and *C NMR spectra were measured at
25°C on a GE QE-300 spectrometer at 300 and 75.5 MHz or on a Bruker
WM-250 spectrometer at 250 and 75.5 MHz, respectively. Tetrahydrofuran
(THF) was dried by distillation from a sodium melt under nitrogen. All
other solvents and reagents were obtained from commercial sources and
used as received unless indicated otherwise.

1,1'-Di(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yh)ferrocene (3): A re-
gioisomeric mixture consisting of 1-(2-ethoxycarbonyl-4-ethyl-3-methyl-
pyrrol-5-yl)cyclopenta-1,3-diene and 2-(2-ethoxycarbonyl-4-ethyl-3-meth-
ylpyrrol-5-yl)cyclopenta-1,3-dienel! (1, 1.51 g, 5.8 mmol) was dissolved in
dry THF (100 mL) under an Ar blanket. A solution of TIOEt (1.44 g,
5.8 mmol) in dry THF (10 mL) was then added dropwise and the flask
covered with Al foil. After two hours, solid iron(i1) chloride (365 mg,
2.9 mmol) was added and the resulting slurry was stirred overnight at room
temperature under an Ar atmosphere. Subsequently, the precipitated TICl
was filtered off and washed with THF. The solvent was evaporated off with
a rotary evaporator and the resulting residue taken up in dichloromethane.
Insoluble materials were removed by filtration. The resulting filtrate was
collected and taken to dryness. It was then subjected to flash chromatog-
raphy on a silica gel column (2.5 x 40 cm) with dichloromethane as the
eluent. This gave the starting material 1 (560 mg, 2.2 mmol) as the first
main fraction and the product 3 (575 mg, 56 % ) as the second main fraction.
'H NMR (250 MHz, CDCl;): 6=1.04 (t, 6H, CH,CH;), 128 (t, 6H,
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OCH,CHs;), 2.25 (s, 6H, CH3), 2.39 (q, 4H, CH,CHs;), 3.59 (s, 4H, CH, -
Cs), 412 (m, 8H, Cp), 4.22 (q, 4H, OCH,CHj;), 8.67 (brs, 2H, NH); BC
NMR (75.5 MHz, CDCl,): 6 =162.07, 132.13, 126.98, 123.67, 117.51, 85.96,
69.67, 69.36, 60.00, 26.25, 17.58, 15.88, 14.98, 10.76; HRMS (CI + ): calcd for
CsH,FeN,Og 572.2337, found 572.2340; cyclic voltammetry: Fc'/Fc E,,, =
428 mV, Py*/Py E,, = 1500 mV (100 mVs).
1,1,2,2"-Tetra(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)ferrocene (4):
To a solution of 1,2-di(2-ethoxycarbonyl-4-ethyl-3-methylpyrrol-5-yl)cy-
clopenta-1,3-dienel (2, 483 mg, 1.07 mmol) in dry THF (50 mL), a solution
of thallium ethoxide (266 mg, 1.07 mmol) in dry THF (3 mL) was added
dropwise under Ar over a period of 10 mins. The resulting yellow-orange
solution was stirred at room temperature for 2 h in the absence of light. At
this juncture, solid iron(ir) chloride (63 mg, 0.5 mmol) was added all at
once. The resulting yellow-to-light-brownish slurry was stirred overnight at
room temperature under an Ar blanket. Insoluble materials were then
filtered off and washed with THF. The filtrate and washings were combined
and taken to dryness in vacuo. The resulting dark residue was then purified
by chromatography on a silica gel column (2 x 15 cm) with first dichloro-
methane and then a mixture of 1.5% by volume of methanol in dichloro-
methane used as the eluents. The fraction collected with pure dichloro-
methane contained the starting material 2 (182 mg, 0.4 mmol), while the
first orange fraction eluting with the MeOH/CH,Cl, mixture contained
clean 4 (102 mg, 35%). '"H NMR (250 MHz, CD,Cl,): =101 (t, 12H,
CH,CH;), 1.26 (t, 12H, OCH,CH;), 2.18 (s, 12H, CHj;), 2.31 (q, 8H,
CH,CHj,), 3.58 (s, 8H, CH,-Cs5), 4.06 (brs, 2H, Cp), 4.13 (brs, 4H, Cp),
420 (q, 8H, OCH,CH;), 8.13 (brs, 4H, NH); *C NMR (75.5 MHz,
CD,Cl,): 0 =161.47,130.87, 126.58, 123.52, 117.73, 84.50, 71.69, 69.57, 59.78,
24.63, 17.52, 15.59, 14.68, 10.39; HRMS (CI+): caled for Cs,H;FeN,Oy
959.4542, found 959.4543; cyclic voltammetry: Fc'/Fc E,, =648 mV, Py"/
Py E,,=1555mV (100 mV's™).

FAB and O-ESMS mass spectrometry: FAB-MS was carried out with 5.2 x
10-°m solutions of 3 and 4 in dichloromethane. Spectra were recorded on a
VG Analytical ZAB-E/SE instrument with nitrobenzyl alcohol (NBA) as
matrix. Positive-ion electrospray ionization experiments were performed
using electrospray ionization sources fabricated in-house for a Finnigan
MAT TSQ 70 mass spectrometer (San Jose, CA) and a Micromass ZAB-E
high-resolution double-sector mass spectrometer (Manchester, UK).['72]
Low-resolution mass spectra were obtained with the TSQ70 and ZAB-E
mass spectrometers. High-resolution mass spectra were obtained by means
of the ZAB-E mass spectrometer. Both ionization sources used heated
capillary tubing for desolvation and for ion transport into the ion sources of
the mass spectrometer. For the experiments performed in this study, sample
solutions were introduced into the electrospray ionization source with a
syringe pump (Harvard Apparatus, Natick, MA ; Model 55-111). A sample
flow rate of approximately 100 pLmin~! was generally used in order to
obtain a stable signal. Ultramark 1621 (PCR, Gainesville, FL) was used as a
reference/calibration compound!'” for the mass range of 8002100 Da,
and gramacidin S (Sigma) was used as a calibration compound for the mass
range of 500-1200 Da.

The following procedure was used for sample preparation: first, solutions
of the pyrrole —ferrocene complexes were made up in dichloromethane
(0.2 mL volume; 5 x 1073 ™). Next, a solution of iodine in dichloromethane
(10 puL; 1072m) was added. Finally, the resulting solution was diluted with
dichloromethane prior to analysis. The dilution factors were 80 and 10 for
the low- and high-resolution MS studies, respectively.

X-Ray crystallography: Crystals of 3 grew as yellow prisms by slow
evaporation from CH,Cl,, while crystals of 4 grew as pale yellow needles by
slow evaporation from CH,Cl,/hexane solution. The data for both crystals
were collected at —75°C on a Siemens P 3 diffractometer, equipped with a
Nicolet LT-2 low-temperature device and with a graphite monochromator
with Moy, radiation (A=0.71073 A). Details of crystal data, data collec-
tion, and structure refinement are listed in Table 1. The data were corrected
for Lp effects but not for absorption. Data reduction, decay correction, and
structure solution and refinement were performed using the SHELXTL/PC
software package.”” The structures were solved by direct methods and
refined by full-matrix least-squares on F? with anisotropic displacement
parameters for the non-H atoms. The hydrogen atoms bound to carbon
were calculated in idealized positions (C—H 0.96 A) with isotropic
displacement parameters set to 1.2 x Ueq of the attached atom (1.5 x
Ueq for methyl hydrogen atoms). The hydrogen atoms of nitrogen were
observed in a AF map and refined with isotropic atomic displacement
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Table 1. Crystallographic data,l?! data collection, and refinement parame-

ters.

3 4
formula C3,HyN,O FeCl, Cs,H;(N,OgFe
M, 742.36 958.99
a, A 9.089(1) 10.842(3)
b, A 8.078(1) 12.891(4)
c, A 25.354(3) 19.568(5)
a, © 71.93(2)
B,° 98.85(1) 77.54(2)
y,° 82.79(2)
Vv, A 1841.2(4) 2533.7(13)
Z 2 2
F(000) 776 1024
crystal system monoclinic triclinic
space group P2/n Pl
T,°C —100 =175
20 range, ° 4-50 4-50
scan speed ° min~' 12 5-10 6-15
Peatc, gem™> 1.34 1.26
reflections measured 4365 9416
unique reflections 3239 8902
decay correction 0.9942-1.008 0.9565-1.006
Ry (F?) 0.047 0.111
u, cm™! 7.38 3.55
crystal size, mm 0.17 x 0.25 x 0.46 0.17 x 0.17 x 0.56
transmission factor range  0.7619-0.8597 N/A
R (F?) I 0.167 0.146
R(F) 0.0749 0.0800
GoF., Sl 1.021 0.851
parameters 214 616
max | A/o| <0.1 <0.1
min, max peaks (A3  —0.41, 051 —0.44, 035

[a] Data were collected by means of @ scans with a scan range of 1° in w.
Lattice parameters were obtained from the least-squares refinement of
33 reflections with 10.4 <260 < 18.0° for 3, and 40 reflections with 15.1 <
20 <18.5° for 4. [b] R, ={Ew(F?2 — F2)*2w(F,)*}'? and where the weight,
w, is defined as follows: w =1/{0*(F,?) + (a X P)*+ b x P}; P=[1/3 x (max-
imum of (0 or F2)+2/3 x F2]. The parameters a and b were suggested
during refinement and are 0.0409 and 3.6619, respectively, for 3. [c] The
conventional R index based on F where the 1666 and 2230 observed
reflections have F,>4(o(F,)) for 3 and 4, respectively. [d] S=[Zw(F2 —
F2)(n — p)]"2, where n is the number of reflections and p is the number of
refined parameters.

parameters set at 1.2 x Ueq of the attached nitrogen atom. The function,
Sw(F% — F2)’, was minimized, where w=1/[(o(F,))*+ (0.02 x P)’] and
P=(F? +2F?)/3. The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom scattering factors and values
used to calculate the linear absorption coefficients were obtained from
ref. [21]. Other computer programs used in this work are listed else-
where.’2l All figures were generated by means of SHELXTL/PC.
Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-100402. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (Fax: Int. code + 44 1223336-033; e-mail: deposit@ccdc.ca-
m.ac.uk).

Electrochemistry: Cyclic voltammetry was carried out at room temper-
ature (25 £2°C) under dry Ar using a Bioanalytic Systems (BAS) CV-50 W
Version 2 MF9093 Voltammetric Analyzer. Dry acetonitrile was the
solvent in the case of 3, while a 1:1 mixture of dry acetonitrile and dry
dichloromethane was used for 4. In both cases 0.1m [CH;(CH,);],NPF; was
the supporting electrolyte, a platinum disk the working electrode (1.6 mm
diameter), and a platinum wire the auxiliary electrode. An Ag/AgCl
couple, separated from the bulk solution by means of a porous Vycor plug,
was used as the reference electrode.

Vapor pressure osmometry (VPO): Measurements were performed using a
Corona/Wescan vapor pressure osmometry molecular weight apparatus
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(Model 232 A). All materials were measured in toluene with the concen-
tration ranging from 10~ to 8 x 10~*M. Sublimed benzophenone was used
as the instrument standard.
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