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The Development of New Monometallic Bifunctional Catalysts with Lewis
acid and Lewis Base Properties, and their Application in Asymmetric
Cyanation Reactions

Harald Groger*[® P!

4 N

Abstract: Bifunctional catalysts can drastically improve
the efficiency of asymmetric processes with respect to
enantioselectivity and/or conversion rate. A new type of
chiral bifunctional catalyst has been developed recently
in the Shibasaki group that contains both Lewis acid and
Lewis base moieties. These monometallic and bifunc-
tional phosphinoyl-containing catalysts are able to coor-
dinate both nucleophilic and electrophilic substrates in
the transition state. Several successful applications of this
new catalytic concept in the field of asymmetric cyanation
reactions have already been reported, for example, the
asymmetric hydrocyanation of aldehydes and imines as
well as the asymmetric Reissert reaction. The develop-
ment and principle of this catalytic concept as well as
main applications thereof are reviewed in this article.

Keywords: asymmetric catalysis - bifunctional catalysts
\- cyanohydrins - ligand design - nucleophilic addition )

Introduction

In spite of tremendous developments for a broad variety of
different type of asymmetric catalytic reactions,'l the search
for new catalysts is still ongoing. It has been found that, in
particular, bifunctional catalysts represent promising catalysts
owing to the attachment of both electrophilic and nucleophilic
substrates to the chiral catalyst in the transition-state com-
plex. Such a coordination of both substrates within an
asymmetric space would lead to a stronger stereodiscrimina-
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tion and should result in a highly enantioselective process.
How can we integrate more than one coordination position in
synthetic catalytic complexes in order to obtain increased
asymmetric selectivity? Several concepts have been devel-
oped in the past for catalytic asymmetric reactions.:?
Tremendous contributions have been reported by Corey
et al.;l and Noyori et al.l using chiral bimetallic complexes as
catalysts for the asymmetric CBS (CBS = Corey—Bakshi—
Shibata) borane reduction and diethyl zinc addition, respec-
tively. Recently, Shibasaki et al. developed highly efficient
chiral heterobimetallic complexes that have been proved to
be efficient catalysts for numerous C—C, C—S, C—P, C—O and
C—H bond-forming reactions.”! These catalytic concepts are
based on the presence of two metal moieties with different
functionalities in the catalyst. A bifunctional catalyst that is
based on gold as a metal component and a phosphine ligand,
which contains an additional amine functionality, as a Lewis
base was found by Ito, Sawamura, and Hayashi.®@ The
application of this metal complex in the asymmetric aldol
reaction gave excellent stereoselectivities.

Recently, this concept of bifunctional catalysts”) has been
extended by Shibasaki et al. to another interesting class of
chiral catalysts, which were successfully applied in asymmetric
cyanation reactions: The concept of monometallic, phosphi-
noyl-containing catalysts with both Lewis acid and Lewis base
properties. 11 13.14,16.17.19]

Catalyst Design and Applications

To start with the design of this new type of chiral mono-
metallic Lewis acid/Lewis base catalyst, the first key issue was
to find a suitable Lewis acid and Lewis base precursor
system. As a lead structure for the ligand system, a BINOL-
based diol has been developed which includes a phosphinoyl
moiety. This phosphinoyl moiety represents the required
neutral base functionality (Lewis base) in the later catalytic
complex. Regarding the Lewis acid component, aluminum
was choosen as a central metal.’] It was assumed that in the
corresponding complex 1 (Scheme 1), the Al center would
work as a Lewis acid activating the carbonyl group. As a
counterpart, the role of the oxygen atom of the phosphine
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Scheme 1. Structures of bifunctional monometallic complexes.

1. catalyst (9 mol%),
-40 C

o 2. acidic work up

@H + TMSCN

cyanosilylation reaction proceeds very efficiently. The yield
rose up from 4% to 91 % and the enantioselectivity reached
87% ee.l¥!

It is noteworthy, that there is a remarkable potential to
modify selectively the Lewis acid and/or Lewis base proper-
ties of the catalyst simply by adding a cheap and achiral
additive. This can be of help to fine tune the catalyst. This
concept was efficient in the above-mentioned reaction when
aliphatic aldehydes were used as a starting material. The
hydrocyanation of aliphatic aldehydes is known to be very

difficult and, for a long time, no
synthetic methods have been
available. In addition, even the
OH bifunctional complex 2 catalyzes
this reaction with low ee (e.g., the
cyanosilylation of hydrocinnam-

with catalyst 1: 4% yield
with catalyst 2: 91% vyield, 87% ee

aldehyde gave 9% ee). Use of
tributylphosphine oxide as an
additive, however, led to a re-

Scheme 2. Application of bifunctional catalysts in asymmetric cyanosilylation.

oxides is to function as a Lewis base by activating (silylated)
nucleophiles.

The developed complex was examined in the asymmetric
addition of trimethylsilylcyanide to aldehydes, which offers an
interesting access to enantiomerically enriched cyanohy-
drins.l' However, the use of this catalyst exhibits a low
conversion resulting in only 4% yield (Scheme 2). This low
activity of the catalyst clearly indicates a further key issue for
designing such a Lewis acid/Lewis base catalyst: The pre-
vention of internal coordination of aluminum and a phosphi-
noyl moiety. In the ligand of 1 the internal coordination
seemed to be quite stable due to the ethylene linker. As a
consequence, an ethylene linker was replaced by a methylene
functionality in the ligand of 2, in order to cleave the strong
internal coordination between the phosphinoyl group and the
Lewis acid aluminum. In the presence of this improved
monometallic and bifunctional catalyst 2 (9 mol%), the

Abstract in German: Bifunktionelle Katalysatoren konnen die
Effizienz asymmetrischer Reaktionen, sowohl hinsichtlich
Enantioselektivitit als auch Umsatz, betrichtlich erhohen.
Ein neuartiger Typ eines chiralen bifunktionellen Katalysators,
der eine Lewis-Sdiure als auch Lewis-Base enthdlt, wurde nun
kiirzlich in von Shibasaki et al. entwickelt. Diese monometal-
lischen, aber zugleich bifunktionellen phosphinoylhaltigen
Katalysatoren sind in der Lage, sowohl das nukleophile und
elektrophile Substrat im Ubergangszustand zu binden. Ver-
schiedene erfolgreiche Anwendungen dieses neuen katalyti-
schen Konzepts wurden auf dem Gebiet der asymmetrischen
Cyanierungsreaktionen berichtet, so die asymmetrische Hydro-
cyanierung von Aldehyden und Iminen wie auch die asymmet-
rische Reisert-Reaktion. Die Zusammenfassung der Entwick-
lung und des zugrundeliegenden Prinzips dieses katalytischen
Konzepts sowie die bisherigen Hauptanwendungsgebiete sind
Gegenstand dieses Artikels.
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markable increased enantioselec-

tivity of up to 97 % ee (Scheme 3,

Table 1). It was found that tribu-
tylphosphine oxide works efficiently for aliphatic and a.f3-
unsaturated aldehydes, whereas diphenylmethylphosphine
oxide is a suitable additive for aromatic aldehydes
(Scheme 3).[8

L :

o)
CI-Al
° OO Ri” R
PhoP(0)-_N R?
36 mol%
2 (9 mol%)

1. catalyst, additive,
(e} -40 C OH

JS + TMSCN — :
R™ "H 2. acidic work up R CN

Scheme 3. Fine-tuning of bifunctional catalysts by using additives.

Table 1. Effect of additives.

Entry R Yield [%)] ee [%]
1la) Ph(CH,), 97 97
2lal CH,(CH,)s 100 98
3l trans-CHA(CH,)CH=CH, 94 97
4iv] C.H; 98 96
500l p-CH,CH, 87 90

[a] BusP(O) was used as an additive. [b] CH;P(O)Ph, was used as an
additive.

The surprising additive effect, the high enantioselectivity,
and the absolute configuration of products are explained by
the working model depicted in Scheme 4. Accordingly, the
external phosphine oxide should be coordinated to the
aluminum, thus converting the tetragonal Al into a penta-
valent center metal. This geometry would allow the aldehyde
to position itself at the apical side and close to the phosphine
oxide of the ligand. Additionally, the trimethylsilylcyanide
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Scheme 4. Mechanism of Lewis acid/Lewis base catalysis.

interacts with the Lewis base part of the chiral ligand. Thus, in
the transition state both substrates are coordinated to the
monometallic, bifunctional catalytic complex. The subsequent
transfer of the cyanide to the aldehyde takes place in a highly
enantioselective manner. This dual Lewis acid/Lewis base
activation pathway has also been supported by kinetic
studies.®

The power of Shibasaki’s asymmetric bifunctional catalytic
system has also been shown in a recent application of his
elegant methodology in a total synthesis of epothilone A.[' 12
On gram-scale a thiazole-based aldehyde was cyanosilylated
with high enantioselectivity of 99 % ee and excellent yield of
97% when using the Lewis acid/Lewis base catalyst 2
(Scheme 5).

The concept of monometallic and bifunctional catalysts,
however, is not restricted to the use of Al as a metal or
binaphthol derivatives as ligands. Recently, Shibasaki et al.
reported bifunctional catalysts that are based on chiral
carbohydrate ligands (Scheme 6).[*] Among a variety of such
catalysts, an Al complex based on 3a has been proven to be a
very active catalyst for the cyanosilylation of aldehydes with
nearly quantitative yields and ees in the range of 70 to 80 %.

1. catalyst 2
(10 mol%),
TMSCN,
BusP(O),
-40 C,

S5 CHs
RSP —— /\\MCN
2. acidic work up HsC™ °N -

) OH
97% yield, 99% ee

|

[ 7 CHs I
H30/4\W ———  epothilone A
OH

Scheme 5. Use of 2 in an asymmetric key step in the synthesis of epothilones.

Ph,(0)P~ ©
HO™ o)
le)

o\
O
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OH 3c

OH

3a 3b

Scheme 6. Sugar-based ligands 3 for the preparation of bifunctional catalysts.
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Most interestingly, it was found that replacing the metal (Ti
instead of Al) led to an excellent catalyst for the cyanosily-
lation of ketones (when 3b was used as a ligand).['*?] In the
presence of 10 mol % of the titanium catalyst, the products
were obtained in yields in the range of 72 to 92% and with
enantioselectivities of up to 95% ee (see, for example,
Scheme 7). Thus, this catalytic reaction not only provided a
new strategy for the construction of quarternary carbon

o]
CHs
+ TMSCN

Scheme 7. Asymmetric cyanosilylation of ketones with a sugar-based
bifunctional catalyst.

3b (10 mol%), ™SO, CN
[Ti(OiPF)4] (10 mol%) @/Qcm
THF,-20 C

89% yield, 91% ee

centers, but also represents the first general highly enantio-
selective cyanosilylation of ketones. In addition, kinetic
studies showed a first-order dependence of the initial reaction
rate on the catalyst concentration. Thus, it can be concluded
that one monometallic, bifunctional catalytic complex func-
tions both as a Lewis acid and Lewis base. Very recently, an
improvement of the enantioselectivity as well as the turn-over
number by ligand tuning was reported.['*] Use of the modified
ligand 3d, which bears a benzoyl substituent at the catechol
moiety, led to >80 % ee even with “difficult” substrates, for
example, 1-indanone and 2-heptanone. Furthermore, in the
reaction with acetophenone 92% yield and 94 % ee were
obtained with a catalytic amount of 1 mol %.

In addition to the asymmetric cyanosilylation of carbonyl
compounds, the corresponding reaction with imines is of
interest, since it allows an access to chiral a-amino acids.[")]
This type of reaction, the so-called Strecker reaction, can be
also carried out efficiently with
a broad substrate range by us-
ing the Shibasaki catalysts.['%]
Furthermore, this catalytic re-
action proceeds well with ali-
phatic N-aldimines and «,3-un-
saturated imines (which gave
unsatisfactory enantioselectivi-
ties from other methods). Thus,
application of the bifunctional
catalyst 2 leads to a highly
asymmetric Strecker-type reac-
tion in good yields of up to 97 %
and with ees up to 96 %.[16201 It
is noteworthy that trimethylsi-
lylcyanide (TMSCN) as well
as HCN (in presence of
20 mol% TMSCN) can act as
a cyanide donor. The products
can be successfully converted
into the pure amino acid amides
by subsequent cleavage of the
protecting group. A representa-

3d OH

tive example is shown in
Scheme 8.
0947-6539/01/0724-5249 $ 17.50+.50/0 — 5249
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2 (9 mol%), eN

TMSCN (20 mol%)

HCN (1.2 equiv),
CH,Cl,, -20 C

(Flu=fluorenyl) 92% yield, 95% ee

Scheme 8. Chiral amino acid amides from an asymmetric Strecker reaction using a bifunctional catalyst.

An interesting extension of this concept towards an
asymmetric Strecker reaction with an immobilized Lewis
acid/Lewis base catalyst of type 4a (Scheme9) was also
reported by Shibasaki and co-workers.'*] Although the
enantioselectivities are slightly lower, the solid-supported
bifunctional catalyst 4a can be recycled several times and its
reactivity is comparable to that of the “homogenous ana-
logue” 2.

4a: R=Ph
4b: R=0-Tol

Scheme 9. Immobilized solid-supported bifunctional catalysts 4.

Furthermore, for the first time an asymmetric Reissert-type
reaction has been revealed by using the new bifunctional and
monometallic catalyst 5. Starting from quinolines or
isoquinolines, the desired N-acylated Reissert products have
been obtained with good ee (up to 91 %) and in up to nearly
quantitative yields (see, for example, Scheme 10).l73 In
addition, the Reissert product can be converted into the
tetrahydroquinoline-2-carboxylate without any loss of enan-
tiomeric purity. The asymmetric catalytic Reissert reaction
has been also successfully ap-
plied as a key step in a ten step
synthesis of Merck’s potent
NMDA receptor antagonist
(—)-L-689,560, which represents
a promising drug candidate for
Alzheimer’s disease.'®®l Tt is
noteworthy that the reaction
can also be carried out in the
presence of an immobilized alu-
minum catalyst 4b.

In addition to enantioselec-
tive synthesis, the bifunctional,

_Fl
Rl rﬁ/\NHz
H v

SKW Trostberg AG (now: De-
gussa AG).) Starting from a
chiral BOC-protected amino
aldehyde, the hydrocyanation
proceeds on a multi-gram scale
with a high diastereoselectivity
of dr=94:6 (Scheme 11).11 A
total yield of 75% for the
enantiomerically pure S-amino a-hydroxy carboxylic acid as
well as a low catalytic amount of only 1 mol % indicates the
suitability of this methodology for an application on a
commercial scale.

82% yield, 98% ee

Conclusion

In conclusion, new asymmetric bifunctional catalysts have
been developed by Shibasaki et al. that contain both Lewis
acid and Lewis base moieties. This new catalytic system based
on monometallic and bifunctional phosphinoyl-containing
catalysts is able to coordinate both nucleophilic and electro-
philic substrates in the transition state, thus leading to highly
enantioselective reactions. These new catalysts have already
been proven to be efficient in several type of asymmetric
catalytic cyanation reactions. In the future, applications of this
type of catalysts on a large-scale as well as the extension to
other asymmetric reactions can be expected.

Note added in proof: Very recently, the Shibasaki group and the Curran
group jointly reported that replacing titanium by samarium or gadolinium
in the sugar-ligand-based catalyst for the asymmetric cyanosilylation of
ketones gives the opposite enantiomer as a product in up to 97% ee (K.
Yabu, S. Masumoto, S. Yamasaki, Y. Hamashima, M. Kanai, W. Du, D. P.
Curran, M. Shibasaki, J. Am. Chem. Soc. 2001, 123, 9908 —9909; see also
Chem. Eng. News 2001, issue October 8, p. 27). In addition, very recently
Shibasaki et al. reported an extension of the asymmetric Reissert-type
reaction towards the enantioselective construction of quaternary stereo-

P(O)(o-tol),
I,

“Al-Cl
e
P(0)(o-tol), HsCO X
5 (9 mol%), .
H3CO N~ “CN
TMSCN,
2-furyl-COCI, o 2-furyl

99% yield, 91% ee

Scheme 10. Asymmetric Reissert reaction with a bifunctional catalyst.

sugar-based catalyst Al-3¢ was
applied to a diastereoselective
synthesis. A three-step synthe-
sis of 4-phenyl-#-amino-a-hy-
droxybutyric acid, an inter-
mediate in the production of
bestatine,'®! has been jointly
reported by researchers from
the Shibasaki group and former

5250 © WILEY-VCH Ver-
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Scheme 11. Diastereoselective synthesis of a bestatine building block.
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genic carbon centers with enantioselectivities of up to 98% ee (K. [10]
Funabashi, H. Ratni, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2001,
123,10784-10785).
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Metallo-Supramolecular Initiators for the Preparation
of Novel Functional Architectures

Ulrich S. Schubert*2 and Marcel Heller!!

Dedicated to Prof. Dr. Max Herberhold on the occasion of his 65th birthday

~

Abstract: Polymeric materials containing coordinative
units have become a field of increasing interest. The
combination of inorganic metal-containing units and
macromolecules leads to supramolecular structures with
new properties. One promising approach to such systems
is the application of metallo-supramolecular initiators for
living and controlled polymerization methods. The uti-
lization of bi- and terpyridine units and complexes for this
purpose will be discussed in this article.

Keywords: bipyridine - initiators - polymerization -
supramolecular chemistry - terpyridine
\U p y py /

Introduction

In order to obtain materials for novel fields of application, the
incorporation of metal complexing units into macromolecular
structures is of central interest. Ordered architectures are
formed and held together by coordinative interactions.
Polymer chemistry provides the opportunity for specifically
designing material properties by the use of selected mono-
mers, different functionalities, and combinations. The coor-
dinative binding sites contribute to the typical properties of
inorganic metal complexes. One of the aims pursued is the
“switching” of material properties (e.g. absorption/emission,
viscosity, adhesion) by changing electrochemical, thermal, or
pH conditions. There are several ways to integrate metal
complex units into polymers (Scheme 1).I1 In this context, bi-
and terpyridine transition metal complexes are of special
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interest as a result of their multifaceted properties in the fields
of catalysis, photo-[* 8 and electrochemistry.> % Resulting
applications for such supramolecular compounds can be
imagined in opto-electronics and in medicine for targeted
drug delivery or imaging. Surface functionalization could lead
to “smart” sensing or adhesive materials.

Bi- and terpyridine units have been introduced into the side
chain of polymers by either grafting procedures!'® 'l or from
utilizing bi-I'> 13 or terpyridinel" -functionalized monomers
for block copolymerizations. Another way to produce macro-
molecules containing bi- and terpyridines is to make the
ligands part of the backbone. For this purpose, bisfunction-
alized bipyridine monomers can be polymerized by means of
coupling procedures—for example, Heck-[""] and Stille-type
coupling techniques!'—or polycondensation reactions.['’-]
A possibility for synthesizing well-defined polymers with
terminal ligand functionalities is to introduce bi-? or
terpyridinel® 22 units into functionalized polymers like poly-
(ethylene oxide)s. Coordinative units can be utilized as
initiators for different kinds of living polymerization methods.
This approach offers a controlled and stoichiometric func-
tionalization of the polymer chain ends with the discussed
ligands. In addition, molecular weight and architectural
control as well as narrow polydispersities can be obtained.
In this initiator concept, two alternative ways are possible to
create metal-complexed supramolecular polymers. The “con-
vergent” approach utilizes the uncomplexed ligands as
initiators to yield polymers with metal complexing units.
The other option is a “divergent” route starting from “metal-
lo-supramolecular” initiator complexes and leading to already
complexed polymer architectures (Scheme 2).

This article will provide an overview of supramolecular
initiator systems based on bi- and terpyridines. Different
living polymerization techniques and the resulting macro-
ligands and polymer complexes are presented. In historical
order, poly(oxazoline)s will be discussed first, followed by
polyesters and the application of atom-transfer radical
polymerization (ATRP). Finally, possible future trends are
discussed.

For the sake of completeness concerning the utilization of
metal-complex initiator systems, we shall mention the poly-
merization of isocyanides by nickel(1) salts, performed by
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Scheme 1. Different ways of introducing ligands into polymers: a) terpyridine units in the side chain;
b) repeating bipyridine units in the backbone; c) single bipyridine units in the backbone (Me = metal ion, n=

number of repeating units).
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Scheme 2. Two ways to supramolecular polymers: a) “convergent” route;
b) “divergent” route.

Nolte et al.> 24l The reaction starts from a nickel —isocyanide
complex (Scheme 3). The first added “co-initiating” nucleo-
phile becomes the chain-end functionality of the polymer
formed. By the use of a chiral initiator or chiral isocyanide
monomers, left- or right-handed helices can be obtained. Such
helical polymers have well-defined structures and can be
prepared from a great variety of amines and amino acids (see
also ref. [25, 26]).

Metallo-supramolecular initiators for 2-oxazoline polymer-
ization: Poly(oxazoline)s are accessible by living cationic ring-
opening polymerization. Variation of the substituents in the
2-position of oxazolines leads to polymers with strongly
differing properties (Scheme 4). Short alkyl chains (Me, Et)
ensure outstanding solubility in polar solvents such as water

5254

and alcohols. Such polymers can
be also interpreted as DMF/
DMAc (dimethylformamide/di-
methylacetamide) polymer ana-
logues; they are easily dissolved
in chloroform or acetonitrile. In
addition, they can be used as
powerful hydrophilic segments
of nonionic surfactants. Poly-
(oxazoline)s with longer alkyl
chains in the 2-position (nonyl,
undecyl) possess hydrophobic
properties. Block copolymers,
for example, with polar and per-
fluorinated functionalities, are
used as water soluble, surface
active agents.”’] Possible applica-
tions include hydrogels, adhe-

N ﬁl_\ sives, surfactants, and drug-deliv-
Sof PFg ery systems.?! In the following
=N" N two sections, the use of different
/ ) metallo-supramolecular  initia-
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tors for the living cationic poly-
merization of oxazolines will be
described based on bipyridine
and terpyridine units.

R'NH,
NHR'

| 2+
4 l ; 2+ :l
RNC /II"N"“\\\C NR

4 ===
' RNC I WCTTENHR
RN Ne2Ng

I\

1
AN Ne2\R

2+
RNC%/y,  W\CSNR | 2+
hepio RNC* //I,,N._|\\\\C1 NR

i
ANCIW” WCZ=NR —» —» i
ANG?” \CZNR

CIZ===NHRY

NHR
P

Scheme 3. Polymerization of chiral isocyanides with NiCl, and “co-
initiator” —amine R'NH, (see ref. [25], R, R’ =different chiral or achiral

groups).

Bipyridine initiating systems: Bipyridine based systems are
the most investigated metallo-supramolecular initiators for
the polymerization of oxazolines. For this purpose, different
substituted bipyridines (4,4-, 5-, and 6,6'-, synthesized by
efficient Negishi-? and Stille-typel” cross-coupling proce-
dures), different functional groups (chloro, bromo, and
iodomethyl), and metal ions (iron(i1), copper(l), cobalt(i),
and ruthenium(i)) were used. The metallo-supramolecular
initiators were utilized to polymerize different 2-oxazolines
(2-methyl, 2-ethyl, 2-nonyl, 2-undecyl, and 2-phenyl) in
acetonitrile at 80—-110°C within 1 -2 days. After termination,
washing, and re-precipitation, starlike metal-centered poly-
(oxazoline)s were obtained (Scheme 5).
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Scheme 4. Cationic ring-opening polymerization mechanism of 2-oxa-
zolines. I =initiator rest; X = Cl, Br, I; R = for example, alkyl chain; Nu=
nucleophilic group; n =number of repeating units.

A living polymerization mechanism could be verified for all
combinations (except phenyloxazoline, see also ref. [31]). The
molecular weight of the polymers correlated directly with the
expected stoichiometric values, the molecular mass distribu-
tions were monomodal and narrow (polydispersities of 1.04 to
1.35), and the plots of the molecular weight versus [mono-
mer]/[initiator] ratios showed a linear correlation.l?! 3% 3
More detailed kinetic investigations on polymer iron(ir)
complexes indicated linear progression of the first-order
kinetics plots (monomer con-
version versus time, determined
by 'H NMR spectroscopy). This
living character of the oxa-
zoline polymerizations offers

monomer (IT) can be added. The living cationic chain end will
continue propagation with the new monomer. Fraser et al.
showed on the basis of 4,4-bis(chloro)-functionalized 2,2'-
bipyridine iron(i) complexes with Nal (iodide conversion
according to Kobayashi®!) that 2-ethyloxazoline is the most
useful monomer to act as the first polymer block because the
blocks stay active, and the reaction proceeds smoothly to
completion.B! As a second block poly(phenyloxazoline) or
poly(undecyloxazoline) are suitable revealing defined sys-
tems with molar masses up to 40000 dalton (after decom-
plexation, see below). Other AB blocks like (poly(ethyloxa-
zoline)-block-poly(nonyloxazoline) have been prepared with
6-mono(bromo)- and 6,6'-bis(bromo)-functionalized 2,2’-bi-
pyridine copper(i) complexes as initiators.[?’

Besides the utilization of complexed bipyridines as initia-
tors, it would also seem logical to use the pure ligands for this
purpose as well. By this approach, poly(oxazoline)s with
narrow polydispersities could be obtained as well, but a higher
molecular weight shoulder was always detected in the GPC
(gel permeation chromatography).*: ! One possible explan-
ation is that nucleophilic bipyridine nitrogens are capable of
end-capping reactions (by the formation of pyridinium
salts®]). Another reason for the described phenomenon,
discussed by Fraser, is chain transfer and subsequent re-
polymerization effects, which would also lead to higher
polymer masses. Finally, poor initiator efficiency of the
ligands compared with the complexes can be discussed. In
the complexed supramolecular initiators, the complexing

the possibility of a well-defined X bt
termination with different nu-

cleophilic groups (typically Y 1N
piperidine and dipropylamine) - \N "

and therefore of an additional N

functionalization of the poly-
mer chain ends. For example, a
poly(ethyloxazoline) polymeri-
zation could be terminated by
using a 4’-piperidine-function-
alized 2,2":6',2"-terpyridine
unit; the termination results in
a system which contains two
different types of metal binding
sites (Scheme 6).54 Since bipyr-
idines (contrary to terpyri-
dines) are able to chelate cop-
per() to form tetrahedral com-
plexes, these molecules are able —
to act as specific bisfunctional N,/
ligands. In addition, the living

polymerization features can be

utilized for the preparation of

block copolymers. After the \_/
complete polymerization of

4 \ o/\/\/N(/\NX\/

A

g,ﬂ'-l

lem

Scheme 5. Polymerization of oxazolines by using supramolecular bipyridine initiators (X = Br, Cl; M = Cu!, Ru'},
Fel!'; substituents can be in the 4-, 5-, and 6-positions).
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Scheme 6. Amphiphilic poly(oxazoline) block copolymer with two different metal binding sites (R!, R? = dif-

ferent side chains, L =ligand, » =nnumber of repeating units).
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metal ion acts as a protecting group for the nitrogen atoms of
the bipyridines and in parts as an activator for both initiation
and propagation (in particular iron(i)*2),

In addition to growing polymers from metallo-supramolec-
ular initiators, a second goal is to disassemble the starlike
structures (e.g. Scheme 7). This can be easily done by

::?

- % " : " '--,-
'y B0 a4
= FER SR, > -8
T T r r.r}:‘:--
’ s o e
T
r-
KGO,
CH;CN, H;O Fa"
1h, 100°C

Scheme 7. Example of a decomplexation-re-complexation process.
Model of the “switching” of a terpyridine based supramolecular
poly(oxazoline).

treatment with K,COj; solution. It was shown by UV/Vis
spectroscopy and atomic absorption spectroscopy that iron-
()P and cobalt(1)B¥ central ions could be removed almost
quantitatively, whereas only 90 % of copper(i)!l was remov-
able. Ruthenium(i) complexes turned out to be inert. It
could be demonstrated that the process of decomplexation is
reversible. That means re-complexation can take place by
addition of new metal salts.’* 3! The quantification of
polymer complexation depends on the kind of metal ion and
has not yet been investigated in detail. In addition, it could be
observed that films of iron(il) polymers undergo thermal
bleaching at about 210°C, and the color returns after cool-
ing.®!

For characterization of the star-shaped metal-containing
polymers, UV/Vis spectroscopy is a very suitable technique
regarding the polymer metal complex formation as well as the
investigation of decomplexation or re-complexation process-
es. Furthermore, the molar masses as well as the stability of
the polymer metal systems could be studied by utilizing GPC.
The labile iron(11) and cobalt(i) polymer complexes fragment
on the GPC column in most cases quantitatively, and the
detected masses correspond with the uncomplexed macro-
ligands. In-line diode array UV/Vis detection showed that the
eluting polymer fractions contained little or no evidence of
the red-violet iron(i1) chromophores. The inert ruthenium(ir)
polymers maintain their structural integrity during GPC
characterization.*”l Since the stability of copper(1) poly(oxa-
zoline)s lies in between those of iron(i1) and ruthenium(in), it
depends on the length of the polymer chain whether the
starlike polymer fragments on the column or if the whole
expected polymer masses are detected.’”] However, inaccu-
racies of GPC data are related to the utilized polystyrene
standards, which are not always suitable for poly(oxazoline)s
and even less for starlike polymer structures. Therefore,

5256 ——
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MALDI-TOF mass spectrometry was applied to determine
the absolute molar masses.’*! Investigation of the thermal
properties of such complexed polymers revealed a higher
stability of the obtained polymers compared with the utilized
initiator systems. With increasing chain length, the thermal
behavior becomes more similar to the uncomplexed poly-
(oxazoline)s.*1

Terpyridine initiating systems: Besides bipyridine, the terpyr-
idine molecule is known as an excellent ligand for a large
number of transition metal ions, which form octahedral
complexes with interesting physical properties as well as high
stabilities.*> ¥l As the first metallo-supramolecular initiator
system based on this ligand class, an iron(if) complex of 5,5"-
bis(bromo)methyl-2,2":6'2"-terpyridine was utilized.[* 1 The
living character of the polymerization was proven by the
linear relationship between M, and [monomer]/[initiator]
ratios; the molecular masses could be controlled, and the
polymers revealed low polydispersities. In addition, block
copolymers have also been prepared successfully.

Since terpyridines can also be functionalized at the central
pyridine ring, a second approach was the utilization of 4'-(4-
(bromomethyl)phenyl)-2,2":6',2"-terpyridine metal complexes
as initiating systems.[***8] Again the living character of the
oxazoline polymerization could be demonstrated. It was
shown that it is possible to decomplex the supramolecular
terpyridine-functionalized poly(oxazoline)s with diluted
K,CO; solution to yield colorless “macroligands” (Scheme 7).
Supplementary re-complexation experiments were carried
out by performing a titration experiment. The stepwise
increase of the iron(ll) ion concentration in the solution of
the decomplexed polymers resulted the typical iron(ir) —ter-
pyridine charge-transfer band (Figure 1). This decomplexa-
tion —re-complexation process (“supramolecular switching”)
revealed a reversibility of 94 %.

absorbance

fully complexed
polymer~s

addition of

.decompw

polymer Fe'" salt

T M T M ]
500 600 700
Alnm

T v T
300 400

Figure 1. UV/Vis titration of a decomplexed terpyridine —macroligand
solution (CH;CN) with Fe!' salt.

Bi- and terpyridine end-capped biodegradable polyesters:
The concept of supramolecular initiators presented for
2-oxazoline polymerizations can also be transferred to other
polymerization methods and monomers. An interesting
example is the controlled coordinative ring-opening polymer-
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ization of lactides and caprolactones by an insertion mecha-
nism catalyzed by AI(OR); that was described by Kricheldorf
et al.* % A large number of metal alkoxides, for example,
Sn(Oct),, titanium, zinc, and zirconium alkoxides are also
known as catalysts for this technique.P'3 The resulting
poly(lactide)s and poly(caprolactone)s are biocompatible and
biodegradable polyesters which have already been found
promising applications in medicine and tissue engineer-
ing % Utilizing different alcohols as so-called “co-initia-
tors”, chain-end functionalization of the considered polymers
can be realized (Scheme 8). The well-defined incorporation of

g

\

XX
%/\m /-———’

§\

¢

Vis diode array detection. In addition to the homopolymers,
copolymers consisting of poly(lactide) and poly(caprolac-
tone) blocks were prepared. The homopolymeric macro-
ligands were subsequently chelated to iron(i) as well as
ruthenium() (with both two and six polymer arms); the
chelation generated metal-centered star polymers. As was
expected, the iron(l1) containing polymers turned out to be
unstable on the GPC column, whereas the inert ruthenium(ir)
star polymers could be accurately determined by GPC
analysis. In the case of the iron(i) centered polymers, micro-
scopic studies revealed reversible thermochromic bleaching.
Treatment with concentrated
acids or bases also caused
bleaching of the polymers.
Degradation of the polymers
has not yet been investigated.
The transfer of the concept
shown above to terpyridine sys-
tems seems very promising. Re-
sults on this topic are being

n gathered.[o!]
Sn(Oct), 0

0 Supramolecular bipyridine ini-
T/ | (\/\( M tiators for ATRP of styrene and
n methyl methacrylate: Atom-
6\5/ < o \ OEQ Nl e transger radical p{)lymerization
(ATRP) has become a well-
NZ established controlled polymer-

Scheme 8. “Macroligands” through coordinative ring-opening polymerization (in bulk or toluene) of lactide and
e-caprolactone by utilizing hydroxymethyl-bipyridines as “co-initiators”. Substituents can be in the 4-, 5-, and

6-positions (n =number of repeating units).

chelating ligands and thereby metals into such compounds
provides the opportunity to obtain biocompatible materials
with a wide range of properties, suitable for example, for
catalysis or novel diagnostic procedures. In addition, high
molar mass polyesters with improved mechanical properties
could be accessed by this method.

The compounds 6-methyl-6'-monohydroxymethyl-2,2'-bi-
pyridine and 6,6"-bishydroxymethyl-2,2'-bipyridine and their
copper(l) complexes were applied as co-initiators for the
polymerization of lactide and e-caprolactone monomers by
utilizing AIEt; as a catalyst in dry toluene.” > The GPC data
of the obtained polymers revealed rather narrow monomodal
weight distributions (connected with slightly higher molar
masses than expected with respect to the monomer to initiator
ratio, as also obtained from 'H NMR data). In contrast to the
initiation of 2-oxazoline polymerizations with uncomplexed
ligands (see above), no perturbation compared with the use of
metallo-initiators could be observed.

Fraser et al. synthesized polyester macroligands by using
Sn(Oct), as a catalyst and 4,4'-bishydroxymethyl-2,2'-bipyr-
idine as a co-initiator.” * The reactions were carried out in
bulk. The presence of the bipyridyl unit in the polymers was
verified by 'H NMR spectroscopy and GPC with in-line UV/

Chem. Eur. J. 2001, 7, No. 24
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ization method for styrene and
methyl methacrylate.[®> %] Bi-
pyridine (and terpyridine) com-
plexes are not only applicable
as ATRP catalysts/®-% but they
can also initiate the forma-
tion of star-shaped polymers
(Scheme 9).

Fraser etal. used, for example, 4,4"-bischloromethyl-2,2'-
bipyridine and the corresponding ruthenium(i) complexes
with one, two, and three chloromethyl-functionalized bipyr-
idine ligands as initiators in the ATRP of styrene.[”) The

Nk

o)

Scheme 9. ATRP polymerization procedure with supramolecular bipyr-
idine initiators (X=Cl, Br; M=Ru", Cu!, L=ligand, n=number of
repeating units). Reaction conditions: catalyst a) CuCl, bpy(C,;H,;),, or
b) [Cull(4.4'-CH,)bpys](PFy),/ Al OCH(CHs), ]/ CH,N;O.
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authors applied either CuBr/HMTETA (1,1,4,7,10,10-hexa-
methyltriethylenetetraamine)® %! or  CuCl/bpy-(C;5Hs;),
(2,2"-bipyridine) as catalyst systems according to the method
of Matyjaszewski et al.’®l All initiators generated polymers
with narrow polydispersities, however, the obtained molar
masses were higher than expected (this is probably caused by
a slow and inefficient initiation by the not completely soluble
ruthenium(i) complexes). The formation of the star-shaped
polymers was proven by GPC coupled with light scattering
and in-line diode array UV/Vis spectroscopy. An alternative
approach was the “convergent” synthesis of star-shaped
ruthenium(l) centered polymers by macroligand chelation
(1 to 6arms)."™ The polystyrene macroligands were first
prepared in bulk by ATRP polymerization methods
(Scheme 9) and later complexed with ruthenium(ir). However,
this convergent polymer synthesis was inefficient for high
molar mass systems (limit approx. 65000 dalton for a 6-arm
star). The limitation depended on steric crowding around the
metal center (“protection” of the metal center) and on the
solvent polarity, which controls the degree of aggregation of
the polystyrene chains and therefore the access to the metal
centers.’? In addition, the synthesis of poly(methyl meth-
acrylate) macroligands™ and “block” copolymers by self-
assembly of polystyrene —poly(methyl methacrylate) hetero-
arm stars (using ruthenium(i)) prepared by ATRP was
reported.” However, kinetic experiments with bipyridine
initiating systems revealed™ that a controlled ATRP of
styrene with ligand and ruthenium(i) metallo-initiators could
only be achieved for well-selected reaction parameters and
moderate monomer conversion (60 % ). Otherwise molec-
ular weights will deviate strongly from targeted values due to
radical recombination. This suggests the destruction of some
initiating species in the early stages of the polymerization.

Further experiments showed that it is possible to apply
[copper(11)(4,4'-dimethyl-2,2"-bipyridine);] (PF,), as an ATRP
catalyst in order to prepare copper() centered star-shaped
polystyrenes."® [Copper(1){6,6’-bis(bromomethyl)-2,2'-bipyri-
dine},](PF¢) was used as a supramolecular initiator in this
case.

Conclusion and Future
Directions

In this article we showed that a
considerable number of “liv-
ing” polymers starting from
metallo-supramolecular initia-
tors are available. Obviously,
the use of metallo-supramolec-
ular initiators for controlled
polymerization methods is an
elegant approach to the well-
controlled introduction of coor-
dinative segments into poly-
mers. In the case of poly(oxa-
zoline)s, the well-known advan-
tages such as molecular weight
and polarity control as well as
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the possibility of chain-end functionalization and block
copolymerization can be fully transferred to the metallo-
supramolecular initiator concept. The central metal ion acts as
a “protective group” of the nitrogen valences and prevents
self-terminating effects.

Biodegradable poly(lactide)s and poly(caprolactone)s
bearing bipyridine ligands at the chain ends from coordinative
ring-opening methods can also be prepared by the use of the
concept described. Block copolymers are also available. As
the protection of the nitrogen valences is not necessary in this
case, the synthesis can be carried out in both ways by utilizing
metallo-supramolecular initiators or even uncomplexed li-
gands. Furthermore, high-molecular-weight polyesters can be
prepared in this way; the method drastically improves their
mechanical properties.

Atom-transfer radical polymerization (ATRP) is the third
method at present, in which the metallo-supramolecular
initiator concept can be applied and it yields polystyrene
and poly(methyl methacrylate) macroligands as well as metal-
centered star compounds.

The combination of the “switching concept” and the
supramolecular polymers or macroligands connected to
surfaces could lead to entirely new materials in the future
(Figure 2), for example, in the area of sensors. In our opinion,
this universal concept will be extended to a wide range of
other monomers and polymers as well as supramolecular
moieties.
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High-Relaxivity Contrast Agents for Magnetic Resonance Imaging Based
on Multisite Interactions between a f-Cyclodextrin Oligomer and Suitably
Functionalized Gd™ Chelates

Silvio Aime,* Mauro Botta, Franco Fedeli,'¥! Eliana Gianolio,'*! Enzo Terreno,!?!

and Pierlucio Anellil*!

Abstract: The results reported in this
work show that tightly assembled ad-
ducts formed by trisubstituted Gd™
complexes and a -CD multimer (Poly-
p-CD, d.p. ca. 12) may represent very
interesting candidates for novel MRI
applications wherein a high number of
paramagnetic ions endowed with high
relaxivity (per Gd" ion) are necessary.

hancement in these systems shows that
their relaxivities are still limited by a
nonoptimal 7z and a relatively long
exchange lifetime of the coordinated
water(s). Moreover, the exchange rate
of the water molecule(s) coordinated to
the Gd™ ion further decreases upon
binding to the Poly-3-CD. It is suggested
that this finding is related to the struc-

tural properties of the supramolecule,
which brings a high density of hydroxyl
groups into the proximity of the “guest”
complexes, and this yields an overall
reinforcement of the hydrogen-bonding
network involving the coordinated wa-
ter(s). On the other hand, such a tight
arrangement appears responsible for an
enhanced contribution to the observed

The relaxivities found for the paramag-
netic adducts represent a remarkable
step forward on the relaxivity scale.
However, a detailed investigation of
the determinants of the relaxation en-

Introduction

It is now well established that the use of contrast agents (CAs)
adds relevant information in several applications of Magnetic
Resonance Imaging (MRI), 2 and approximately 35 % of the
diagnostic protocols currently carried out in clinical practice
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relaxivity arising from water molecules
in the second coordination sphere of the

cyclodextrins metal center.

MRI contrast

require their administration. The most important class of CAs
for MRI is represented by Gd™!' chelates, whose high para-
magnetism (seven unpaired electrons) can yield a strong
enhancement of the water proton relaxation rates.>#l This
ability is, at first, assessed in “in vitro” experiments through
the measurement of the relaxivity, r;, which refers to the
relaxation enhancement observed in the presence of the
paramagnetic complex at 1 mm concentration.P!

The development of novel applications of MRI and CAs
will largely depend on the availability of systems endowed
with high relaxivities. With the magnetic fields commonly
used in MRI (0.2-2.1T), a relaxivity increase is expected
upon an increase of the molecular reorientational time, 7y, of
the chelate.l’! This approach has been extensively exploited
either through the synthesis of covalent conjugates with
macromolecular systems like proteins,’% dendrimers,!'!-3]
and polypeptides!'*'%l or through noncovalent interactions
between a suitably functionalized chelate and proteins
(essentially Human Serum Albumin)"»! or micelles.?’]
These efforts have led to remarkable results in the delineation
of blood vessels, in which such macromolecular systems are
confined. The next step will deal with the creation of protocols
that address the visualization of small targets like plaques,
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thrombi, receptors over-expressed in the presence of a given
pathology, and so on.

For these purposes, it appears necessary that a significant
number of contrast agent molecules, which should have the
highest attainable relaxivity,?”! are delivered at the targeting
site.

Recently, we showed that a good relaxation enhancement
can be obtained upon the formation of a relatively high-
molecular-weight adduct between a suitably functionalized
Gd™ complex and a mixture of oligomers (average My, of
6 kDa) of B-cyclodextrin (Poly-3-CD).8l Moreover, it was
suggested that much higher relaxation rates could have been
obtained if the reorientational motions of the macromolecular
adducts were further slowed down, for instance, by increasing
the size of the 5-CD multimer.

Unfortunately, synthetic attempts to increase the size of the
B-CD multimer above 10— 15 units were unsuccessful because
larger dimensions invariably yielded insoluble products. It was
thought that higher My, adducts could be obtained with the
available -CD oligomers through the use of multifunction-
alized chelates, wherein each functionality interacts with a
single 5-CD cavity, possibly of different oligomers. Whether
the binding leads to the formation of an interlocked supra-
molecular adduct or not, the presence of more interacting
moieties on the surface of the complex would improve the
overall affinity towards the 3-CD oligomer. In turn, we expect
that the involvement of multisite interactions with S-CD
oligomers will significantly improve the relaxation properties
of Gd-based contrast agents. In order to prove it, we have
carried out a detailed relaxometric investigation aimed at
characterizing the binding interaction between $-CD oligo-
mers and Gd™ chelates containing three hydrophobic sub-
stituents on their surface.

Results and Discussion

The structures of the three Gd™ chelates considered in this
work are shown. The relaxometric properties of [Gd{dota-
(bom);}] (DOTA =1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid, BOM =benzyloxymethyl) and its noncova-
lent interactions with human serum albumin (HSA) have
been previously investigated in detail.'”l [Gd{dtpa(cym);}]
(DTPA = diethylenetriaminepentaacetic acid) results from
the introduction of three cyclohexylmethyl substituents
(CyM) on the acetate arms of DTPA. It is strictly analogous
to the recently reported [Gd{dpta(bom),}] complex, which
was shown to possess a high affinity binding to HSA.?l The
replacement of the phenyl rings by cyclohexyl moieties is
aimed at providing an enhanced affinity towards S-CD
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[Gd{dota(bom)s}] [Gd{do3a(bom)s}]

cavities. [Gd{do3a(bom),}] (DO3A =1,4,7,10-tetraazacyclo-
dodecan-1,4,7-triacetic acid) is a derivative of [Gd(do3a)],
in which three acetic hydrogen atoms have been replaced by
benzyloxymethyl substituents. It has been reported that, in
aqueous solutions, [Gd(do3a)] is present as a mixture of two
isomers with one and two-coordinated water molecules,
respectively, with the latter isomer being largely dominant
(90%) at ambient temperature.””) The major drawback of
[Gd{do3a(bom)s}] is related to its very poor solubility in water
(ca. 0.2 mm at 25°C), which makes its relaxometric character-
ization more difficult. However, upon interacting with 5-CD
or with HSA, the dissolved quantities are sufficient for proton
relaxivity investigations.

The relaxivities at 20 MHz, 25°C, and pH 7 of the three
Gd™ chelates investigated in this work are reported in Table 1.
The r, values are significantly higher (of ca. 60—80%) than
those measured for the parent compounds [Gd(dota)],
[Gd(dtpa)], and [Gd(do3a)]."l The increase in the relaxivity
is mainly due to the increase in 7 caused by the presence of
the three bulky residues on the surface of the metal
complexes.

Then, we measured the water proton relaxation rates of
solutions (0.2 mMm) of each complex in the presence of
increasing amounts of $-CD and of its 15 KDa multimer,
respectively. The analysis of these titrations is not straightfor-
ward because the possibility of multisite interactions leads to a

Table 1. Relaxivities of the free Gd™ complexes and parameters related to their interaction with 3-CD and Poly-3-CD.

ry [mM~s™] p-CD Poly-5-CD
Ky, & rp [mM~'s™] Ks, & rp [mm~'s™!]
[Gd{dtpa(cym),]] 9.1+£0.45 S7+£02 2754014 250125 22401 584029 527426
[Gd{dota(bom)s}] 754037 154408  333+£016  250+£1.25 43402 654032  49.0+24
[Gd{do3a(bom))] 100405 395420  3.04+£015 3044150 70403  61+030  61.0£3.0
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number of simultaneous equilibria that have to be considered.
Only in the case of monomeric -CD, can adducts with
different GdL/B-CD stoichiometry (from 1:1 to 1:3) be
formed, and the number of species can dramatically increase
in the presence of Poly-4-CD. Thus, the presence of several
equilibria in these solutions makes it impossible to get K,
values for each adduct.

Therefore, we had to evaluate the overall interaction
affinity of these chelates towards -CD and Poly-3-CD not
in terms of individual K,s but through a specific parameter,
Ks,, which was evaluated from graphical analysis of the
binding isotherm. By plotting the data as an enhancement
factor (e*) versus the [3-CD]/[GdL] ratio (in Figure 1 the data
for [Gd{dtpa(cym);}] are reported), we found that Ky,
indicates the [3-CD]/[GdL] ratio at which 50% of the overall
relaxation enhancement is observed.

74
64
ey &
5. ® Poly--CD
g 44
341
| S
.+ o
1 T T T T 1
0 20 40 60 80 100

[B-CD)/[GdL]

Figure 1. Relaxation enhancement factor (¢*) of a 0.2 mM solution of
[Gd{dtpa(cym);}] as a function of the ratio [3-CD]/[GdL] (lower curve) or
[Poly--CD]/[GdL] (upper curve) (20 MHz, 25°C, pH=7). Dotted lines
indicate the K5, values for the two systems.

The enhancement factor (¢*) of a solution containing the
paramagnetic chelate and the interacting substrate is calcu-
lated in Equation (1).

Gd+S S
7Rlobs - Rlubs

N3k
Gd W
Righs — Riows

(€]
In the equation, the measured relaxation rates refer to
solutions containing the complex and the substrate (Gd +S),
the substrate (S), the complex (Gd), and the pure solvent (w).
K, is, therefore, inversely related to the overall affinity
showed by the metal complex towards the macromolecular
substrate; the smaller Ks,, the higher the overall binding
affinity between the complex and the “host” substrate.

A more detailed inspection of Figure 1 indicates that the
enhancement factor &* achieves a maximum constant value,
&, either in the titration with -CD or in the Poly-3-CD
system. This observation suggests that also in the latter case,
as for the simpler monomeric 3-CD, the presence of an excess
of Poly-$-CD leads to the formation of a single bound species
for the Gd™ complex unless different interaction equilibria
with very similar affinity constants are in operation. The
results obtained in terms of K, the maximum relaxivity
enhancement (g,), and the relaxivities of the “fully bound”
adducts (r? = ¢, x r,) are summarized in Table 1.

The higher affinity shown by [Gd{dtpa(cym);}] may be
accounted for in terms of the stronger binding of the

5264
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cyclohexyl moiety with respect to the benzyloxy substituent.
The relaxivity enhancements achieved upon the formation of
the adducts are significantly higher (g, of ca. 3) than the values
observed for monofunctionalized Gd"!' chelates, which inter-
act with B-CD (g, <2).?%3 This result confirms that the
trifunctionalized Gd"™ complexes may bind to more than one
B-CD cavity, and this leads to the formation of adducts of
larger size and consequently longer 7z and higher relaxivity.

As expected, on going from -CD to Poly-5-CD, Ky,
decreases, and ¢, and r? increase (Table 1).

Interestingly, the relative binding affinity of the three
complexes found for $-CD is maintained in the case of the
oligomer, but the Ky, values are smaller owing to the higher
probability of interaction between the Gd™ chelates and the
B-CD cavities of the multimer.

As far as the relaxivity is concerned, the r} values of the
“fully bound” adducts are very high. The increase in relaxivity
on passing from S-CD to Poly-5-CD may be accounted for by
the longer 7z of the adducts with the latter substrate. As
anticipated above, slowly moving adducts can be formed
because: i) several Gd™ chelates can bind to the same
multimer chain or ii) each Gd™ chelate may interact simulta-
neously with two or three multimeric chains.

Clearly, the relaxivity increase on going from the adducts
formed by [Gd{dtpa(cym),}] and [Gd{dota(bom),}] to that
formed by [Gd{do3a(bom),}] reflects, as a first approximation,
the presence of two inner-sphere water molecules in the
[Gd{do3a(bom);}] complex. Though quite high, these values
are still significantly lower than those predicted by theory.
Higher relaxivity values can be obtained when the exper-
imental conditions are forced towards the formation of
interlocked supramolecular adducts. For instance, by increas-
ing the molar ratio between [Gd{do3a(bom)s}] and the Poly-{3-
CD, we were able to measure r} values as high as 80 mm's~!.
This remarkable relaxivity enhancement is expected as a
consequence of the increase in the reorientational motion of
the chelate upon formation of an interlocked structure
between the metal complex and host cavities of different
multimeric chains, although other factors that affect the
hydration state of the complex may be important (vide infra).
Such adducts are the systems that one will pursue in “in vivo”
procedures after accumulation of the 5-CD multimer units at
the site of interest followed by a second step, which involves
their recognition by the functionalized complexes. An “in
vitro” investigation of the relaxometric properties of these
interlocked species appears rather difficult because their
formation is favored at high GdL/Poly-5-CD ratios. Under
such conditions, the molar fraction of the bound complex is
lower and, therefore, it is not straightforward to evaluate the
concentration of the Gd™ chelate entrapped in the inter-
locked structure. Thus the evaluation of the factors respon-
sible for the relaxation enhancement has been carried out at
lower GdL/Poly-$-CD ratios. We believe that the determi-
nants for the relaxometric enhancements assessed under these
experimental conditions well represent those ones responsible
for the “in vivo” relaxivity of the interlocked structures.

Exchange lifetime: The residence lifetime of the water
molecule(s) coordinated to the metal center (zy) is one of
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the key parameters responsible for the relaxivity of chelates
immobilized on slowly moving substrates. In fact, the inner-
sphere contribution to the observed relaxation rate is given by
Equation (2).

. q[C]

= 2
T 55.5(T i + Tw) @

In the equation, T}y is the relaxation time of the protons of
the coordinated water molecule(s). Thus, a “quenching” of
the attainable relaxivity occurs when 7y is longer than Ty,
and this condition has been often met when a Gd™ chelate is
bound to a macromolecular system.[

An accurate determination of 7y can be obtained from the
measurement of 7O-R,, as a function of temperature. The
observed relaxation rate is dominated by the contact inter-
action and it is dependent on either 7, and RS, (the transverse
relaxation rate of the metal-bound O water nucleus)

[Eq. 3)].

ro _ A _R& + TR + Aog?
= —T\
® 7555 M (R + i) + Awd?

(©)

RS, values increase as the temperature increases until 7y
becomes short enough with respect to RSy, and this causes a
decrease in RY, with a further increase in temperature. The
resulting bell-shaped behavior may be fitted to Equation (3),
and the actual 7 value at any temperature can be obtained.
Following this procedure, it has been possible to evaluate the
exchange lifetime of the coordinated water molecule in
[Gd{dtpa(cym);}] and [Gd{dota(bom),}] (Table 2). The low
solubility of [Gd{do3a(bom);}] prevented any '"O-NMR
measurement because this experiment requires relatively
high concentrations of the paramagnetic complex. We have
assumed that its 73{® may be approximately 90 ns, that is, the
value found for the parent [Gd(do3a)].?") It is likely that this
is an upper limit because it has been found that the
introduction of bulk substituents on either linear or macro-
cyclic polyaminocarboxylate ligands usually causes a decrease
in the exchange lifetime of the coordinated water.?’!

The 7%® values measured for [Gd{dtpa(cym)s}] and
[Gd{dota(bom),}] are significantly shorter (ca. one third)
than those reported for the reference chelates [Gd(dtpa)] and
[Gd(dota)].B4

The next step dealt with the determination of the exchange
lifetimes of the coordinated water(s) in the supramolecular
adducts with the Poly-3-CD by using the same "O-NMR
procedure. Now, the improved solubility of [Gd{do3a(bom),}]

in the presence of Poly-3-CD allows the direct comparison of
the three complexes. As an example, in Figure 2 the exper-
imental profile obtained for the [Gd{dota(bom),}]/Poly-3-CD
adduct is compared with that of the free complex.

280 300 320 340 360
K

Figure 2. Temperature dependence of the paramagnetic contribution to
the 17O transverse relaxation rate of water for [Gd{dota(bom),}] (4 mm)
free (o) and bound to Poly-3-CD ([Poly-5-CD] =30 mm) (m) (2.1 T, pH 7).

As shown in Table 2, the 7y values, obtained from the fitting
of the 7O-R,, resonances, at least for the [Gd{dtpa(cym)}]
and [Gd{dota(bom);}] adducts, are longer (of ca. 70—80%)
than the corresponding values measured in the absence of
Poly-3-CD. Analogous findings were previously obtained for
7y of free and HSA-bound complexes.l' 2! On this basis, the
exchange process appears to be determined not only by
intramolecular properties (e.g. enthalpy of the Gd—O bond)
but also by changes in the overall hydrogen-bonding network
surrounding the coordinated water(s).

In order to gain direct information about the effect of 7, on
the proton relaxivity of a given complex, it is necessary to
analyze the temperature dependence of the 'H longitudinal
relaxation rates of its aqueous solution. The obtained results
for the macromolecular adducts between Poly-3-CD and the
three complexes considered in this work are reported in
Figure 3. In all these systems, the behavior of r; in the low-
temperature range unambiguously suggests a “quenching”
effect of the exchange lifetime on the overall relaxivity.
However, this information alone does not allow us to draw
any conclusions on the occurrence of a concomitant limiting
effect of 7z (through its effect on T)y,) on the attainable
relaxivity of these macromolecular adducts. Further insights
can be gained through a detailed investigation of the field
dependence of the observed relaxivity.

Table 2. Best-fit parameters obtained at 298 K from 'H-NMRD and 7O-R,, versus T analysis. For [(Gd—L)/Poly-3-CD] adducts, 7* represents the
correlation time associated with the motions (reorientation or exchange) of the second-sphere water molecules (g*).

[Gd{dtpa(cym);}]  [Gd{dtpa(cym)}}/

[Gd{dota(bom)s}]

[Gd{dota(bom)}]/ [Gd{do3a(bom);}] [Gd{do3a(bom);}]/

Poly-$5-CD Poly-$5-CD Poly-$5-CD
7y [ns] 100 +4.9 180+9.1 80+4 140+7.3 90k 120+ 6.2
AH)y [KImol™'] 56+2.8 61+3.1 74+3.7 96 +4.6 38+1.9
A? [s72x 10"] 1.9 £0.095 1.2+£0.06 34+0.17 1.3+£0.06 2.8+0.14 0.8+0.04
7, [ps] 42421 275+14 14+0.7 314+1.6 276+14 44.4£22
AH, [KJmol™] 10 10 10 10 10
g [ns] 0.15+0.007 7.0+0.35 0.12 +0.006 7.04+0.35 0.14 £ 0.007 1.5+0.075
7 [ps] 53+£2.65 41+2.05 423+2.1
q* 19.6+1 15.0+0.8 16.2+0.85

[a] This value has been assumed as the poor solubility of the complex prevents its determination by 7O measurements.

Chem. Eur. J. 2001, 7, No. 24

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

0947-6539/01/0724-5265 $ 17.50+.50/0 — 5265





FULL PAPER

S. Aime et al.

0 10 20 30 4 5 6 70 8
7C

Figure 3. Temperature dependence of the relaxivity of the adducts [Gd(L)/
Poly-3-CD] for the three complexes ([Gd(L)]=0.1 mm; [Poly-5-CD]=
10 mm) (20 MHz, pH =7). [[Gd{dtpa(cym);}]/Poly-5-CD] (m); [[Gd{dota-
(bom);}]/Poly-B-CD] (0); [[Gd{do3A(bom);}]/Poly-5-CD] (e).

1/T; NMRD profiles: In Figure 4, the NMRD (Nuclear
Magnetic Resonance Dispersion) profiles of the three macro-
molecular adducts are reported. The fitting of the exper-
imental data to Solomon-Bloembergen—Morgan equations
(see Appendix) gives the values for the parameters involved
in the relaxation process (Table 2). The fitting procedure has
been carried out by considering g=1 for [Gd{dtpa(cym);}]
and [Gd{dota(bom),}] and g =2 for [Gd{do3a(bom),}]. Fur-
thermore, 7, values obtained from "O-NMR studies have
been used and kept fixed in the fitting procedure. Of course
the analysis yields weighted averages of the values of the
different structures present in the supramolecular system.
As the quantitative analysis of the NMRD profiles was not
satisfactory by using the simple inner-outer-sphere model, the
observed relaxivities have been assumed to also receive
contributions from water protons present in the second
coordination sphere of the chelate. The origin of the second
coordination term (usually not considered in the evaluation of
the relaxivity for the free complexes) appears to be related to
the tight association of the various moieties within the formed
adducts. In fact, one may envisage that the high density of
hydroxyl groups on the crowns of the 3-CD cavities may yield

80~

r/mmTls

0.01 0.1 1 10 100
Proton Larmor Frequency / MHz

Figure 4. 1/T; NMRD profile of [[Gd{dtpa(cym),}]/Poly-3-CD] (e),
[[Gd{dota(bom);}]/Poly-3-CD] (o), and [[Gd{do3a(bom),}]/Poly-3-CD]
(w) adducts at pH =7 and 25°C. The profiles were recorded at 0.1 mm of
the Gd complexes and 20 mm of Poly-3-CD. Under these conditions, the
complexes are totally bound to the Poly--CD substrate. The solid curves
through the data points were calculated with the parameters reported in
Table 3, whereas the dotted lines refer to the three contributions to the
overall relaxivity of [[Gd{dota(bom)}]/Poly-3-CD].
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strong interactions with the water molecules on the surface of
the complexes, and this lengthens their lifetime in the
proximity of the paramagnetic center. From the fitting of
the experimental data, we estimated the presence of approx-
imately fifteen—twenty second-sphere water molecules (see
Table 2), at an average distance of 4 A from each para-
magnetic center. This second-sphere contribution was ana-
lyzed on the basis of the Solomon—Bloembergen—Morgan
model, suitably modified by introducing a generic correlation
time (7%, see the Appendix Section), which deals with the
motion (exchange and/or rotation) of the second coordination
sphere water molecules. The 7 values obtained from the
fitting of the experimental NMRD profiles appear to be quite
short (Table 2) as expected for the average values of lifetimes
for these water molecules at the surface of the paramagnetic
complex. Interestingly, it has been recently reported that
water molecules hydrogen bonded to a Gd™ chelate may have
residence times in the range 20-60 ps; the times depend on
the polar group on the surface of the metal complex.B!

Further support for the data from the model used for
analyzing the NMRD profiles of the adducts with Poly-3-CD
has been gained from EPR measurements. In fact, it is well
known that the values of the electronic relaxation times (7'g
and T,g) of the Gd™ ion may be crucial for determining the
relaxivity in slowly moving paramagnetic chelates,® and it has
been reported that a rough estimation of 7,z may be obtained
from the analysis of the peak-to-peak separation (AH,,) of the
EPR signal [Eq. (4)].54

L _ ng‘Bn\/SAH

4
TZE h ’® ( )

In the equation, the symbols have their usual meanings.

The linewidth of the EPR signal is slightly narrower upon
the formation of the macromolecular adduct, and this
indicates an increase in 7,z. Analogous results have been
obtained for the [Gd{dtpa(cym);}] complex, and the T,
values calculated from the experimental AH,, are reported
in the left column of Table 3.

It is particularly interesting to note that, at least qualita-
tively, the T values obtained from EPR data are in excellent
agreement with those calculated, by means of the Bloember-
gen—Morgan model, from the values of A? and 7y derived
from the NMRD analysis (right column in Table 3).

The observed increase of the electronic relaxation times of
the Gd™ chelates upon the formation of the macromolecular
adducts with Poly-3-CD is an unexpected finding that

Table 3. Electronic transverse relaxation times at 0.34T and 25°C
determined from the peak-to-peak distance of the EPR signal (*3*7T5R)
or calculated from the Bloembergen — Morgan model (***7T5) by using the
A? and 7y values obtained from the fitting of the NMRD profiles (see
Table 2).

VST [ps] TR [ps]

[Gd{dtpa(cym)s}] 470+22 280+ 14
[Gd{dtpa(cym)s}]/Poly-3-CD 490 +24.5 560+ 28
[Gd{dota(bom)s}] 310+ 155 270+13.5
[Gd{dota(bom),}]/Poly-5-CD 400420 480424
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contributes to the attainment of the high relaxivities shown by
these systems. Although the 7z values for the overall
reorientation found for these Poly-3-CD adducts indicate
that the complexes are tightly locked in the frame of the
multimer, one may show that a higher relaxivity enhancement
might be achieved by a further increase of 7x (up to ca 30 ns).
Moreover a concomitant shortening of 7,; down to the optimal
value of 20 ns® (in Figure 5 a simulation for the [Gd{dota-
(bom);}] complex is reported) would maximize the attainable
relaxivity at an operating frequency of 20 MHz. This finding
outlines again the central role of 7y in determining the
relaxivity of macromolecular Gd™ chelates.

T T 1

10 e
0.01 0.1 1 10 100
Proton Larmor Frequency / Mtk

Figure 5. 1/T; NMRD profile of [[Gd{dota(bom);}]/Poly-3-CD] (e); the
other lines represent the simulation of the relaxivity profile using the set of
parameters reported in Table 2, but ty is increased to 30 ns (dotted), and 7y
shortened to 20 ns (dashed).

Unfortunately, as shown above, the formation of the
supramolecular adducts with Poly-5-CD promotes an increase
in 7y in such systems that is likely to be due to the high density
of OH groups, which stabilize an extended hydrogen-bonding
network. In turn this supramolecular structure interferes with
the exchange process of the coordinated water. On the other
hand, the same phenomenon has a positive effect and results
in a significant contribution from water molecules in the
second coordination sphere that balances, in part, the
“quenching” effect on the observed relaxivity associated with
the relatively slow exchange of the inner-sphere water(s).

Conclusion

The results reported in this work represent an important step
along the route to systems endowed with high relaxivities. The
relaxivities shown by [Gd"—L/Poly-$-CD] adducts are more
than one order of magnitude higher than the characteristic
values reported for the extracellular agents currently used in
clinical practice. Moreover, they are also higher than the
relaxivities shown by Gd™ complexes interacting with HSA. It
is likely that the described paramagnetic supramolecules may
be very useful in the MRI visualization of thrombi, plaques,
and even receptors involved in neoangiogenesis processes or
overexpressed on the surface of tumor cells, once units of the
pB-CD multimer were endowed with specific targeting capa-
bilities. One expects that after the initial anchoring of the

Chem. Eur. J. 2001, 7, No. 24
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polymeric chains at the targeting site, progressive growth of
the supramolecule will take place, and thus a large number of
paramagnetic complexes will accumulate in the region of
interest.

Experimental Section

Synthesis of the DTPA(CyM);, DOTA(BOM);, and DO3A(BOM),
ligands and of the corresponding Gd™ complexes: DOTA(BOM); and
DO3A(BOM); ligands were synthesized according to previously reported
procedures,® and the corresponding Gd"' complexes were prepared
following the General Procedure described in the same paper. The
DTPA(CyM); ligand was prepared according to a modification of the
Rapoport synthesis of DTPA.l L-Phenylalanine rert-butyl ester was
alkylated (DIEA, Diisopropylethylamine MeCN) at first with 2-(2-
bromoethoxy)tetrahydropyrane and then with tert-butyl bromoacetate.
Cleavage of the tetrahydropyranyl protection (aq. HCl) and bromination
of the hydroxy group (NBS (N-bromosuccinimide), Ph;P, CH,Cl,) gave
N-(2-bromoethyl)-N-[2-(1,1-dimethylethoxy)-2-oxoethyl]-L-phenylalanine
1,1-dimethylethyl ester.

Double alkylation of L-phenylalanine 1,1-dimethylethyl ester with such a
bromo derivative (MeCN/pH 8 phosphate buffer) gave the pentaester of
the corresponding DTPA-like ligand. Hydrogenation of the three aromatic
rings (H,, 5% Rh/C, MeOH), followed by hydrolysis of the tert-butyl ester
groups (trimethylsilyl iodide, CHCl;) gave DTPA(CyM);. Full details of
the synthetic methodologies for the synthesis of DTPA(CyM); are given
elsewhere.’ Characterization of ligand DTPA(CyM);: m.p. 169°C (dec.);
[a]® =+37.02 (c=2.5 in 4N NaOH); *C NMR (D,0 +KOD, 25°C): 6 =
28.6, 28.7, 29.0, 35.4, 35.7, 36.2, 37.5, 38.6, 40.7, 50.8, 53.2, 58.0, 66.7, 68.3,
176.9, 178.6, 179.8; MS (ESI): m/z (%): 681 [M — H]~; elemental analysis
caled (%) for C3sHyN;040: C 61.65, H 8.72, N 6.16; found: C 62.11, H 8.76,
N 6.23. The Gd™ complex of DTPA(CyM); was prepared by using GdCl,
and N-methylglucamine as the base.

Poly-f-CD multimer: Poly-$-cyclodextrin, consisting of a mixture of
oligomers (My,=3-15kDa), was purchased from Cyclolab (Budapest,
Hungary). According to the producer, adjacent 3-CD units are linked
through a 1-chloro-2,3-epoxy propane group. The commercial product was
purified by size-exclusion HPLC by using NH,HCO; (120 mm) as eluent,
on a ACTA Explorer100 (Amersham Pharmacia Biotech, Uppsala,
Sweden). Several fractions were collected corresponding to compounds
with different polymerization degrees. The 5-CD multimer used for the
experimental measurements was the one with the higher molecular weight
(15 kDa).

Water proton relaxivity measurements: The longitudinal water proton
relaxation rate was measured by using a Stelar Spinmaster (Stelar, Mede,
Pavia, Italy) spectrometer operating at 20 MHz, by means of the standard
inversion-recovery technique (16 experiments, 2 scans). A typical 90° pulse
width was 3.5 s, and the reproducibility of the 7, data was £0.5%. The
temperature was controlled with a Stelar VTC-91 air-flow heater equipped
with a copper-constantan thermocouple (uncertainty +0.1°C).

The proton 1/T; NMRD profiles were measured over a continuum of
magnetic-field strength from 0.00024 to 0.28 T (corresponding to 0.01—
12MHz proton Larmor Frequency) on a Stelar Fast Field-Cycling
relaxometer. This relaxometer worked under complete computer control
with an absolute uncertainty in 1/7; of £1%. Data points at 20 MHz,
60 MHz, and 90 MHz were added to the experimental NMRD profiles and
were recorded on the Stelar Spinmaster (20-60 MHz) and on a JEOLEX-
90 (90 MHz) spectrometer, respectively.

The concentration of the Gd™ complexes in the solutions for the
relaxometric determinations was obtained by means of ICP analysis.

70 measurements: Variable-temperature 'O NMR measurements were
recorded at 2.1 T on the JEOL EX-90 spectrometer, equipped with a 5 mm
probe, by using a D,0 external lock. Experimental settings were as follows:
spectral width 10000 Hz, 90° pulse (7 ps), acquisition time 10 ms,
1000 scans, and without sample spinning. Aqueous solutions containing
2.6% of 7O isotope (Yeda, Israel) were used. The observed transverse
relaxation rates (R$),,) were calculated from the signal width at half-height
(Av1): Ry =mtAY .
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EPR measurements: The EPR spectra were measured at room temper-
ature at X-band (0.34 T) on a Bruker EMX 10/12 spectrometer. The sample
(1 mm aqueous solution of the Gd'™' chelate) was inserted into a quartz
capillary.

Appendix

'H water relaxation rate: The relaxivity of a Gd™ complex can be
accounted for by the sum of contributions arising from water molecules in
the inner, second, and outer coordination spheres of the metal ion

[Eq. (5)].
r=ri s e (©)

The ris refers to the contribution from the exchange of the water
protons in the first coordination sphere of the paramagnetic metal ion
[Eq. (6)].

e ©
55.6(Twm + Tm)

In this equation, g is the hydration number, [C] is the molar concentration

of the paramagnetic chelate, T}y is the longitudinal relaxation time of the

inner-sphere water protons, and 7, is their residence lifetime. The

Solomon - Bloembergen theory?® enables one to determine the magnet-

ic-field dependence of Ty [Eq. (7)].

1 2y8giuiS(S + [ 3a Tt

T_ﬂw 15 A 1+ itk

™

1+ w}t3

In this equation, S is the electron spin quantum number (7/2 for Gd™"), yy is
the proton nuclear magnetogyric ratio, ug is the Bohr magneton, g, is the
Landeé factor for the free electron, and ry; is the distance between the metal
ion and the inner-sphere water protons. wy and wg are the proton and
electron Larmor frequencies (ws=658.21wy), respectively, and 7,(i =1,2)
are the correlation times related to the modulation of the dipolar electron —
proton coupling. Such an interaction may be modulated by the reorienta-
tion of the paramagnetic species, 7y, by the residence lifetime, 7, and by
the electronic relaxation times, Ty (i=1,2) [Eq. (8)].

T =t + 1 + TE ®)

Analogously to the nuclear relaxation time, the electronic relaxation time is
also magnetic-field dependent. For Gd™ complexes, T} are determined by
the modulation of the transient zero field splitting (ZFSy) of the electronic
spin states caused by the dynamic distortions of the ligand field,
and, according to the Blombergen-Morgan theory,*” their magnetic-
field dependence is given by the following equations [Eq.(9)] and

[Eq. (10)].
+ ! ) ©
1+ witd 1+ 4witg

—) (10)

+
1+ oty 1+ 4wit}

1
Til = AT 48(S+1) - 3] (

1
T3 = %Azrv[4S(S+ 1) -3] (3 +

In this equation, A? is the square of the transient ZFSenergy, and 7y is the
correlation time related to its modulation.

The second-sphere term, 1, describes the contribution arising from water

molecules held in the proximity of the surface of the metal complex by
hydrogen-bonding interactions with polar groups of the ligand. By using
the same approach described above for the inner-sphere contribution and
by assuming that the residence lifetime of the second-sphere water protons
is significantly shorter than their relaxation time, ri* is given by
Equation (11).

PR

= (1)
55.6 THt

In this equation, ¢* is the number of second-sphere water molecules, and
T'% is the longitudinal relaxation time of the second-sphere water protons.

5268 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Analogously to the inner-sphere contribution, 7§ is magnetic-field
dependent [Eq. (12)].

L 2yhgemdS(S+ [ 3 7

Th 15 rés L+ oh(F) 1+ 0d(rd)’

(12)

In this equation, rg is the average distance between the metal ion and the
second-sphere water protons, and 7% (i=1,2) is the correlation time
associated with the motion of the second-sphere water molecules.

For simplicity 75 are given by Equation (13).
@) ="+ T (13)

In this equation, 7% is related to the motions (reorientation or exchange) of
the second-sphere water protons.

The outer-sphere term, ril, describes the contribution from water
molecules which diffuses around the paramagnetic complex and, according
to the model developed by Hwang and Freed,* may be related to the
minimum distance between the metal and the outer-sphere water protons,
a, the relative solute—solvent diffusion coefficient, D, and, again, the
electronic relaxation times, T [Eq. (14)].

Hos — (COS ! 7J 3J 14
o — &5) (@9) + 37(wn)] (14)

In this equation, C°S is a constant (5.8 x 107 s72m!), and the dependence
on the electronic relaxation times is expressed in the non-Lorentzian
spectral density functions J(w,).

17Q water relaxation rate: The exchange lifetime of a metal-bound water
molecule in a paramagnetic chelate may be accurately assessed by
measuring the temperature dependence of the paramagnetic contribution
to the water 7O transverse relaxation rate (RS),).

RS, is related to 7y through the values of Awg; (i.e. the 7O chemical shift
difference between coordinated and bulk water molecules) and RS9y
(which, in analogy to Ty, is the transverse relaxation rate of the
coordinated water oxygen) according to the Swift and Connick equation
[Eq. (15)].141

o qC 1R%’M2 + TRy + Aw{?
= —— T
P56 M Ry + i) + Awg?

(15)

The temperature dependence of Aw{ is described by the following
equation [Eq. (16)].

 gpS(S + 1)B,A

Aoy
M 3k T I

(16)

In this equation, B, is the magnetic-field strength, and A/h is the Gd—'"O
scalar coupling constant (the value for polyaminocarboxylate Gd'!' com-
plexes has been fixed to —3.8 x 10° rads™1).1*

For relatively small-sized Gd™ chelates and at 2.1 T, RS, is essentially
dominated by the electron—nucleus scalar interaction ([Egs. (17)] and

(18)).

RQ, = %(%) 28(8S+1) (zm + L) 17)

1 + witg,
Tel =T + 1 (18)

Finally, the temperature dependence of RS, is expressed in terms of the
Eyring relationship for 7y and 7y [Eq. (19)].

( ) : (1;1)298.15], |:AH]< 1 1)] (19)
T)r = exp | —— _
vr 20815 PR 2815 T

In this equation, j refers to the two different dynamic processes involved
(j=v, M), and AHj is the corresponding activation enthalpy.
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A Hydrogen-Bonding Receptor That Binds Cationic Monosaccharides
with High Affinity in Methanol

Shun-ichi Tamaru,!?! Masashi Yamamoto,'*! Seiji Shinkai,*!?! Alisher B. Khasanov, and

Thomas W. Bell*P!

Abstract: A dicarboxylate host (1)
binds cationic monosaccharides such as
D-glucosamine - HCI (2), p-galactosami-
ne-HCI (3), and p-mannosamine - HCI
(4) with high affinity (K;=28.0x 10*-
—2.0 x 10°M7") in methanol. In circular
dichroism (CD) spectroscopy a positive
exciton-coupling band was observed
near 290 nm; this indicates that the
saccharides are recognized by multiple
point interactions. Since the correspond-
ing neutral monosaccharides are not

gen-bonding interactions of OH groups
with the other carboxylate and/or nitro-
gen bases. Molar ratio plots and Job
plots indicate that host 1 and cationic
monosaccharide guests form CD-active,
pseudo-cyclic 1:1 complexes at low guest
concentration followed by the formation
of CD-silent, acyclic 1:2 1-saccharide
complexes at high guest concentration.
The possible binding modes are dis-
cussed in detail on the basis of molecular
mechanics calculations and chemical

shift changes in 'H NMR spectra. The
results of competition experiments with
several cationic reference compounds
bearing fewer OH groups than 2—4 are
consistent with the proposed binding
model. Thus, the present study is a rare
example of saccharide recognition in a
protic solvent, where in general, hydro-
gen-bonding interactions are rarely use-
ful because of strong solvation energy.
These are apparently the strongest sac-
charide complexes involving noncova-

significantly bound, one may conclude
that complex formation is primarily due
to the electrostatic interaction between
NH;" in the guest and one carboxylate in
the host and secondarily due to hydro-

Introduction

Molecular recognition of neutral and ionic species by
synthetic receptors has been a fascination of many chemists
for the last few decades. In many reported synthetic receptors
hydrogen-bonding interactions play a central role.l"? Tt has
been shown, however, that hydrogen-bonding interactions are
effective in aprotic solvents but less effective for recognition
of guests soluble only in aqueous media.’! This limitation
becomes particularly serious in saccharide recognition, be-
cause sugars are practically soluble only in water and only
partially in alcoholic solvents, but they are virtually insoluble
in most aprotic solvents (except a few polar aprotic solvents
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lent interactions between host and guest.
We believe that the findings are signifi-
cant as a milestone toward development
of new saccharide recognition systems
ultimately useful in aqueous solution.

host — guest

such as DMF and DMSO). It is known that certain proteins,
such as concanavalin A and L-arabinose-binding protein,
utilize hydrogen-bonding interactions for saccharide binding
after excluding most (but not all) water molecules which may
hamper the hydrogen bond based protein—saccharide inter-
actions.l!!. These binding modes are mimicked in aprotic
solvents to some extent. For example, Rebek et al.?? suc-
ceeded in recognition of a saccharide analogue by a receptor
designed from Kemp’s acid. Davis et al.’l and Aoyama et al.l’
demonstrated that OH groups appended to cholic acid or
calix[4]resorcinarene are useful as a functional group array to
bind saccharides through hydrogen bonds. Similarly, it was
shown by Anslyn et al.l? and Inouye et al.¥l that arrangement
of hydrogen-bond-accepting pyridine units in complementary
spatial positions is an appropriate strategy to design saccha-
ride receptors.

The preceding experiments were conducted either in
aprotic solvents (mainly in CDCl;) or in two-phase extraction
systems containing high concentrations of saccharides in the
aqueous phase. Hence, the complexes discussed therein are
relevant to protein—saccharide interactions occurring in
hydrophobic environments but cannot be directly applied to
saccharide recognition in aqueous solution.[) Recently, opti-
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cally-active 1,1’-binaphthyl-derived cyclophane receptors
were reported with central cavities including four anionic
phosphodiester groups for “ionic” hydrogen bonding.!'” Very
interestingly, this type of receptor!® can bind certain
saccharides even in a protic solvent mixture (CD;CN/CD;0D
88:12 v/v). More recently, Krdl et al.l'l reported macrocyclic
and open-chain porphyrins bearing polycationic groups
capable of binding sugars, particularly trisaccharides, even in
water. These findings suggest that ionic hydrogen-bonding
interactions may be a better choice than neutral hydrogen-
bonding interactions for binding saccharides in protic sol-
vents.

One group included in the present investigation has
developed a number of fused-pyridine receptors for recog-
nition of creatinine, guanidinium, urea, and related mole-
cules.'t 17141 Among them, host 1 (Figure 1) has two carbox-
ylate anions and four basic nitrogens capable of forming both
ionic and neutral hydrogen-bonding interactions. Careful

Figure 1. A) Side view of 1 in minimum-energy conformation (SYBYL;
NCCN torsions —22°). (B) Space-filling (CPK) model of p-glucosamine
docked in cavity of receptor 1.

examination of the molecular structure of 1 reveals that i) the
naphthyridine ring and adjacent pyridine rings are expected to
be twisted to some extent to avoid an energetically unfavor-
able eclipsed conformation in the CH,CH, linkages, and
ii) the size of the cleft composed of four basic nitrogens is
comparable to the size of monosaccharides (Figure 1). These
structural characteristics suggest that 1 would act as an
excellent saccharide receptor and the binding event could be
read out by induced circular dichroism (ICD) arising from the
twisting direction of the naphthyridine—pyridine NCCN tor-
sional angle.

Investigations of saccharide recognition using hydrogen-
bonding interactions have so far been conducted mainly in
aprotic solvents to avoid the strong solvation energy of protic
solvents. However, it is clear that a saccharide recognition
system useful even in protic (particularly, aqueous) solution
should be more important from a practical viewpoint. Again,
examination of the molecular structure of 1 suggests that the
combination of both electrostatic and hydrogen-bonding
interactions would enable the binding of “cationic” mono-
saccharides even in protic solvents. With these objectives in
mind, we compared the recognition ability of 1 toward
cationic monosaccharides [D-glucosamine - HCI (2), p-galac-
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tosamine - HCI (3), and p-mannosamine - HCI (4)] with that
toward neutral monosaccharides and cyclic primary ammo-
nium reference compounds 5-8. Very interestingly, we have
found that cationic monosaccharides 2 -4 are bound by 1 even
in 100 % methanol, inducing circular dichroism and exciton
coupling associated with the heterocyclic chromophore of this
receptor.

H
2 4
o NHg o OH
HO%
- H.OH m Hom
HOTIH NH* CI° NH;" Cl
5 6 7

(racemic)

Q‘/.\NH; c-

8

Results and Discussion

Absorption spectra: The UV/Vis absorption spectra of
dipotassium salt 1 were recorded in water and in methanol
in the absence and the presence of guests 2—4 (Figure 2). The
spectrum of 1in methanol is very similar to that in water. In
titration studies,['*! addition of the first two equivalents of HCI
in methanol produce no significant UV shifts; this indicates
that 1 exists as a dianionic species in this solvent. A plot of the
absorbance (255 nm) versus the concentration of 1 [(0.5-
2.0) x 10->m] showed a linear relationship, R = 0.998; the plot
is not shown here. This implies that 1 does not aggregate but
exists as a monomeric species in methanol over this concen-
tration range. Figure2 also shows that the spectrum in
methanol is only slightly affected by addition of guests 2—4.
This result is similar to that observed in the complexation of 1
with various aliphatic amines, in which no proton transfer was

10,

Absorbance
(@] (@) (=)
IS > @

©
[

o . . . N
200 250 300 350 400 450
Wavelength /nm

Figure 2. UV/Vis absorption spectra of 1 (2.00 x 107°M) in water
(pH 8.0 - ---) and methanol (——) in the presence of 2 (--), 3 (——-)
and 4 (—--):25°C, [2, 3, or 4] =1.00 x 1073Mm.
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observed. In any case, absorption spectroscopy is not a
sensitive method for detecting the interaction of saccharides
with host 1.

CD Spectra: As expected from the computational studies
(Figure 1), free host 1 should exist in solution as two
enantiomeric conformations in which the torsions between
the naphthyridine ring and the pyridine rings are twisted in
either the right- or left-handed direction. When this equilib-
rium is shifted to either direction by saccharide binding, one
enantiomer will exist in excess over the other, and therefore
the binding event should be easily read out by CD spectros-
copy.

Figure 3 shows CD spectra of 1 (2.00 x 10~>M) in methanol
in the presence of 2—-4 (1.00 x 10~*M). As expected, these
cationic monosaccharides resulted in CD-active species,
whereas methanol solutions containing neutral saccharides
(e.g., D-glucose, D-galactose, D-mannose, D-xylose, and D-
fructose) were totally CD-silent.

5000

8 1 deg cm? dmol”!

N I I I ]
5000250 300 350 400 450

Wavelength / nm

Figure 3. CD spectra of 1 (2.00 x 10~°m) in the absence (----) and the
presence of monosaccharides (1.00 x 10~4m) at 25°C in methanol: — 2,
—-—3,---4

In general, when a host molecule binds a saccharide, the
resulting complex becomes optically active. It has been
established through CD spectroscopic studies on saccharide
recognition!'! that the complex becomes strongly CD-active
only when the saccharide is recognized by the host at multiple
points,l'”) forming a pseudo-cyclic structure. Thus, the differ-
ence observed between cationic and neutral saccharides
indicates that the primary contact with the cationic saccharide
guest is achieved by electrostatic interaction between NH;*
and COO~ and the secondary contact is due to hydrogen-
bonding interactions of OH with N and/or COO~ as a pseudo-
intramolecular process. Here, it is particularly noteworthy
that i) electrostatic interactions can overcome the strong
solvation energy operating between saccharides and methanol
solvent molecules and ii) hydrogen-bonding interactions be-
tween 1 and saccharides become significant in methanol only
when they occur in a pseudo-intramolecular fashion. When
water was added to the solution, the CD intensity decreased
with increasing water concentration and the CD spectra
completely disappeared at a methanol/water ratio of 4:1 (v/v).
This result implies that the hydrogen-bonding sites involved in
the complex are more strongly solvated in water, suppressing
complexation. Moreover, addition of D-lysoxylamine-HCI
(5) to methanol solutions of 1 did not produce CD activity.

5272
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D-Mannosamine - HCI (4) is identical to 5 except that 4 bears a
6-hydroxymethyl group; this suggests that this hydrogen-
bonding site may be necessary to produce a CD-active
complex.

To specify the stoichiometry of the CD-active species, the
CD intensity (305 nm) was plotted against [1]/([1] 4+ [2]) (Job
plot: Figure 4). It is clearly seen from Figure 4 that the CD
maximum appears at [1]/([1] 4 [2]) =0.5; this indicates that
the CD-active species consists of a 1:1 complex between 1 and
2. The same 1:1 stoichiometry was also confirmed for the
complexes with 3 and 4.

25

201

©Dgqs f mdeg

0.5

Y f
04 05 08 oa 1.0
[/ (1]+[21)
Figure 4. Job plot of the CD intensity (305 nm) versus [1]/([1]+[2]); the
([1]+[2]) value was maintained constant (2.00 x 10~*m, 25°C, methanol).

0.0

a 0.2

Next, to estimate the association constants (K) for 1:1
complex formation, the CD spectra were measured as a
function of the saccharide concentrations (the example for 2 is
shown in Figure 5). The CD spectra changed with two well-
defined isosbestic points, suggesting that only one CD-active
species is produced in the complexation process.

75007

6 /deg cm? dmol™

300 320 340
Wavelength / nm

Figure 5. CD spectral change in 1 (2.00 x 10-5m): [2] =0-2.00 x 102Mm at

25°C in methanol. The CD spectra in the presence of 3 or 4 showed similar

changes.

0 L
260 280

We plotted the CD intensity against the saccharide
concentration, as shown in Figure 6. The CD intensity
increased at [saccharide]=0-0.1mwm (Figure 6 A) and then
decreased with further increase in the saccharide concentra-
tion (Figure 6 B). As mentioned above, the CD-active species
has 1:1 stoichiometry and features multi-point interactions
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Figure 6. Plots of A[60]ys versus saccharide concentration: [1]=2.00 x
10M, @ 2, 0 3, & 4: [saccharide] =0.00-4.00 x 10~*m (A), 0.0-1.96 x
10-2m (B); at 25°C in methanol.

forming a pseudo-cyclic structure. Taking these facts into
consideration, the biphasic Af dependence is rationalized by
Scheme 1 consisting of the initial formation of a CD-active
pseudo-cyclic 1:1 complex at low saccharide concentration
followed by a CD-silent, noncyclic 1:2 1-saccharide complex
at high saccharide concentration. A similar biphasic depend-
ence frequently appears in other saccharide recognition
systems and has been rationalized in an analogous manner.['"!

K, D-glucosamineH”
_", D-giicosaminen,

Ho o oH
HO- on
NH; HO
+
/o , o
S f -
hydrogen-bonding \ electrostatic
interaction / | interaction
0.0

0.7.0 /

Kj, D-glucosamineH”
2 D-gUCOSAmMINeH

CD-active 1:1 complex

Scheme 1. Model explaining dependence of CD activity on saccharide concentration.
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CD-silent 1:2 complex
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The K values for the formation of 1:1 and 1:2 complexes (K;
and K,, respectively) were estimated by a nonlinear least-
squares method.['%% 181 The results are summarized in Table 1
with the CD spectral parameters. Examination of Table 1
reveals several interesting aspects characteristic of the present

Table 1. Association constants (K; and K,) and 4,,,, and [0],,.x in the CD
spectra of complexes of 1.

Guest K, [M71] K, [M71] Amax [nmM]
([6]ax [degem? dmol~'])

2 2.0 x 10° 6.5 x 102 305 (3054) 283 (—5860)
3 1.5 % 10° 5.0 x 102 305 (2133) 283 (~3931)
4 8.0 x 104 6.0 x 102 305 (1150) 283 (—1158)
5 7.0 x 10*

6 6.0 x 10*

7 2.3 x10*

8 1.7 x 10*

[a] At 25°C, methanol.

electrostatic/hydrogen-bonding cooperating system, namely,
i) both the K, and K, values are similar for complexes of the
three guests, the largest difference being observed between
the K; for 2 and that for 4 (only 2.5-fold), ii) the K, values
appear in the order of 2 >3 > 4 which is the same as the order
Of [0]max, that is, the stronger the CD bands are, the larger the
K, values are, and iii) on the other hand, the K, values (500 ~
650M~') are more similar than the K, values. Aspect (i)
implies that the electrostatic interaction which should com-
monly operate in the binding of 2—4 acts as a primary binding
force; the hydrogen-bonding interaction, which may be useful
to discriminate among the three saccharides, plays only a
secondary role. It should be noted, however, that such strong
CD bands cannot appear without the contribution of the
hydrogen-bonding interaction which stabilizes the guest
saccharide in a pseudo-cyclic structure. Then, aspect (ii)
suggests that the magnitude of the hydrogen-bonding inter-
action is the origin of the differ-
ence both in the K, values and
the CD intensity. The K, values
reflect the conversion of the
pseudo-cyclic 1:1 complexes in-
to the noncyclic 1:2 complexes.
As in the formation of the 1:1
complexes, the second saccha-
ride is also bound primarily by
an electrostatic interaction in
the cases of all three saccharide
guests. This is why the K, values
HO, are almost the same in the three
o} cases.

The structure of 1:2 was
modeled by molecular mechan-
ics to suggest the host—guest
interactions responsible for the
stability and induced CD of this
1:1 complex. A total of 22
different host—guest arrange-
ments were minimized in the
absence of solvent. The mini-
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mum energy structure shown in Figure 7 supports the
proposed pseudo-cyclic structure of this complex. One end
of the twisted receptor molecule is anchored by the primary
association between the NH;" and COO~ groups. Primary
hydrogen-bond contacts (dashed lines) occur between NH
donors and carboxylate and adjacent pyridine acceptors, and a
long-range NH/naphthyridine nitrogen interaction is present,
but not shown in Figure 7. The other carboxylate of 1 forms a

Figure 7. Energy minimized structure of complex 1-2 (SYBYL; NCCN
torsions, — 16, —26°); primary hydrogen bonds are shown by dashed lines.

hydrogen-bonded network with the 6-OH and 4-OH groups
of 2. The approximately coplanar arrangement of these
hydrogen bonding groups and the orientation of the C—NH;*
bond nearly perpendicular to the array of COO-, pyridine N
and naphthyridine N donor groups at the other end of 1 are
apparently responsible for a counterclockwise (M-helical)
bias of the two NCCN torsions in the receptor. We also
attempted to energy minimize 1.2 with P-helical twists of
these torsions. The resulting local minimum energy structure,
with NCCN torsions of + 15 and +25°, is 3.3 kcal mol~! higher
in energy and the 6-OH and 4-OH groups lie on either side of
the carboxylate plane. These calculations produce reasonable
NCCN torsional angles, which are 4 18.8 and —19.8° in the N-
ethylguanidinium complex of 1.0 Tt is likely that there are
several M-helical complexes that are in dynamic equilibrium
with that shown in Figure 7.

The conformation of host 1 in the energy minimized
structure of its complex (Figure 7) displays a counterclock-
wise twist (M-helicity) between adjacent pyridine and 1,8-
naphthyridine rings, apparently producing the positive CD
couplet at about 295 nm (Figure 3). This corresponds approx-
imately to the broad absorption band centered at 290 nm (cf.
Figure 2). The longest wavelength absorption band at ca.
380 nm produces only a very weak CD signal. In a CD study of
an M-helical 2,2N'-bipyridine derivative,'”! a negative CD
couplet was associated with the longest wavelength band
(300 nm) and a positive CD couplet was observed for the next
higher energy electronic transition (230 nm). Assignment of
electronic transitions in the present case consisting of one 1,8-
naphthyridine and two pyridine chromophores is more
complicated, but the two cases are consistent if one considers
that a positive CD couplet is observed for the second longest
wavelength band in both cases.

The binding of neutral saccharides could not be detected by
any spectroscopic method used (e.g., UV/Vis, CD, and
'"H NMR spectroscopy). Hence, it is difficult to estimate the
“absolute” affinity of 1 with neutral saccharides in methanol.
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However, one can estimate the relative affinity by the
competition method, monitoring the CD intensity of the 1-2
complex. Thus, to methanol solutions containing 1 (2.00 x
10°m) and 2 (1.00 x 10~*m) were added several neutral
saccharides (D-glucose, D-galactose, D-mannose, etc.) up to
2.00 x 102m. We found that the CD spectrum of the 1.2
complex was scarcely affected even at the ratio: [neutral
saccharide]/[2] =200. This result indicates that host interac-
tion with these neutral saccharides is weaker by more than
two orders of magnitude than that with cationic saccharides.
The association constants (K, values) for 1:1 complexes of 1
with reference compounds 5—-8 were estimated by competi-
tion with the 1:1 complex 1-2. Each reference compound was
incrementally added to a methanol solution of 1 (2.0 x 1075 m)
and D-glucosamine - HCI (1.0 x 10~*m), which showed max-
imum CD intensity indicating predominant formation of the
1:1 complex. The K, values were calculated from the decrease
in CD intensity (305 nm), assuming 1:1 substitution, and are
listed in Table 1. Cyclohexylamine - HCI (8) forms the weakest
complex, as expected from its lack of OH groups. The K,
values for frans-4-aminocyclohexanol-HCI (6) and trans-2-
aminocyclohexanol - HCIl (7) are somewhat larger, showing
the significant influence of a single OH group on binding
strength. A 4-OH group may be more effective than 2-OH
because the distance between the trans-4-OH and NH;*
groups is large enough to bridge between the two carboxylate
groups of 1. The K; for p-lysoxylamine - HCI (5) is similar to
that of 6, apparently because additional OH -+ N hydrogen-
bonding interactions compensate for the fact that the trans-
1,3-disposed NH;* and OH groups are not far enough apart to
bridge the two carboxylates of 1. This bridging interaction
appears to be necessary to produce CD activity in the time-
averaged interaction of 1 with a chiral, cationic guest.

IH NMR Spectra: The foregoing spectral data and modeling
results support the view that cationic saccharides are bound to
host 1 by both electrostatic and hydrogen-bonding interac-
tions. According to the model of complex 1.2 presented in
Figure 7, the host conformation is controlled by hydrogen-
bonding interactions with NH;* and OH groups located on
opposite sides of 2. Guests 3 and 4 are stereoisomeric at
carbons 2 and 4, so the conformations of 1in 1-3 and 1-4
should differ. This results in different induced CD intensities,
and we measured the 'H NMR spectra of the complexes in
CD;OD to probe differences in the complexation modes.
Both the pyridyl protons (a and b) and the naphthyridyl
protons (c) shift to lower field when 3 is added. On the other
hand, no significant peak shift was induced by the addition of
D-galactose. The results again indicate the importance of an
electrostatic interaction as a primary driving-force for guest
binding. Similar downfield shifts were also induced by the
addition of 2 or 4, while reference compounds 6 and 8 mainly
deshielded protons a and c. The chemical shift changes are
summarized in Table 2, which shows that the A values (with
respect to the 0 values in the absence of saccharide) for 3 are
larger than those for 2 and 4. The basic difference between 2
and 3 is related to the absolute configuration of C-4; that is, 2
possesses an equatorial 4-OH whereas 3 possesses an axial
4-OH group. In other words, the 4-OH in 2 is trans and that in
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3 is cis with respect to the equatorial 6-CH,OH group. The
structure of 1-3, was energy minimized by molecular me-
chanics, and the result is shown in Figure 8. In 3 the axial

N\
™ r’i
XY (f
"(J/I/Jz

Figure 8. Energy minimized structure of complex 1-3 (SYBYL; NCCN
torsions, —26, —19°); primary hydrogen bonds are shown by dashed lines.

4-OH group is too far away to bind to the COO-, but the loss
of this interaction (relative to 1-2) is partially compensated by
hydrogen bonding of the 3-OH to the naphthyridine group of
1. This explains the relatively large A0 value for the
naphthyridine (c) protons in 1.3 (cf. Table 2). Cyclohexyl-
amine-HCl (8) and trans-4-aminocyclohexanol-HCl (6)
cause a smaller downfield shift of the naphthyridine protons
of 1; this suggests N ..« COO~ bridging via their NH;* groups.?’!

Table 2. Chemical shift changes induced by the addition of various guests
to methanol solutions of receptor 1.1

Guest 0 (AJ (ppm))

a b c
none 8.088 7.872 8.266
2 8.093 (0.005)  7.900 (0.028) 8325 (0.059)
3 8.130 (0.043)  7.913 (0.041) 8337 (0.071)
4 8098  (0.011) 7.892  (0.020) 8316 (0.050)
D-galactose  8.086 (—0.002) 7.871 (0.001) 8265 (—0.001)
6 8.100 (0.012) 7.865 (—0.007) 8291 (0.025)
8 8.105 (0.017) 7.874 (0.002) 8.300 (0.034)

[a] [1] =4.00 x 10~*M, [guest] =2.00 x 10-3M, 25 °C; error £ 0.005 ppm.

Rapid equilibration of a number of structures of all three
cationic monosaccharide complexes is shown by the symmetry
of the '"H NMR spectra, and downfield shifts of a, b and ¢
protons may be attributed to contributions of structures in
which the various pyridine and naphthyridine nitrogens form
hydrogen bonds with OH groups of the guests. While these
downfield shifts are relatively small, most exceed experimen-
tal error (0.005 ppm) and they are consistent with those
observed upon complexation of 1 with guanidinium ion.[!
This indicates that they are structurally significant, but
unfortunately they were too small to be used for accurate
measurement of association constants. No correlations were
observed in NOESY two-dimensional NMR spectra, which is
consistent with the large distances expected between protons
of host and guest, as well as the rapid exchange observed on
the NMR time scale.

Chem. Eur. J. 2001, 7, No. 24
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Conclusion

Dicarboxylate receptor 1 has been shown to bind various
aminoglycosides (2—4) with substantial degrees of induced
circular dichroism. This ICD effect is caused by the formation
of pseudo-cyclic 1:1 complexes involving multiple point
interactions. Dianion 1 forms 1:2 host—guest complexes at
higher guest concentrations, but such complexes are CD-silent
because they lack pseudo-cyclic structures. The positive signs
of the CD-couplets corresponding to the second longest
wavelength transition of the heterocyclic chromophore are
consistent with M-helical NCCN twists expected in lowest-
energy complexes, according to the results of molecular
mechanics calculations for the complex of 1 with D-glucos-
amine (2). In the calculated structure, the twisted conforma-
tion of 1 is stabilized by a planar array of carboxylate and
guest OH groups at one end of the receptor and by the guest
R-NH;" group binding perpendicular to the O,N,N plane at
the other end of the receptor. The results of CD competition
and NMR experiments with several cationic reference com-
pounds bearing fewer OH groups than 2—-4 are consistent
with this model. The ICD mechanism is conceptualized in
Scheme 2, showing pre-equilibration of enantiomeric host

-
SET—
o
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o

Scheme 2. Conceptual model for induced circular dichroism resulting from
the complexation of aminoglycosides 2—4 by dicarboxylate receptor 1.

conformations and stabilization of one enantiomer by pairing
of host hydrogen bond acceptor groups (minus signs) with
guest hydrogen bond donor groups (positive signs). The
results and conclusions of this study are an important step
toward the development of saccharide recognition systems of
practical use in aqueous media.

Experimental Section

The synthesis of compound 1 was reported previously.' Saccharides 2, 3,
and 4 were pure grade and were purchased from Tokyo Kasei Co. Ltd.,
Wako Pure Chem. Co. Ltd., and Funakoshi Co. Ltd., respectively.
Reference compounds 6 and 7 were obtained from Aldrich Chemical
Co., while 5 and 8 were purchased from Funakoshi Co. Ltd. and Tokyo
Kasei Co. Ltd., respectively. UV/Vis, 'H NMR, and CD spectra were
recorded on a Shimadzu UV-160A spectrophotometer, a Bruker DMX 600
spectrometer, and a JASCO J-720 spectrometer, respectively. Molecular
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The closo-[SngM(CO);]* Zintl Ion Clusters where M = Cr, Mo, W:
Two Structural Isomers and Their Dynamic Behavior

Banu Kesanli, James Fettinger, and Bryan Eichhorn*!?!

Abstract: The closo-[SngM(CO);]*
ions where M=Cr (1), Mo (2), W (3)
were prepared from [LM(CO);] precur-
sors (L =mesitylene, cycloheptatriene),
K, Sny, and 2,2,2-cryptand in ethylenedi-
amine/toluene solvent mixtures. The
[K(2,2,2-cryptand)]* salts are very air

{M(CO);} units occupy cluster vertices.
For 1 and 2, the clusters have C,
symmetry in the solid state in which
the {M(CO);} fragments occupy capping
positions with Sny*~ ions that are bound
to the metal in an #* fashion. For 3, the
{M(CO),} fragment occupies a position

in the square plane with an #°-Sny*~ ion
and C; point symmetry. For 1-3, a
dynamic equilibrium exists between the
n* and 7° structures yielding three *Sn
NMR signals that reflect the three
chemically distinct Sn environments of
the higher symmetry C,, structure. The

and moisture sensitive and have been
characterized by IR, '“Sn, and 3C NMR
spectroscopy and single-crystal X-ray
diffraction studies. Complexes 1-3 form
bicapped square-antiprismatic 10-vertex
22-electron closo structures in which the

troscopy -
Zintl anions

Introduction

The synthesis of the first nine-atom Zintl ion, Pby*~, was first
accomplished by Joannis in 1891, 2 but the charge and actual
identity of this cluster and the tin analogue, Sny*-, was
determined by Kraus,
Smyth,*> and Zintl himself*-)
in the early 1900’s. The single-
crystal X-ray study of the
[Na,Sng(en);] by Kummer
et al.l'l confirmed the Zintl-
Kraus cluster models and pro-
vided the first structural data
for this class of deltahedral
cluster  anions.':'2  Spg*-
adopts a discrete 9-vertex, 22-
I electron structure with C,,

point symmetry (see I) and is

classified as a nido cluster type according to Wade’s Rules.['*]
Following these structural investigations, Rudolph and co-
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11Sn NMR chemical shifts and coupling
constants show solvent and temperature
dependencies due to the equilibrium
process. A triangular-face rotation
mechanism is proposed to describe the
dynamic behavior.

workers studied the solution dynamics of nido-Sns*~ by way of
119Sn NMR spectroscopy.l'! Their studies showed that, unlike
the isoelectronic boranes, nido-Sny*~ is highly fluxional in
solution such that all nine Sn atoms are in rapid exchange on
the NMR timescale at —74°C. The presence and intensity of
WSn satellites on the lone resonance indicates that the
exchange is intramolecular.!'> ! The mechanism of exchange
was described by Corbett!!: 2l and involves a bond-making
step across the open face of the cluster along with a bond-
breaking process at the opposite end of the cluster (see
Scheme 1). Subsequent to the studies on nido-Sny*~, other
related Zintl ions were isolated and structurally character-
ized.l') They include nido/closo-Sng*~ (see )18 closo-
Sng?~ %1 Sn,2~ 2% and various solid state species?!l including
the K;,Sn,, phase with isolated nido-Sny*~ clusters.[*?

Metallated polystannides have been prepared by various
means and include the complexes closo-[SnyCr(CO);]* ! and
closo-[Sng{Cr(CO);s}s]>~.2* 1 The Cr atom in the former caps
the open square face of nido-Sny*~ (see bold lines in I) to form
a 10-atom 22-electron closo-cluster, whereas the {Cr(CO)s}
fragments of the latter are exopolyhedral groups on the
octahedral closo-Sns?~ core. More recently, we have shown
that nido-Sny*~ reacts with [Nb(y-C;Hg),] to give
[(-C;Hg)Nb(cyclo-Sng)Nb(5-C,Hg)]?>~ that contains two-cen-
ter two-electron bonds.*! This complex and closo-
[Sng{Cr(CO)s}s]>~ are static on the NMR timescale,”! as
expected, and show one-bond Sn—Sn coupling constants
significantly larger that those of nido-Sng*~.[1% 1]
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The first metallated Zintl ion, a Sny*~—Pt(PPh;), complex
characterized by "°Sn NMR spectroscopy, was detected by
Rudolph and co-workers in a reaction between nido-Sny*~ and
[Pt(PPh;),].”" The presence of *Pt—"Sn coupling observed
in the room temperature °Sn NMR spectrum indicates that
the {Pt(PPh;),} fragment does not dissociate from the Sn,
cluster on the NMR timescale. However, the complex is
highly fluxional and shows a single time-averaged chemical
shift for the nine tin atoms.’”) Because the composition and
structure of the complex remain unknown, one cannot
speculate about the mechanism of the dynamic behavior. It
was surprising to us that the proposed?’! nido-10-atom 24-
electron cluster would retain dynamic behavior similar to
nido-Sny*~ with global exchange of all nine Sn atoms. The
familiar square—diamond-square exchange mechanism
available to the nido structures (i.e. Scheme 1) is not
expected for the metallated species and different fluxional
processes may be operative. This observation prompted us to
study the relationships between the structures of the metal-
lated Sny complexes and their dynamic behavior. In a
subsequent publication, we will describe the dynamic behav-
ior of the Rudolph complex and its subsequent Pt insertion
product, [SnyPt,(PPh;)]>~.?l Herein we describe the synthesis,
structures, properties, and solution dynamics of the closo-
[SngM(CO);]* ions in which M = Cr, Mo, W. The structure of
one polymorph of closo-[SnyCr(CO);]*~ was previously com-
municated.! In this study, we describe a new isomeric form
of the closo-[SngM(CO);]*~ structure in both the solid state
and in solution. The dynamic behavior of the -closo-
[SngM(CO);]*~ ions differs significantly from the Pt—Sn,
complexes and the nido-Sny*~ ion. Immediately prior to the
submission of this manuscript, we learned that Schrobilgen
etal. had also characterized the Mo and W closo-
[SngM(CO);]* ions, which will be described in a subsequent
publication.?)

5278
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Results

Synthesis: Solutions of K,Sny in
ethylenediamine (en) react with
solutions of LM(CO); (where
M=Cr, Mo, W; L =nmesitylene,
cycloheptatriene) in toluene (tol)
in the presence of 2,2,2-cryptand to
give moderate yields of the closo-
[SngM(CO);]*~ complexes as the
[K(2,2,2-crypt)]* salts [Eq. (1)].

K,Sny + [M(CO);L] +4(2,2,2-crypt) — [K(2,2,2-crypt)]4[SneM(CO);] +L (1)

In Equation (1) M =Cr and L =C¢H;Me; for complex 1,
M =Mo and L =cycloheptatriene for complex 2, and M =W,
L =C¢H;Me; for compound 3. The crystalline solids of the
closo-[SnyCr(CO);]*~ ion (1) form very dark red-brown
needles, whereas the closo-[SngMo(CO);]*~ (2) and closo-
[SnyW(CO);]* (3) ions form dark red-brown blocks. The
three complexes are very air and moisture sensitive in solution
and the solid state. The salts are sparingly soluble in en,
moderately soluble in DMF and CH;CN, and form dark red-
brown solutions. The complexes have been characterized by
single-crystal X-ray diffraction, IR, *C, and '°Sn NMR
spectroscopy, and elemental analysis.

Two different isomeric forms of the [SngM(CO);]*~ ions are
observed in the solid state, the “n* structure” and the “»°
structure” that rapidly interconvert in solution. Details of the
structures and the dynamic equilibria are described in the next
two sections.

Crystalline samples of [K(2,2,2-crypt)],[SngW(CO),] iso-
lated from en/tol solvent mixtures are composed of dark
chunky crystals of different sizes along with somewhat lighter
glassy blocks that did not diffract. IR analysis (KBr pellets) of
bulk crystalline products from several reactions showed
mixtures of the 7° complex (voo=1805, 1701 cm~!) and the
n* complex (veo =1822,1705 cm™!) in ratios that vary from 1:2
to 2:1. Single-crystal analysis of several dark chunky crystals
of different sizes showed them all to be the #° complex. The 5*
complex crystallizes preferentially (but not exclusively) from
the THF/en solvent mixtures.”) To date, all samples of
crystalline [K(2,2,2-crypt)],[SnyW(CO);] isolated in our labo-
ratories have been mixtures of the #* and #° isomers (solid-
state IR analysis).

Solid-state structures: The [K(2,2,2-crypt)],[SnyCr(CO),] salt
crystallizes in three different polymorphs that differ only by
the solvate molecules in the crystal lattice. All three poly-
morphs crystallize under identical synthetic conditions. The
previously reported polymorph® contains a doubled unit cell
with eight [K(2,2,2-crypt)]* and two [SnyCr(CO);]*- inde-
pendent ions with monoclinic P2,/c crystal symmetry. In
addition, there are unresolved solvate molecules in the crystal
lattice that are not within bonding distance of the anions.*!
The two new polymorphs reported here are triclinic, space
group P1. One polymorph contains 1.5 en solvates per cluster,
whereas the other is solvate-free. Summaries of the crystal
data for the triclinic structures are given in Table 1. All of the
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Table 1. Crystallographic data for the [K(2,2,2-crypt)],[SngM(CO);] salts in which M = Cr, W.

[K(2,2,2-crypt)]4[1] - 1.5en  [K(2,2,2-crypt)],[1]

[K(2,2,2-crypt)],[3] - 1.5en

formula CsH,56CrKyN;;0,,Sn, C;sH 4 CrKyNgO,,Sng

M, 2956.75 2866.59

T [K] 193(2) 193(2)

2 [A] 0.71073 0.71073

crystal system triclinic triclinic

space group Pl Pl

a[A] 15.6668(5) 15.0097(5)

b [A] 16.0478(5) 16.8423(6)

c[A] 25.9299(9) 24.0980(8)

a[°] 94.1750(10) 90.7360(10)

AN 90.6020(10) 99.1950(10)

v [°] 118.5810(10) 114.6260(10)

V [A3] 5702.0(3) 54452(3)

Z 2 2

Pealea [g€m ] 1.722 1.748

o« [mm1] 2.240 2342

crystal size [mm] 0.296 x 0.243 x 0.175 0.35 % 0.20 x 0.03

0 range [°] 1.58-27.50 0.86-25.00

index ranges —20<h<20 —17<h<17
—-20<k<20 -20<k<19
—33<1<33 —28<1<28

reflections collected 90485 58522

independent reflections 26037 [R(int) = 0.0347]
goodness-of-fit on F? 1.030 0.963
final R [I>20(1)]®

R indices (all data)l!

largest peak/hole [e x A3] 1.699/ —0.716 0.810/ —0.653

19170 [R(int) =0.0856]

CrsHiss WK4N;; OSny
3088.60

morph can be obtained from
the Cambridge Crystallograph-
ic Database (see crystallo-
graphic experiment). The data

193(2) for the monoclinic polymorph
0.71073 were previously published.?’!
glidlmc The structure of the anion 1
15.5011(13) (Figure 1) is composed of a
16.6537(14) symmetrical 10-vertex 22-elec-
25.651(2) tron closo deltahedron in ac-
;2;‘28885 cordance with Wade’s rules of

- o [13]
63.0930(10) electron counting. The Cr
5692.0(8) and the Sn(9) atoms occupy
2 capping positions of the bicap-
1.802 ped square antiprism and are
3.158 bound to only four other verti-
0.183 x 0.091 x 0.055 Th h ioht S
1.50-25.00 ces. . e other eight Sn atoms
—18<h<18 are in the square planes (the
—19<k<19 waist positions) and are five
—30=<7<30 coordinate. When viewed as a
74103

20049 [R(int) = 0.0887]
1.076

metal —ligand complex, the
Sny*~ ion is bound in an #*

R1=0.0364, wR2=0.0846 R1=0.0445, wR2=0.0608 R1=0.0592, wR2=0.1272
R1=0.0562, wR2=0.0951 R1=0.1092, wR2=0.0692 R1=0.1309, wR2=0.1695

fashion to the {Cr(CO)}
fragment. This isomer is desig-

1.570/—=1.297 nated as the “n* structure”.?%

[a] The function minimized during the full-matrix least-squares refinement was Zw(F2 —F?) in which w=1/ The

[0*(F2%) +(0.0180 P)> 4+ 10.4114 P] and P = (max(F20)+2 x F2)/3.

closo-[SnyCr(CO);]*~ ions are identical, within experimental
error, and the three structures differ only by virtue of the
lattice solvates and the crystal packing. Selected bond lengths
and angles for the triclinic en-solvate polymorph are given in
Table 2. Structural details for the triclinic solvate-free poly-

Table 2. Selected bond lengths [A] and angles [°] for [SnyCr(CO);]*".

Sn(1)—Cr(1) 2.8172(7)  Sn(4)-Sn(8) 2.9887(4)
Sn(2)—Cr(1) 2.8733(7)  Sn(5)-Sn(9) 2.9441(4)
Sn(3)—Cr(1) 2.8906(7)  Sn(5)-Sn(8) 3.1684(4)
Sn(4)—Cr(1) 2.8733(7)  Sn(5)-Sn(6) 3.2038(4)
Sn(1)-Sn(5) 2.9628(4)  Sn(6)-Sn(9) 2.9344(4)
Sn(1)-Sn(6) 2.9680(4)  Sn(6)-Sn(7) 3.1643(4)
Sn(1)-Sn(2) 3.0699(4)  Sn(7)-Sn(9) 2.9643(4)
Sn(1)-Sn(4) 3.07204)  Sn(7)-Sn(8) 3.1622(4)
Sn(2)-Sn(7) 2.9916(4)  Sn(8)-Sn(9) 2.9805(5)
Sn(2)-Sn(6) 3.0086(4)  Cr(1)-C(2) 1.791(4)
Sn(2)—-Sn(3) 3.0317(4)  Cr(1)-C(1) 1.803(4)
Sn(3)-Sn(7) 3.0070(4)  Cr(1)-C(3) 1.809(4)
Sn(3)-Sn(8) 3.0127(5)  C(1)-0(1) 1.180(5)
Sn(3)-Sn(4) 3.0348(4)  C(2)-0(2) 1.181(5)
Sn(4)-Sn(5) 29735(4)  C(3)-0(3) 1.181(5)
C(2)-Cr(1)-C(1) 82.26(19) C(3)-Cr(1)-Sn(2) 128.93(15)
C(2)-Cr(1)-C(3) 90.90(19) 0(1)-C(1)-Cr(1) 173.2(4)
C(1)-Cr(1)-C(3) 89.6(2) 0(2)-C(2)-Cr(1) 173.1(3)
C(2)-Cr(1)-Sn(1) 104.26(13) 0(3)-C(3)-Cr(1) 175.3(4)
C(1)-Cr(1)-Sn(1) 82.51(13) Sn(2)-Sn(1)-Sn(4) 90.038(10)
C(3)-Cr(1)-Sn(1) 161.73(14) Sn(3)-Sn(2)-Sn(1) 89.292(10)
C(2)-Cr(1)-Sn(4) 169.23(13) Sn(2)-Sn(3)-Sn(4) 91.473(10)
C(1)-Cr(1)-Sn(4) 93.19(14) Sn(3)-Sn(4)-Sn(1) 89.196(10)
C(3)-Cr(1)-Sn(4) 98.86(14) Sn(8)-Sn(5)-Sn(6) 89.901(10)
Sn(1)-Cr(1)-Sn(4) 65.338(15)  Sn(7)-Sn(6)-Sn(5) 89.345(10)
C(2)-Cr(1)-Sn(2) 78.88(12) Sn(8)-Sn(7)-Sn(6) 90.732(10)
C(1)-Cr(1)-Sn(2) 136.75(15) Sn(7)-Sn(8)-Sn(5) 90.020(10)
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Cr—Sn bonds average

2.86(5) A with three contacts

between 2.8733(7)-2.8906(7) A
and a shorter bond to Snl of 2.8172(7) A. The latter occurs
despite the virtually trans orientation of the C(3) carbonyl
carbon atom [Sn1—Cr—C3 =161.7(1)°] which results in bond
lengthening in the related polypnictide complexes.?!l The
Sn—Sn bonds are in the range 2.9628(4)-3.0720(4) A
except for those within the bottom square plane
(Sn5—Sn6—Sn7—Sn8), which are slightly longer (3.1622(4)-
3.2038(4) A). The regular nature of the square antiprism
(Figure 1, right) is evidenced by the narrow range of
Sn—Sn—Sn bond angles within the square planes (90.0+
1.5°). The differences in the Sn—Sn contacts within the upper
and lower square planes are also observed and are more
pronounced in nido-Sny*-.I'1

Crystals of the [K(2,2,2-crypt)],[SngMo(CO);]-1.5en are
isomorphic with the Cr analogue described above and contain
an [7*-SnyMo(CO),]* cluster.?2 Schrobilgen et al. have
characterized a different polymorph of the same cluster and
will describe the details of its structure in a subsequent
publication.*’]

The [K(2,2,2-crypt)],[SnyW(CO);]-1.5en salt is triclinic,
space group P1, and contains a disordered en solvate molecule
in the crystal lattice. A summary of the crystal data is given in
Table 1 and selected bond lengths and angles are given in
Table 3.

The [SngW(CO);]* anion (3) (Figure2) also adopts a
symmetrical 10-vertex 22-electron closo deltahedral structure
in accordance with Wade’s rules. However, the {W(CO);} unit
occupies a vertex in the waist position rather than a capping
position as found in 1. In the waist position, the tungsten atom
attains a higher coordination number due to the 7’ coordina-

tion of the Sny cluster. This new isomer is designated as the “°
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Figure 1. Left: ORTEP drawing of the [Sn,Cr(CO);]*~ ion (1). Right: A top view with the carbonyl groups

omitted.

Table 3. Selected bond lengths [A] and angles [°] for the closo-
[SngW(CO);]* ion.

W(1)-C(3) 1.907(15)  Sn(2)-Sn(7) 3.0495(15)
W(1)-C(2) 1.952(18)  Sn(2)-Sn(3) 3.1935(16)
W(1)-C(1) 1.975(18)  Sn(3)-Sn(7) 2.9314(15)
W(1)-Sn(1) 2.9077(12)  Sn(3)-Sn(8) 2.9679(18)
W(1)-Sn(6) 2.9721(11)  Sn(3)-Sn(4) 3.1927(17)
W(1)-Sn(5) 2.9848(12)  Sn(4)-Sn(5) 2.9217(18)
W(1)-Sn(2) 3.1111(11)  Sn(4)-Sn(8) 3.0257(16)
W(1)-Sn(4) 3.1336(12)  Sn(5)-Sn(9) 2.9735(15)
c(1)-0(1) 1.147(18)  Sn(5)-Sn(6) 3.1377(15)
C(2)-0(2) 1.183(18)  Sn(5)-Sn(8) 3.2935(16)
C(3)-0(3) 1237(16)  Sn(6)-Sn(9) 2.9617(15)
Sn(1)-Sn(2) 2.9330(16)  Sn(6)-Sn(7) 3.2718(14)
Sn(1)-Sn(4) 2.943(2) Sn(7)-Sn(9) 2.9497(15)
Sn(1)-Sn(3) 3.0729(16)  Sn(7)-Sn(8) 3.1178(15)
Sn(2)-Sn(6) 2.8968(14)  Sn(8)-Sn(9) 2.9357(17)
C(3)-W(1)-C(2) 89.6(7) Sn(1)-W(1)-Sn(4)  58.17(4)
C(3)-W(1)-C(1) 92.1(6) Sn(6)-W(1)-Sn(4)  100.44(3)
C(2)-W(1)-C(1) 88.1(7) Sn(5)-W(1)-Sn(4)  56.99(4)
C3)-W(1)-Sn(1)  170.3(4) Sn(2)-W(1)-Sn(4)  88.68(3)
C(2)-W(1)-Sn(1) 83.4(5) o(1)-C(1)-W(1) 175.4(14)
C(3)-W(1)-Sn(6) 76.8(3) 0(2)-C(2)-W(1) 176.0(14)
C(2)-W(1)-Sn(6)  102.3(5) 0(3)-C(3)-W(1) 175.0(14)
C(1)-W(1)-Sn(6)  164.6(5) Sn(2)-W(1)-Sn(4)  88.68(3)
Sn(1)-W(1)-Sn(6)  111.22(3) W(1)-Sn(2)-Sn(3)  92.74(4)
C(3)-W(1)-Sn(5) 76.5(4) Sn(4)-Sn(3)-Sn(2)  86.23(4)
C(2)-W(1)-Sn(5)  161.8(5) W(1)-Sn(4)-Sn(3)  92.33(4)
C(1)-W(1)-Sn(5)  103.7(5) Sn(6)-Sn(5)-Sn(8)  89.24(4)
Sn(1)-W(1)-Sn(5)  111.72(4) Sn(5)-Sn(6)-Sn(7)  90.41(4)
Sn(6)-W(1)-Sn(5)  63.57(3) Sn(8)-Sn(7)-Sn(6)  89.98(4)
CB3)-W(1)-Sn(2)  126.7(4) Sn(7)-Sn(8)-Sn(5)  90.36(4)
C(2)-W(1)-Sn(2) 77.5(5)

structure”.?3 Complex 3 has no crystallographic symmetry in
the solid state and only approximate C, symmetry. The
similarities in atomic radii of Sn and W give rise to similar
bond length ranges; W—Sn=2.907(1)-3.133(2), Sn—Sn=
2.932(1)-3.118(1) A. A view down the capping axis (Figure 2,
right) shows that the square-antiprismatic arrangement re-
mains quite regular despite the insertion of the {W(CO);}
moiety. The angles within the top square plane (90.0 £ 6.5°)
display a larger range than those in the bottom square plane
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(90.0 £ 1.2°), but the cluster is
otherwise quite regular in
shape. The bond lengths within
the square planes are again
approximately 0.1 A longer on
average than those between the
planes or to the capping Sn
atoms.

Due to the high quality of the
X-ray diffraction studies, the
M—C and C-O bond lengths
were of significant precision so
that comparisons with other
related systems can be made.
For the neutral [(y-C4Hy)-
Cr(CO);] complex, the carbon-
yl Cr—C and C—-O bond lengths
average 1.841 A and 1.158 A. In
the [E,Cr(CO);]* ions (E=P,
As, Sb),P! these distances are
shortened and lengthened, respectively, due to extensive
charge transfer from the Zintl ion to the {Cr(CO)s} fragments
and subsequent m back-bonding. The Cr—C and C-O dis-
tances in 1 (1.80(1) and 1.181(2) A, average, respectively) are
indicative of a highly charged {Cr(CO),;} fragment that is
similar to those in the [E,Cr(CO);]*~ ions.’!! The W—C and
C—O bond lengths for 3 (1.95(3) and 1.19(5) A, average,
respectively) show a similar trend. This conclusion is consis-
tent with expectation based on the charges of the com-
plexes and electronegativities of the respective Zintl anions
and is supported by spectroscopic measurements (see next
section).

Solution studies: The #* and 7’ complexes are in equilibrium

in solution and their co-crystallization does not represent an

incomplete, irreversible thermal conversion of a kinetic
product (i.e., the »* isomer) to a thermodynamic product

(i.e., the »° isomer). This conclusion is based on the following

results and observations:

1) Crystalline samples containing approximately 1:2 mixtures
of the #* and 7’ isomers of 3 (solid-state IR analysis, see
Figure 5 later) dissolve to give one set of °Sn NMR
resonances and, more importantly, a single carbonyl
BBC NMR resonance (6 =239, J(1C,'¥W) =186 Hz). The
%Sn and *C NMR spectra of the pure, crystalline #*
sample are identical to those of the mixed isomer samples.

2) After 16 h, an approximate 14 % yield of crystalline 7°-3 is
isolated from solution (estimated from IR). If this yield
represents a first-order conversion of the kinetic #* isomer
to the thermodynamic #° isomer, the half-life for the
conversion is approximately 74 h. However, reactions run
for 336 h (>four % lives) show almost exclusively the #*
isomer (>90%) upon evaporation of the solvent (solid-
state IR analysis). This result indicates that the #* and #’
isomers are in equilibrium and do not represent kinetic
and thermodynamic products of an irreversible trans-
formation. The relative ratios of isomers that crystallize
from solution are variable and depend on the relative rates
of nucleation.
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Figure 2. Left: ORTEP drawing of the [SnyW(CO);]*~ ion (3). Right: A top view with the carbonyl groups

omitted.

3) The chemical shifts and, more importantly, the Sn—Sn
coupling constants show temperature and solvent depen-
dencies consistent with equilibrium mixtures of isomers.?)

The spectroscopic data supporting these conclusions are
given below.

NMR spectroscopy: A summary of the ''?Sn NMR data for
complexes 1-3 is given in Table4 in the Supporting
Information. The "Sn NMR spectrum of closo-
[SnyCr(CO)5]*= (1) shown in Figure 3, displays three reso-
nances in a 1:4:4 integral ratio at § = +2327, — 180, and — 447,
respectively. The spectrum is consistent with expectations
based on the solid-state structure and does not change
significantly from room temperature to —50°C. However,
the spectrum most likely results from a dynamic equilibrium
mixture of the n* and #° structures of 1 in which the
equilibrium constant favors the capping 7* structure observed
in the solid state. The reasons leading us to this conclusion are
described at the end of this section.

Each of the three resonances for 1 shows complicated
satellite structures arising from the various isotopomers that
contain statistical mixtures of naturally-abundant '"°Sn and
WSn nuclei (**Sn, I=1/2, 8.7% abundance; "Sn, I=1/2,
7.7% abundance). These satellite structures are composed of
first- and second-order components that complicate the
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Figure 3. '”Sn NMR spectra for the [SnyCr(CO);]* ion (1). Data were recorded at 298 K at 149.2 MHz in DMF.
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quantitative  evaluation  of
Sn—Sn  coupling constants.

However, the peak assignments
are straightforward and can be
made as follows. Based on the
relative peak intensities, the
downfield resonance of intensi-
ty one can be assigned to the
capping Sn atom (see Sn(9) in
Figure 1). This resonance shows
a large splitting of 1240 Hz
(~1J(11°Sn, 11178 ), DMF,
25°C) which is also observed
on the O6=—447 resonance.
Therefore, the 6 = —447 reso-
nance can be assigned to the Sn
atoms of the “lower waist” defined by Sn(5), Sn(6), Sn(7), and
Sn(8). The remaining peak at 6 = — 180 is, therefore, assigned
to the Cr-capped square plane atoms Sn(1), Sn(2), Sn(3), and
Sn(4). There is a somewhat smaller splitting of 878 Hz that the
two upfield peaks share in common which we assign to
1J(119Sn,"117Sn). The smaller coupling constant is consistent
with the higher coordination numbers of these tin atoms
relative to the four-coordinate Sn(9) atom and the equilibrium
between the #* and #° isomers. A detailed evaluation of the
first- and second-order components of this complex will be
reported by Schrobilgen et al. in a subsequent publication.?]
The “Sn NMR spectrum of [SngW(CO);]*~ (3), shown in
Figure 4, also has three resonances, at = 42279, —443 and
—662 with relative intensities 1:4:4, respectively (DMEF,
25°C). However, the general appearance of these resonances
and their coupling constants differ from those of 1. The solid-
state structure of 3 has virtual C, symmetry, with three unique
Sn atoms that reside in the virtual mirror plane (Sn(1), Sn(3),
and Sn(9)) and three pairs of chemically equivalent Sn atoms
(see Figure 2, right). At least six resonances are expected on
the basis of the solid-state structure, but only three resonances
are observed down to —50°C (DMF/tol mixture, 186.5 MHz)
indicating that a facile dynamic exchange process is operative.
Two of the peaks, those of the bottom capping Sn resonance
(Sn(9), 6 = +2279) and the resonance for the four Sn atoms in
the bottom waist (Sn(5), Sn(6),

Sn(7), and Sn(8), 6 =-662),

respectively, can be assigned

according to the criteria de-

scribed above for 1. The third

peak at 6 = — 443 results from a

; dynamic exchange between the

| three Sn atoms in the top waist

' (Sn(2), Sn(3), Sn(4)) and the
M terns and coupling constants

T 440 450 that are virtually identical to
s that of 3 are observed. The
similarity of the satellite pat-

|

top capping atom (Sn(1)).

The [SnyMo(CO);]*~ ion (2),
is also fluxional on the NMR
timescale, and three Sn NMR
resonances with satellite pat-
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Figure 4. '”Sn NMR spectra for the [SnyW(CO);]*~ ion (3). Data were recorded at 298 K at 186.5 MHz in DMF.

terns indicates that the ¥¥W—1Sn couplings are not respon-
sible for any of the major features in the spectral lines in 3.
The resonance for the bottom capping position, Sn(9), is
shifted by 291 ppm to higher field for the Mo complex relative
to 3.

The exchange between the #* and #° isomers can be viewed
as a triangular face rotation about the four top faces of the
closo structure that effectively moves the {M(CO);} fragment
between the top capping position and the four positions of the
top waist site (see Scheme 2). The actual mechanism of
exchange most likely results from successive diamond-—
square —diamond transformations involving single bond-
breaking/bond-making steps.?® The NMR spectrum reflects
the highest symmetry conformation in the process, which are
the C,, structures observed for 1-3. Four important points to
note are: 1) the {M(CO),} fragment only migrates between
the top capping position and top waist positions; 2) the four Sn

P
7P -structure \

2)

© (1)

O

Scheme 2.
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atoms within the bottom waist
become equivalent by the
{M(CO),} scrambling process,
but do not move themselves;
3) Sn(9) is not involved in the
exchange process and the bonds
to Sn(9) are never broken; and
4) the scrambling remains rapid
at —50°C in DMF.

The '""Sn NMR spectral
properties of 1-3 are affected
in several ways by the exchange
process. The most evident ram-
660 -670 ification is the simplification of

s the spectrum itself, which ap-
pears as a three line pattern
instead of the expected six res-
onance pattern (based on the
X-ray results for 3). In fact, without the knowledge of the #°
isomer from the solid state X-ray diffraction study of 3, one
would most likely conclude that compounds 1-3 were static
with the #* capping structure. The second consequence of the
equilibrium is that the chemical shifts and coupling constants
are both temperature and solvent dependent (see Table 4 in
the Supporting Information). The observed spectral resonan-
ces represent the equilibrium-weighted concentrations of the
n* and 7’ isomers, which gives rise to coupling constants that
are also weighted averages of these limiting structures.
Because we cannot observe the spectrum of either limiting
structure (they are always in fast exchange), we can only
measure effective chemical shifts and coupling constants
under a given set of conditions. Therefore, the NMR data for
1-3 recorded in DMF and en/tol mixtures given in Table 4 in
the Supporting Information do not represent either of the
limiting species. Moreover, the chemical shifts and, more
importantly, the tin—tin cou-
pling constants observed from
liquid NH; solutions?! are sig-
nificantly different from the
data given in the table. These
studies will be described by
Schrobilgen etal. in a subse-
quent publication.”!  Finally,
despite the fact that 1) the three
crystallographic forms of 1 that
have been characterized in the
solid state have the #* structure,
2) the solid-state IR data for 1
shows only the #* structure, and
3) NMR data are consistent
with the #* structure, it is pos-
sible that the n*=#%° equilibri-
um also exists for this cluster as
well. This finding is based on
the observation that the chem-
ical shifts and coupling con-
stants for 1 show the same
solvent and temperature de-
pendencies observed for 2 and
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3. The resonances for 1 differ in appearance from those of 2
and 3, which may reflect the different equilibrium positions
for the different clusters. Because the radius of Cr is smaller
than that of Mo and W, complex 1 presumably prefers an 7*
coordination more than the others. Importantly, the
LJ(119Sn,""”117Sn) values between the top and bottom waist
atoms are small relative to the J(1Sn,""!7Sn) couplings to
the capping tin atom, Sn(9). We propose that the diminished
coupling constants are due, in part, to the averaging of one-
bond and two-bond couplings owing to the equilibrium
between the n* and 7’ isomers. Since Sn(9) does not get
involved in the exchange process, its coupling constants are
more akin to those in the static Sng?~ ion.[?’]

The solid-state infrared data for compounds 1-3 are given
in the Experimental Section and in Table 4 in the Supporting
Information. The carbonyl regions of the spectra are charac-
terized by the familiar a; 4 e bands associated with the virtual
C;, symmetry of the {M(CO),} fragments. The frequencies of
the CO stretching vibrations are red-shifted relative to the
neutral [(7-C¢Hg)Cr(CO);] precursor and the related
[E;M(CO);]~ ions, in which E=P, As, Sb; M=Cr, Mo,
W.BY Downfield carbonyl *C NMR chemical shifts are also
observed and are similar to those of the [E;M(CO);]*~ ions. Of
note, the carbonyl chemical shifts of Mo and W homologues
are virtually identical, which is in contrast to the usual A¢ shift
of 7-12ppm for similar homologues.P 33! Again, the
position of the equilibrium for the two complexes could be
responsible for the anomalous trends.

As mentioned previously, the #* and #° isomers of 3 co-
crystallize from solution, and we have not been able to isolate
the #° complex in pure form. However, by indexing multiple
single crystals by single-crystal X-ray diffraction from differ-
ent crystalline mixtures and comparing the corresponding IR
spectra, we can unequivocally assign the carbonyl bands for
the #° complex (veo=1805, 1701 cm™!) and the #* complex
(veo=1822, 1705 cm™"). For example, THF/en solvent mix-
tures yield crystals of the n* complex almost exclusively,*
whereas tol/en solvent mixtures produce crystalline mixtures
rich in the 7° complex (see Figure 5). It is interesting to note

18221 17051

1805" n*
1701
n’

Figure 5. IR spectrum (KBr pellet) of crystalline [K(2,2,2-crypt)],[SnyW-
(CO);] showing the approximate 1:2 ratio of #* and #° isomers. The wave
numbers for the peaks are given in cm~. The asterisks denote bands from
the solvate. This sample was used in the 3C NMR experiment.
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that the carbonyl bands for the #° complex are red-shifted
relative to those of the #* complex; this suggests a higher
localization of negative charge on the W atom of the former.

Discussion

The formation of the #° structure for closo-[SngM(CO);]*-
ions is not so surprising in view of the various isomeric forms
of metallacarboranes**38! that have been isolated; however,
the dynamic behavior of these complexes is unexpected.
Previous studies on the [(5-C;Hg)Nb(cyclo-Sng)Nb(%-
C;Hy)* 9 and closo-[Sng{Cr(CO)s}s]> ions showed static
behavior as expected based on the rigid structure types. In
contrast, the nido-Sny*~ ion is highly fluxional due to a low-
energy exchange process requiring little atomic reorganiza-
tion (see Scheme 1). The actual mechanism of the dynamic
exchange process for 1-3 presumably involves a reversible
insertion of the {M(CO);} fragment into the Sn—Sn bonds of
the #* structure along the top waist of the cluster to generate
the 7’ structure. The subsequent de-insertion must involve
moving a capping Sn atom to a waist position in order to
maintain the requisite two four-coordinate vertices in the
closo structure. This process is equivalent to the diamond—
square —diamond process that is operative in many metal-
locarboranes.’®! Moving the “bottom cap” (e.g., Sn(9),
Scheme 2) into a waist position would require significant
atomic reorganization and is apparently a higher energy
process. As a result, the n*-%°-»* insertion/de-insertion
process scrambles only the four top Sn atoms in the #°
structure to give the observed time-averaged behavior. The
effective rotation about the deltahedral faces (Scheme 2)
appears to be unique to transition metal Zintl ion clusters in
that it requires a vertex with reversible coordination ge-
ometries and relatively weak intervertex bonding. Dynamic
vertex exchange in the metallated ten-vertex carborane [2-
(7°-CeMey)-closo-2,1,6-RuC,B;H,] also occurs with a low
activation barrier.”®! In the carborane, a twisting diamond —
square —diamond exchange pathway is proposed in which the
transition-state structure is similar to the #° solid-state
structure of 3. Interestingly, the authors can rule out a
triangular-face rotation process due to the pair-wise vertex
exchange observed by NMR spectroscopy.*! The fluxional
process for the present complexes is clearly quite different.
Although complexes 1-3 are not static, the insertion of the
{M(CO),} groups to the nido-Sny*~ ion blocks the global
exchange of the vertices leaving only localized fluxionality.
The equilibrium involving the #* and #° structures for 1-3
are solvent and, presumably, metal dependent; however, we
are unable to measure the values of the equilibrium constants
by "°Sn NMR spectroscopy. The relative concentrations of
the #* and #° isomers in solution could, in theory, be
determined from solution IR studies. However, the only
viable solvents (en, DMF, CH;CN) have bands in the carbonyl
regions of these complexes which hinders analysis. Moreover,
the CO bands are significantly shifted by solvation and
assignments in solution are not straightforward. Anecdotal
evidence suggests that the equilibrium for the Cr complex 1
favors the #* structure, whereas the Mo and W complexes 2
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and 3 appear to be more thermoneutral. This proposal is
based on the different appearance of the '"?Sn NMR spectrum
of 1 relative to 2 and 3 and because the size of Cr is smaller
than that of W or Mo, which should favor the lower
coordination of the #z* structure. For 2 and 3, the relative
insensitivity of the Sn—Sn coupling constants to temperature
in DMF suggests that the equilibrium in DMF is relatively
thermoneutral. There is a much more pronounced depend-
ence on solvent (see Table 4 in the Supporting Information
and ref. [29]).

Finally, it is interesting to note that, although the complexes
retain some degree of fluxionality that requires rapid and
reversible Sn—Sn bond-breaking and bond-making steps, the
values of the Sn—Sn coupling constants are significantly
larger than those of the nido-Sny*~ ion ('J('°Sn,'"Sn)=
254 Hz) and other globally fluxional systems.!'> 1> 27l However,
the one-bond couplings for 1-3 are less than those of the
static closo-Sng?~ ions of the [{M(CO)s}Sne]>~ complexes
(J("°Sn,""Sn) =1740-1848 Hz)®! and the [(5-C,Hg)Nb-
(cyclo-Sng)Nb(y-C;Hg)]>~ ion (J(''°Sn,'"Sn) = 1975 Hz).*
Further studies on these and other metallated polystannides
are in progress.

Experimental Section

General data: All reactions were performed in a nitrogen atmospheres dry
box (Vacuum Atmospheres Company). ''°Sn NMR spectra were recorded
on Bruker DRXS500 AVANCE and AM400 AVANCE spectrometers
operating at 186.5 MHz and 149.2 MHz, respectively. '“Sn chemical shift
was referenced to Me,Sn in CsDy (0 ppm). IR spectra were recorded from
KBr pellets on a Nicolet 560 FTIR spectrometer. Elemental analyses were
performed under inert atmospheres by Atlantic Microlab, Norcross, GA.

Chemicals: Melts of nominal composition K,Sny were made by high-
temperature fusion (1000 °C) of stoichiometric ratios of the elements. The
chemicals were sealed in evacuated, silica tubes and carefully heated with a
natural gas/oxygen flame. 4,7,13,16,21,24-Hexaoxa-1,10-diazobicyclo[8.8.8]-
hexacosane (2,2,2-crypt), (cycloheptatriene)molybdenum tricarbonyl, (me-
sitylene)chromium tricarbonyl, and (mesitylene)tungsten tricarbonyl were
purchased from Aldrich. Anhydrous ethylenediamine (en) and dimethyl-
formamide (DMF) were purchased from Fisher, vacuum distilled from
K,Sny and stored under dinitrogen. Toluene was distilled from sodium/
benzophenone under dinitrogen and stored under dinitrogen.

Preparation of [K(2,2,2-crypt)],[SnyCr(CO);]-en: This synthesis is a
modification of the previously published procedure.?’! In vial 1, K,Sn,
(100 mg, 0.082 mmol) was dissolved in en (ca. 2mL) to produce a red
solution. In vial2, [Cr(CO);{CsH;(CH;);}] (21 mg, 0.082 mmol) was
dissolved in toluene (ca. 1 mL) to produce a yellow solution. The contents
of vial 2 were added to the contents of vial 1, and four equivalents of crypt
(120 mg, 0.32 mmol) were added as a solid. The reaction mixture was
stirred for 2 h to yield a dark green-brown solution. The reaction mixture
was then filtered through tightly packed glass wool in a pipet. Dark red
crystals formed in the reaction vessel after 4 days (56 mg, 24 %). '*Sn NMR
(149.2 MHz, DMF, 25°C): 6 = —180 (J(*“Sn,!"""Sn) =354, 556, 878 Hz),
— 447 (J(1°Sn,"1V7Sn) =354, 878, 1240 Hz), 2327 (J("Sn,"""'V’Sn) =354,
1240 Hz); 3C NMR (100 MHz, DMF, 25°C): ¢ =244; IR (KBr): 7=1822,
1705 cm™! (CO).

Preparation of [K(2,2,2-crypt)],[SnyMo(CO);]-1.5en: In vial1l, K,Sny
(90 mg, 0.074 mmol) was dissolved in en (ca. 2mL) to produce a red
solution. In vial 2, [Mo(CO);(C,;Hy)] (20 mg, 0.074 mmol) was dissolved in
toluene (ca. 1 mL) and gently heated to give a red solution. Some of the
molybdenum complex did not dissolve in the toluene. The contents of
vial 2, including the undissolved Mo complex were added to the contents of
vial 1, to give a red solution. Four equivalents of crypt (111 mg, 0.29 mmol)
was added as a solid, and the reaction mixture was stirred for 2 h to yield a
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dark green-brown solution. The reaction mixture was filtered through
tightly packed glass wool in a pipet. Dark red crystals formed in the
reaction vessel after 24h (48mg, 22%). '“Sn NMR (149.2 MHz,
DMEF, 25°C): 6=-361 (J(*Sn,!'VSn)=358, 677, 1065Hz), —606
(J(1Sn,"1M7Sn) =358, 677, 1065, 1252 Hz), 1988 (J(*°Sn,!"177Sn) =358,
1252 Hz); 3C NMR (100 MHz, DMF, 25°C): ¢ =240; IR (KBr): 7=1829,
1708 cm~! (CO); elemental analysis calcd (%) for K,SngMoCysH,; 5,0,/ N}
C312,H 5.2, N 5.1; found: C 29.54, H 5.04, N 4.88.

Preparation of [K(2,2,2-crypt)1,[SnyW(CO);]-1.5en: In viall, K,Sne
(80 mg, 0.065 mmol) was dissolved in en (ca. 2mL) to produce a red
solution. In vial 2, [W(CO);{CsH;(CHs;);}] (25 mg, 0.065 mmol) was dis-
solved in toluene (ca. 1 mL) and gently heated to give a green solution. The
contents of vial 2 were added to the contents of vial 1, to produce a brown-
green solution. Four equivalents of crypt (98 mg, 0.26 mmol) were added as
a solid, and the reaction mixture was stirred for 6 h to yield a dark brown
solution with a dark precipitate. The reaction mixture was heated gently
(ca. 60°C) to dissolve the precipitate. While hot, the resulting dark red
solution was filtered through tightly packed glass wool in a pipet. Dark red
crystals formed in the reaction vessel after 24 h (43 mg, 22 %). '“Sn NMR
(1492 MHz, DMF, 25°C): 6 =—443 (J("Sn,!"'7Sn) =322, 665, 1025,
1326 Hz), —662 (J('¥Sn,'""7Sn) =322, 665, 1025, 1254 Hz), 2279
(J(*°Sn,"17Sn) =322, 1254 Hz); *C NMR (100 MHz, DMF, 25°C): 6 =
239; IR (KBr): #=1805, 1701 cm~! (CO); elemental analysis caled (% ) for
KSngWC;;H;5,0,:N,4: C 30.25, H 4.97, N 4.58; found: C 30.43, H 5.02, N
4.35.

Rate analysis for 7*-n° conversion: A procedure identical to that
described for the synthesis of [K(2,2,2-crypt)],[SnyW(CO);] was used.
The resulting solution was evaporated to dryness after 14 days. The
resulting dark red solid was analyzed as KBr pellets showing >90% [5*
SnygW(CO);]*.

Crystallographic studies

[K(2,2,2-crypt) 14[1] - 1.5en: A dark block with dimensions 0.296 x 0.243 x
0.175 mm? was placed and optically centered on the Bruker SMART CCD
system at —80°C. The initial unit cell was indexed by using a least-squares
analysis of a random set of reflections collected from three series of 0.3°
wide o scans (25 frames per series) that were well distributed in reciprocal
space. Data frames were collected [Mog,] with 0.3° wide w scans,
20 seconds per frame, 606 frames per series. Five complete series were
collected with an additional 200 frames, a repeat of the first series for
redundancy and decay purposes, with a crystal to detector distance of
4.935 cm, thus providing a complete sphere of data to 26,,,, = 55.0°. A total
of 90485 reflections were collected (26037 unique; R(int) =0.0347) and
corrected for Lorentz and polarization effects and absorption by using
Blessing’s method as incorporated into the program SADABS.

The SHELXTL program package was implemented for data processing,
structure solution, and refinement. System symmetry, lack of systematic
absences, and intensity statistics indicated the centrosymmetric triclinic
space group P1 (no.2). The structure was determined by direct methods
with the successful location of the heavy atoms comprising the cluster.
After several difference Fourier refinement cycles, all of the atoms were
located, refined isotropically and then anisotropically. Hydrogen atoms on
the cryptand molecules were placed in calculated positions and later had
their thermal parameters refined. Ethylenediamine hydrogen atoms were
calculated and their thermal parameters were dependent upon parent. An
empirical correction for extinction was also attempted but found to be
negative and therefore not applied. The final structure was refined to
convergence [A/o <0.001]. A final difference Fourier map was featureless
indicating the structure is therefore both correct and complete.

[K(2,2,2-crypt)14[3] - 1.5en: A dark red block with dimensions 0.183 x
0.091 x 0.055 mm?® was mounted in a drybox and was placed and optically
centered on the Bruker SMART CCD system at —80°C. Data were
processed and the structure determined and refined as described above.
After several difference Fourier refinement cycles, all of the atoms were
located, refined isotropically, then anisotropically. Two ethylenediamine
molecules were located with the first being disordered (occupancies
0.6:0.4) and the second position partially occupied about a special position.
A disorder involving a second orientation of the [SngW(CO);]*~ cluster at
the same site was found and successfully modeled in which the major:minor
orientations had occupancies 0.83:0.17, respectively. Hydrogen atoms were
placed in calculated positions with their thermal parameters dependent
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upon the parent atom. The final structure was refined to convergence
[A/6<0.001] with R(F)=13.09%, wR(F?) =16.93%, GOF =1.077 for all
2049 unique reflections [R(F) =5.92%, wR(F?) =12.71% for those 11303
data with F,>40(F,)]. A final difference Fourier map was featureless
indicating the structure is therefore both correct and complete.

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-168788,
CCDC-168789, and CCDC-168790. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Alkyne Metathesis: Development of a Novel Molybdenum-Based Catalyst
System and Its Application to the Total Synthesis of Epothilone A and C

Alois Fiurstner,* Christian Mathes, and Christian W. Lehmann!?!

Abstract: Sterically hindered molybde-

halide derivatives such as 15, 16 and 20

sensitive and polyfunctional natural

num(111) amido complexes of the general
type [Mo{(:Bu)(Ar)N};] (1), upon treat-
ment with CH,Cl, or other halogen
donors, have been converted into highly
effective catalysts for all kinds of alkyne
metathesis reactions. Although the ac-
tual nature of the propagating species
formed in situ is still elusive, halogen
transfer to the Mo center of 1 plays a
decisive role in the activation of such
precatalysts. It was possible to isolate
and characterize by X-ray crystallogra-

which themselves were shown to be
catalytically active. Numerous applica-
tions illustrate the performance of the
catalytic system 1/CH,Cl, which oper-
ates under mild conditions and tolerates
an array of polar functional groups. The
wide scope allows the method to be
implemented into the total synthesis of

Keywords: alkynes - macrocycles -
metathesis « molybdenum - natural
products

products. Most notable among them is
a concise entry into the potent anticanc-
er agents epothilone A (86) and C (88).
The macrolide core of these targets is
forged by ring closing alkyne metathesis
(RCAM) of diyne 113, followed by
Lindlar hydrogenation of cycloalkyne
114 thus formed. Since this strategy
opens a stereoselective entry into (Z)-
alkene 115, the approach is inherently
more efficient than previous syntheses
based on conventional RCM.

phy some of the resulting molybdenum

Introduction

The tremendous progress in alkene metathesis arguably
constitutes one of the most significant advancements in
preparative organic chemistry during the last decade.!! Novel
catalysts combining high activity, good durability and an
excellent tolerance towards functional groups have upgraded
this transformation into a reliable and remarkably powerful
tool.>1 Most notable is the success of ring closing alkene
metathesis (RCM) which provides access to carbo- and
heterocyclic products of all ring sizes >5 as witnessed by a
rapidly growing number of elegant applications.'! In this
context, contributions from our laboratory have focussed on
the synthesis of medium- and macrocyclic products and have
thereby helped to define the utility of RCM in this particular
field.’? During these studies, however, one significant handi-
cap became obvious on several occasions: While RCM
generally allows to form large rings with good to excellent
yields, the stereochemistry of the newly formed double bond
can hardly be predicted or controlled. In many cases, mixtures
of both geometrical isomers are obtained, with the (E)-alkene
usually dominating. Exceptions to this rule, however, are well

[a] Prof. Dr. A. Fiirstner, Dr. C. Mathes, Dr. C. W. Lehmann
Max-Planck-Institut fiir Kohlenforschung
45470 Miilheim/Ruhr (Germany)
Fax: (-+49)208-306-2994
E-mail: fuerstner@mpi-muelheim.mpg.de
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documented in the literature and subtle changes in the
substrates may have serious implications on the stereochem-
ical outcome.ll The total synthesis of the strongly cytotoxic
marine natural product salicylihalamide described in the
accompanying paper in this issue illustrates this aspect.”)

As compared with the prolific use of alkene metathesis, the
closely related metathesis of alkynes is still in its infancy.!'> ®l
This may be surprising since this transformation is known for
several decades,”” it has been thoroughly studied from the
mechanistic point of view,'! and holds the promise to solve
some of the selectivity issues hampering conventional RCM.
Specifically, ring closing alkyne metathesis (RCAM) followed
by a Lindlar reduction of the resulting macrocyclic cyclo-
alkynes constitutes a stereoselective route to (Z)-alkenes as
outlined in a recent contribution from this laboratory
(Scheme 1).0'1

1 i

an RCAM

=—R R
Lindlar
‘ ' )@l O
\E—RZ R2

X — |

Scheme 1. Stereoselective synthesis of (Z)-alkenes by ring closing alkyne
metathesis (RCAM) followed by Lindlar reduction.

The scope of this strategy, however, is intimately related to
the performance of the available alkyne metathesis catalysts.
Two different types are known to date. The first one is a
structurally unidentified species generated in situ from
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[Mo(CO)4] or related molybdenum sources and phenol
additives.” 12! This “instant” method is attractive because all
ingredients are cheap, commercially available and easy to
handle. Moreover, the solvents do not have to be rigorously
dried. Despite considerable optimization,'®! however, this
system exerts catalytic activity only at rather elevated
temperatures (>130°C), restricting its applicability to robust
cases.

Alternatively, well defined metal alkylidyne complexes
such as [(rfBuO);W=CC(Me);] (2) and congeners can be used
as alkyne metathesis (pre)catalysts.' 5] They are fully
operative under rather mild conditions and their behavior is
well understood at the molecular level.'* 4 Tn fact, complex 2
enabled the first RCAM reactions to be reported!l and has
been successfully employed for natural product syntheses as
well.l16-201 Although this catalyst tolerates many functional
groups,?!l limits are encountered if thio ethers, amines or
crown ether segments are present in the substrates. Such
donor sites suppress the catalytic activity of 2, most likely by
coordination onto its high valent tungsten center.

To improve the scope of alkyne metathesis further, we have
started a program searching for alternative catalysts. In this
context, sterically hindered trisamido molybdenum(ii) com-
plexes of the general type [Mo{(tBu)(Ar)N};] (1) were found
to exhibit a truly remarkable application profile. Outlined
below is a full account of our work in this field.??! In addition
to a systematic study of this novel catalyst system, its
application to the total synthesis of the promising anticancer
agents epothilone A and C is reported which illustrates the
relevance of this methodology for advanced organic syn-
thesis.[*]

Results and Discussion

Optimized synthesis and activation of [Mo{(rBu)(Ar)N};]: In
a series of spectacular papers, Cummins et al. have reported
investigations into monomeric trisamidomolybdenum com-
plexes of the general type [Mo{(rBu)(Ar)N};] (1) which react
with elemental sulfur, selenium, phosphorous, CO, NO, N,O
etc. in a stoichiometric fashion.?Y Most remarkable, however,
is their capacity to cleave molecular nitrogen at or below
room temperature.?* 2]

Impressed by these results, we investigated the yet un-
known reactivity of such complexes towards organic sub-
strates, hoping that it might be possible to use them in only
catalytic amounts. Although 1a (Ar=3,5-dimethylphenyl)
did not react with alkynes such as 3 in toluene or other
hydrocarbon solvents even at elevated temperatures, we were
pleased to find that an efficient and rapid alkyne metathesis
took place in toluene at 70-80°C, provided that the catalyst
was activated with CH,Cl, or related halogen sources
(>5 equiv with respect to Mo, cf. Scheme 2 and Table 1).22
CH,Cl, can also be used as the solvent; in this case, the
conversion was somewhat slower, most likely because of the
lower temperature that can be reached in this medium.

These promising results prompted us to investigate this
system in more detail. For this purpose an improved synthesis
of the required molybdenum complexes 1 was necessary.

5300
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see Table 1
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Scheme 2. Model reaction for RCAM.

I
-

Table 1. Screening of the catalytic performance of complex 1a (10 mol %)
in the presence of various additives for the cyclization of diyne 3 to
cycloalkyne 4.

Entry Solvent Additive [equiv] t [h] Yield [%]
1 toluene - 24 -
2 toluene CH,CI, (25) 7 81
3 toluene CH,CL, (5) 7 80
4 toluene CH,Cl, (2) 7 -
5 toluene CH,Br, (25) 7 84
6 toluene CH,I, (25) 7 84
7 toluene CsH;CH,CI (25) 10 81
8 toluene C¢H;CHCI, (25) 10 78
9 toluene Me;SiCl 10 75

10 CH,CL, - 24 80

11 CHCl, - 24 82

12 CCl, - 24 70

These were prepared by reaction of [MoCls(thf);] with the
lithium salt of a suitable secondary amine (rBu)(Ar)NH under
carefully controlled reaction conditions.* 27l While the access
to [MoCl,(thf),] is fairly routine and well described in the
literature,?® a high yielding and flexible entry into the
required bulky amines was crucial. The palladium catalyzed
amination of aryl halides turned out to be the method of
choice.?” 3 Specifically, tert-butyl-3,5-dimethylphenylamine
7a, required for the preparation of the parent complex 1a,
was obtained in 86 % isolated yield on a multigram scale from
6 and ‘BuNH, if the sterically encumbered phosphine 5 was
used as the ligand to palladium.*" 3 In cases of amines 9a and
11a, the use of BINAP as the ligand also gave satisfactory
results (Scheme 3).1%%

The amines thus obtained were deprotonated with nBuL.i to
afford lithium amides 7b, 9b, 11b, and 13b as colorless solids.
Crystals of amide 11b were suitable for X-ray analysis.
Figure 1 shows that this compound is dimeric in the solid state
with the aryl- and the fert-butyl groups being oriented towards
the opposite sides of the plane defined by the Li and N atoms.
The coordination sphere of each of the lithium cations is
completed by an Et,O molecule occupying the less crowded
aryl side of the Li-N-Li-N plane.

The reaction of these lithium amides with [MoCl;(thf),] was
found to be highly dependent on their substitution pattern.
While 7b or 9b afforded the expected trisamido complexes 1a
and 1bl° in high yield,? amides 11b and 13b deviated from
the expected path. The former provides the difluoromolyb-
denum(V) species 14, albeit in low yield (ca. 5% );* the latter
lead to the MoV chloride 15 as the only product that could be
isolated from the crude mixture in 30% yield by fractional
crystallization.

The previously unknown paramagnetic complex 15 was
unambiguously characterized by X-ray crystallography (Fig-
ure 2). The chloride and the three bulky amido ligands form a
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PCy,

(5, 1 mol%)

MS and NMR spectroscopic
investigations of the rather sen-
sitive residue indicated the

Y

B o N,
r+ BUNH [Pdz(dba)g] (0.5 mol%) R presence of several molybde-
2 . .
NaOBu, toluene, 80 °C ‘ num species; the major ones
7a R=H — BuLi . . £ ab 12
6 86 % 7b R=Li< 67% present in a ratio of about 1:
were the terminal alkylidyne
complex [HC=Mo((Bu)-
(Ar)N};] (17) and paramagnetic
[Pdx(dba)s] (0.25 mol%) \k [CIMo{(rBu)(Ar)N}] (16),
Br _BINAP (0.75 mol%) Nag o
/O/ + BUNH, rac : e /©/ which is analogous to complex
F NaOfBu, toluene, 80 °C F 9a R<H— Buli 15 described above. Although it
8 40% obh R=Li< 70% is difficult to separate these
products by crystallization,
both of them were accessible
[Pda(dba)s] (0.25 mol%) \F in pure form by independent
FSc\@/Br BuNH rac-BINAP (0.75 mol%) FaC Neg routes. Thus, methylidyne 17
+ u 2
NaOBu, toluene, 80 °C ' could be pr.epared bY a se-
10 82% :: §=l|:|' ‘2;':; quence previously outlined by
- ° Cummins.?! Complex 16 and
its bromo analogue 18, on the
B \(/ other hand, were available on
MeO NaNHs, 90 °C MeO Nog treatmer}t of a solution of 1a in
+ BuNH, B ether with Cl, or Br,, respec-
Ve 60 % " tively.’) An X-ray analysis of
& i .
13a R=H—Bull 16 showed the close packing of
12 13b R="Li«l 76 %

Scheme 3. Preparation of (1Bu)(Ar)NH and the lithium salts derived thereof.

A5 ¢S

N

A

R
R R
R R

14

15 (R = OMe)

distorted tetrahedral arrangement around the strongly shield-
ed metal center. The fert-butyl groups are oriented towards
the chloride, whereas the three aryl rings block the reverse
side of the complex. Two of these aryl rings are parallel to
each other within 12° with a 7t — 7t distance of 3.48 A; the third
aryl ring is perpendicular within 0.3°.

Having secured a high yielding access to 1a as the parent
compound of this series (70 % from 7b), the role of CH,Cl, in
the activation of this complex was investigated. For this
purpose, a sample of 1a was dissolved in this solvent and all
volatiles were evaporated after the endothermic reaction had
ceased (Scheme 4).
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the amido ligands on one side
of this molecule (Figure 3). Un-

Figure 1. Molecular structure of complex 11b. Anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms are omitted for
clarity. Selected bond lengths in A and bond angles in °. Li2—N1 2.036(4),
Li1-N22.017(4), C21-N1—C30 119.76(16), C11-N2—C40 118.81(16). Mean
deviation from plane defined by Lil, Li2, N1, N2 0.089 A.

like 15, the aryl rings adopts approximately three-fold
symmetry in this case. Thereby a pocket is formed around
the Mo center which shields the central metal quite
efficiently. This congested arrangement may explain some of
the favorable chemical properties of this compound (see
below).

If the activation of 1a by CH,Cl, was carried out in the
presence of an alkyne, an even more puzzling redox chemistry
ensues. Specifically, reactions of 1a with 1-methoxy-2-propy-
nylbenzene in toluene/CH,Cl, were allowed to proceed for
5 min at 80 °C and were then abruptly chilled to —20°C. From
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ex):)

Figure 2. Molecular structure of complex 15. Anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms are omitted for
clarity. Selected bond lengths in A and bond angles in °. Mo—N 1.959(4),
Mo—Cl 2.325(2), CI-Mo—N1 100.9(1), CI-Mo—N2 98.23(9), CI-Mo—N3
126.5(1).

MoClythf),] + 2 LiN(Bu)(Ar)] (7b)

1a E—— 16

Et,0 { %
. >kN/'\J°\ y
N

16 (X =Cl)
18 (X =Br)

Scheme 4. Preparation of complex 1a and its reactions with halide donors.

Figure 3. Molecular structure of complex 16. Anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms are omitted for
clarity. A space filling model is superimposed to illustrate the steric
shielding of the Mo atom. Selected bond lengths in A and bond angles in °.
Mo—N 1.959(3), Mo—Cl 2.349(1), CI-Mo—N1 97.36(10), Cl-Mo—N2
102.66(10), CI-Mo—N3 101.21(10).

various samples prepared in such a way, we were able to
obtain crystals of two novel compounds, that is the dimeric
complex 19 (Ar=3,5-dimethylphenyl) and the Mo"-imido

5302
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species 20, both of which were characterized by X-ray
crystallography. Unfortunately, however, none of them con-
tains a fragment derived from the alkyne substrate, and the
pathway leading to their formation is open for speculation.

(Bu)(ANN Cl Cl
(BUY(ANN=NMo=Nd—N(Ar)(BU) (’B“)(Ar):},\Jo:NA,

o} N(Ar)(Bu) (Bu)(Ar) 4:|

19 20

As can be seen from Figure 4, the dimeric complex 19 is
situated on a crystallographic inversion center. The Mo—Mo
bond in 19 can be formally described as a triple bond.’” The
Mo—Mo bond length of 2.272(1) A is about 0.06 A longer than
the average Mo=Mo bond extracted from the Crystallo-
graphic Structural Database.! This bond lengthening can be
explained by steric repulsion of the bulky amido substituents,
illustrated by the increased fBu—N—Mo angles and N—Mo
7t bonding. Both N(¢rBu)(Ar) groups are approximately planar
and these planes are parallel within 13.1° (N3) and 23.6° (N1)
to the Mo—Mo axis.

Figure 4. Molecular structure of complex 19. Anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms are omitted for
clarity. Selected bond lengths in A and bond angles in °. Mo—N1 1.982(11),
Mo—Cl 2.353(32), Cl1-Mol1—-N1 116.59(11), CI1-Mo1—N3 114.95(9).

The molybdenum center in 20 (Figure 5) is surrounded by
two chlorine and three nitrogen atoms, with the former
occupying the axial sites of the trigonal-bipyramidal complex.

Figure 5. Molecular structure of complex 20. Anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms are omitted for
clarity. Selected bond lengths in A and bond angles in °. N1-Mo1 1.939(3),
N2—-Mol 1.695(4), Mol—Cll 2.444(3), NI1-Mol-N2 110.55(8),
N1-Mol—-N1* 138.90(12).
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The bond length of 1.69 A between Mo and N2 is consistent
with an imide formed by loss of the tert-butyl group which had
originally been present at this site. Complex 20 is situated on a
crystallographic two-fold axis. Two aryl rings face each other
in a parallel fashion (1.6°) with a «t—m interplanar distance of
371 A.

Searching for the active species: The catalytic competence of
all novel molybdenum species was studied in the model
reaction 3 — 4 (Scheme 2). The results are compiled in Table 2
and deserve some comments.

Table 2. Screening of the catalytic performance of various molybdenum
complexes (10 mol % each) for the cyclization of diyne 3 to cycloalkyne 4.
All reactions were carried out in toluene at 80°C unless stated otherwise;
Ar=3,5-dimethylphenyl.

Entry Complex Yield [%)]
1 [HC=MOof{N(Ar)(:Bu)};] (17) 38

2 [{(rBu)(Ar)N},CIMo=MoCI{N(tBu)(Ar)},] (19) -

3 [F,~Mof{N(C¢H,CF;)(tBu)};] (14) 48

4 [CI-Mo{N(Ar)(:Bu)};] (16) 70

5 [Br—Mo{N(Ar)(rBu)};] (18) 79

6 [CI-Mof{N(C¢H;(OMe),)(1Bu)};] (15) 51

7 [Mo{N(C,H,F)(tBu)};] (1b)® 79

8 [{(1Bu)(Ar)N},CL,Mo=NAr] (20) 90

[a] Using 35 mol% of complex 17. [b] This complex was activated with
CH,C], (25 equiv). [c] The reaction was performed at ambient temperature
using only 5 mol % of complex 20.

With the established mechanism for alkyne metathesis
involving metal carbynes and metallacyclobutadienes in
mind,['¥ it is rather surprising that the terminal alkylidyne
17 was only poorly effective (entry 1). The yield of 4 was in the
same range as the chosen catalyst loading; this indicated that
complex 17 was virtually inactive after one turn-over. This
result may be explained by the known propensity of terminal
alkylidynes to suffer ligand loss along the reaction path-
way.[1439]

The dimeric molybdenum complex 19 turned out to be
totally ineffective (entries2 and 3), although the Mo=Mo
bond might be considered a suitable site for the initiation of
the reaction.[*] This failure is in accordance with the finding
that the related complex [(Me,N);Mo=Mo(NMe,);]*! is also
unable to effect the alkyne metathesis of substrate 3.

In striking contrast, however, all molybdenum halide
species catalyzed the cyclization of diyne 3 to cycloalkyne 4
(entries 3—-7).421 Complex 16 and its bromo analogue 18 were
particularly active, while the analogous complex 15 bearing
methoxy substituents on the arene rings as well as the difluoro
complex 14 were somewhat less productive. The yields
obtained with 16 or 18 were almost as high as that obtained
in the experiment carried out with the “in situ” mixture
comprising 1a and CH,Cl, (cf. Table 1, entry 2).

The highest activity of all complexes screened is displayed
by the MoV! species 20 (entry 8). This complex afforded the
desired product 4 in 90 % isolated yield even if the reaction
was performed at ambient temperature, whereas all other
reactions required heating of the mixture to 70—80°C.

Although the experiments summarized above do not
provide the desired insight into the reaction pathway and
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the actual nature of the propagating species, they illustrate
i) that structurally quite diverse molybdenum halides of
different oxidation states are able to trigger a catalytic alkyne
metathesis manifold, and ii) that compounds of this type
exhibit a rich yet hardly understood redox chemistry and
deserve detailed mechanistic studies in the future.

Ring closing alkyne metathesis—Model studies: For the sake
of convenience, all preparative investigations have been
carried out using complex 1a as the most readily accessible
member of this family, which was activated in situ by means of
CH,Cl,. A set of representative RCAM reactions is compiled
in Table 3, which reveal the truly remarkable scope of this new
protocol.

Most importantly, the system 1a/CH,Cl, was fully operative
in the presence of functional groups such as thio ethers, crown
ether segments, or amines which completely inactivate the
tungsten alkylidyne catalyst [(fBuO);W=CC(Me);] (2) pre-
viously used (cf. entries 3—5). This favorable property is
tentatively ascribed to the crowded coordination sphere
around the molybdenum center of the (pre)catalyst which
likely attenuated its effective Lewis acidity and prevents
coordination of potential donor sites to the catalytically active
metal template.

In addition to this remarkable compatibility with soft
donors, our studies have revealed that 1a/CH,Cl, tolerates
even unprotected aldehydes, nitro groups, esters, ethers,
ketones, sulfones, silyl ethers, acetals, nitriles, sulfonamides,
glycosides,*! alkyl chlorides, and trifluoromethyl groups.
Furthermore, entries 10 and 16 illustrate that double bonds
remain intact, irrespective of whether they are conjugated or
not. Limits, however, were encountered with substrates
containing acidic protons (alcohols, acids etc.); even the
protons of a secondary amide may suffice to inactivate the
catalyst. Tertiary amides, in contrast, posed no problem
(entries 8 and 12).

All ring sizes > 12 were formed in good to excellent yields,
including very large systems. Cyclization of diyne 29, however,
afforded significant amounts of the cyclodimeric product 30b
in addition to the desired 1l1-membered monomer 30a
(entry 6). This is ascribed to the high ring strain that has to
be built into this particular product. The X-ray structure of
compound 32 shows that the alkyne group is strained even if
incorporated into a larger ring, as the C3'—C12=C11—-C10
entity in this product clearly deviated from linearity (Fig-
ure 6).

Alkyne homodimerization: The broad scope and the excellent
compatibility of the new procedure were also evident from the
alkyne homodimerization experiments (Scheme 5) summar-
ized in Table 4.1 Whereas the traditional protocol for alkyne
metathesis using [Mo(CO),] and phenol additives performed
rather poorly or even failed completely,**<] complex 1a
activated with CH,Cl, converted propynylated arenes into the
desired products in good yields in all but one cases.

Alkyne cross metathesis (ACM): An even larger set of
substrates was subjected to alkyne cross metathesis (Ta-
ble 5),[* a reaction manifold that had hardly been explored so
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toluene at 80°C.

Entry Substrate Product Yield [%)]
o o0
1 [MeC=C(CH,),00C(CH,)], (21) Ao 91
0O — o
2 [MeC=C(CH,),00C(CH,),], (3) d 0 4 81
Y
3 S[CH,COO(CH,),C=CMe], (23) 84
4 (\O/(CHQ)?CECMG 25 O/\/O\/\O 0
g (CHIC=CMe - 2%
o) o)
Z O(CHg),C=CMe 7 (o)
5 . O(CH,),C=CMe . o) | 2 88
N N
o) 27
o} Q
O(CHz),C=CMe o)
6 29 || 30a 45l
O(CHp),C=CMe o]
o] o
O(CHy)1,C=CMe
, \Q/go % o 3
31 o)
32
Og~(CHp)sC=CMe °
2)o =
8 T 33 Novie 34 72
Me”™ "N(CH,),C=CMe
10 \q 63
a7
SO,Ph
11 MeCEC(CHg)B)\(CHQ)5CECMe 7
39 40
PMB
\JN o) 0.
VB,
12 67
“ a2
o o)
—— H I
13 "; O: " d a“ 75
NCHa)1,C=CMe
i o S o)
0, oM 2
O(CHy)1,C=CMe o)
45 O .
Ph, ©
Ph_/“N(CHy)0C=CMe s I
15 P Ph” N\ 74
Ph \O,(CHz),OCECMe 0,
48
0 o)
N O(CHz)iC=CMe §{ ©
16 49 I s0 82
O(CHp)1,C=CMe o)
o]

(o)

[a] In addition to the cyclic monomer 30a, the cyclic dimer 30b is obtained in 40 % yield.
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far. All of them afforded the
desired products in respectable
yields if exposed to a slight excess
(1-1.5 equiv) of an aliphatic al-
kyne as the reaction partner; the
latter can be symmetrical (en-
tries 1-12) or unsymmetrical (en-
try 13). It is particularly notewor-
thy that even C-silylated alkynes
can be employed, although such
substrates were beyond the scope
of alkyne metathesis so far (en-
tries 10—12).

Applications to natural product
synthesis: Despite the fact that
some crucial inorganic and orga-
nometallic aspects of the present
catalyst system for alkyne meta-
thesis remain obscure, the excel-
lent application profile of 1a/
CH,CI, revealed by the model
studies summarized above sug-
gested that applications to more
challenging targets are feasible. In
fact, several total syntheses of
bioactive target molecules have
been successfully based upon the
favorable properties of 1a/
CH,Cl,. The key steps are dis-
played in Table 6.

This includes a particularly flex-
ible entry into prostaglandins and
analogues either by RCAM (en-
try 2) or ACM (entry 3),[* as well
as the first total synthesis of the
complex glycoconjugate sophoro-
lipid lactone 81 (entry 1).1! In all
cases the alkynes originally
formed (i.e., 80, 82, 84) were
converted into the targeted (Z)-
alkenes 81, 83 and 85, respectively,
in a stereoselective fashion by
subsequent Lindlar reductions.

Total synthesis of epothilone A
and C: This success prompted us
to extend our studies even fur-
ther! by targeting members of
the epothilone family, 16-mem-
bered macrolides isolated from
the myxobacterium strain Soran-
gium cellulosum 90.1*! The semi-
nal discovery that these natural
products share a common mecha-
nism of action with paclitaxel
(Taxol) but exert activity even
against various paclitaxel-resis-
tant cell lines has spurred consid-
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Figure 6. Molecular structure of cycloalkyne 32. Anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms are omitted for
clarity. Selected bond angles in °: C10—C11—C12 173.74(13), C11-C12—C3’
171.75(13).

X/— (1a cat), toluene/CH,Cl, X/~

2 = =
\ 7/ - 2 butyne \_/

Scheme 5. Alkyne homodimerization.

Table 4. Alkyne homodimerization reactions catalyzed by complex 1la
(10 mol %) activated with CH,Cl,. Comparison with the results obtained in a
reaction catalyzed by [Mo(CO)] activated by p-chlorophenol (30 mol%) in
1,2-dichlorobenzene at 140°C.

Entry Substrate Product Yield [%]

[Mo(CO),] 1a

FaC FaG

e

51 52 CF3
R O
15 58
53 54
HO— FO—0O
0 0 46
55 56
OMe OMe
— = 0w
57 58 MeO
COOMe COOMe
= Q = Q 0 76
MeOOC
59 60
/ S
37 = sT =
61 62

erable drug development programs worldwide.l*l Therefore
86-89 and congeners became the focal point of many
preparative studies aiming at their total synthesis as well as
at a synthesis-driven mapping of the structure/activity profile
of these important lead compounds.*!

In this context it is remarkable that the first three successful
entries into these compounds were based on ring closing
alkene metathesis (RCM) for the formation of the 16-
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OH Epothilone A (86, R = H)
Epothilone B (87, R = Me)

wOH Epothilone C (88, R = H)
Epothilone D (89, R = Me)

membered core.[**>! Product 91 thus formed can be selec-
tively epoxidized at the A'>13 bond and hence constitutes an
excellent precursor for epothilone A (86) (Scheme 6). Al-
though these studies were early highlights showing the
enormous potential of RCM for advanced organic synthesis,
they invariably suffered from the fact that there was little—if
any—selectivity in favor of the required (Z)-alkene (Z)-91
(Table 7). As this serious problem arose only towards the very
end of rather laborious sequences and since the isomeric
alkenes could not be readily separated at this stage, it is hardly
surprising that subsequent total syntheses of 86 were largely
based on strategies other than RCM that ensure better control
over all structural elements of this target.[> %!

These notions, however, render the epothilones a partic-
ularly suitable and relevant testing ground to probe our
concept for the stereoselective preparation of (Z)-alkenes by
RCAM followed by Lindlar reduction. Moreover, the pres-
ence of a basic N as well as an S atom in their thiazole ring
provides a stringent test for the functional group tolerance of
the novel molybdenum-based catalyst.

We envisaged to assemble the targets as shown in Scheme 7.
Earlier studies have revealed that the selectivity gained in the
formation of the three contiguous stereocenters at C-6, C-7,
and C-8 by an aldol reaction strongly depends on the remote
functionalization of the enolate partner.*> 3 The best results
were obtained with ethyl ketone 98 bearing a conformation-
ally rigid and chelating 1,3-dioxane unit as control element.P!l
Therefore, our first interim goal was to develop an improved
and shorter entry into this key building block.

Our synthesis started from commercially available 3-hy-
droxy-propionitrile 92 which reacted with the zinc enolate
derived from bromoester 93 to afford ketoester 94 in 71 %
yield on a multigram scale (Scheme 8). This Reformatsky-
type reaction is best carried out with the assistance of
ultrasound.P! Silylation of 94 with tert-butyldiphenylsilyl
chloride under standard conditions followed by an asymmet-
ric hydrogenation of 95 catalyzed by [((S)-BINAP)RuCl,]-
NEt; in the presence of Dowex (H* form) to ensure acidic
conditions delivered the unprotected diol 96 in high enantio-
meric purity (ee 94%).5%%1 The need to perform this
reduction under slightly acidic conditions determined the
choice of the protecting group for the primary alcohol; the
TBDPS group turned out to be optimal, whereas the TBS
ether was found to be too unstable. It is also noteworthy that
all attempts to perform the reduction directly with the
unprotected substrate 94 resulted in rather poor conversion.
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Table 5. ACM reactions between propynylated arenes and aliphatic alkynes (1.5 equiv) catalyzed by 1a (10 mol %). All reactions were carried out in

toluene/CH,Cl, at 80°C.

Entry Substrates Product Yield [%)]
FaG
FiC 8
1 1,8-dichloro-4-octyne i > _ 51 = 70
63 Cl
NC =
64 cl
Q
o 3
3 ?—@% 55 ,_F < > \ 47
65 Cl
COOMe
COOMe
4 < S = 62
== 59
66 Cl
/ \ Cl
/) s = 5
5 s -~ 61 55
67
OMe O
6 4 y——— 57 C}%L\ 67
68 cl
OMe
7 1,8-dicyano-4-octyne 57 C}é\_\ 82
69 CN
OMe
8 1,10-tetrahydropyranyloxy-5-decyne 57 h 68
70 OTHP
OMe
9 S-decyne 57 C}é\_\ 72

71

10 < >——= SiMeg = 55
73

11 MeO—< >———— SiMes MeO

= 60
74 75
12 EtOOC@%SiMea Et00 = 6
76 77
13 benzosulfonyl-pent-3-yne < >—= 78 ©7\~SO ,Ph 71

79

Acetalization of 96 followed by reaction of the resulting
product 97 with EtMgBr in toluene in the presence of NEt;
affords compound 98 in excellent overall yield. The presence
of the base during the addition of the Grignard reagent to the
ester is essential, as it enolizes the ketone primarily formed
and thereby avoids the formation of the corresponding
tertiary alcohol by addition of a second equivalent of
EtMgBr.*

Reaction of the lithium enolate derived from 98 with
aldehyde 101 afforded aldol 102 in 70% yield with good
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selectivity (d.r. =7:1, HPLC) which was easily separated from
the minor diastereomer by flash chromatography (Scheme 9).
Aldehyde 101 required for this aldol reaction was readily
available by exploiting the excellent facial guidance exerted
by Oppolzer’s bornane sultam in the alkylation of substrate 99
(d.r.=96:4).5 Further elaboration of 102 by deprotection of
the acetal, per-silylation of the resulting triol 103, and
regioselective cleavage of the primary TBS ether in 104 was
performed in analogy to literature routes.”® 3! Oxidation of
the resulting alcohol 105 with PDC in DMF smoothly
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Table 6. Previous applications of RCAM or ACM to the total synthesis of natural products.

afforded the desired carboxylic

acid 106 ready for esterification

Alkyne product Yield [%] Target Ref.
OR
R o Y
O&/ 80 78

OR

with a suitable thiazole frag-
ment.

The preparation of the latter

[45) involved the allylation of

known aldehyde 107 with (+)-

Ipc,B(allyl)* followed by sily-

lation of the crude material

with TBSCl and imidazole

(Scheme 10).5 These reactions

[44] delivered the homoallyl alcohol

derivative 108 in 89 % yield in

excellent enantiomeric excess

(ee >97 %). Oxidative cleavage

of its terminal double bond

[43] afforded the somewhat unsta-

ble aldehyde 109 which was

RCM

29 (E)-91
Scheme 6. RCM approaches towards epothilone A and C.

Table 7. RCM approaches towards epothilone A and C: Cyclization of
dienes 90 invariably leads to the formation of (E,Z)-mixtures of cyclo-
alkene 91 (Ar=2-methyl-4-thiazolyl).

Catalystl® R! R? Yield [%] Z:E Ref.

[Ru]’ TBS TBS 86 17:1 [49b]
TBS TBS 94 1:1 [51a]
TBS TBS 81-85 1.5:1 [53]
TBS H 85 12:1 [50b]
H H 65 1:2 [49b]

[Mo]®! TBS TBS 86 1:2 [49b]

[a] [Ru] = [(PCys),(CI),Ru=CHPh]. [b] [Mo]=[Mo(=NAr)(=CHCMe,Ph)-
[OCMe(CF3),),)-

alkyne metathesis / Lindlar

<OR2

syn-aldol

asymmetric hydrogenation

Scheme 7. Retrosynthetic analysis of epothilone C.
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immediately used for a subse-

quent Corey—Fuchs reac-
[a] 2 9 el
B —_—
Ho N ) RO x “OEt
92 Br i

OEt 94 R=H
93 95 R = TBDPS

OH OH O X O><O [e]

@ o0 0O le]

96 97 98
Scheme 8. a) Zn, ultrasound, THF; then aq. HCIl, 71 %; b) TBDPSC],
imidazole, DMF, 90%; c) [((S)-BINAP)RuCL|(NEt;) (6 mol%), H,
(65 bar), Dowex, EtOH, 80°C, 71 %; d) 2,2-dimethoxypropane, acetone,
camphorsulfonic acid (cat.), 92 %; ¢) EtMgBr, NEt;, toluene, 70°C, 68 %.

99 R=H 101
[a]
100 R =Me

103 R1=R2=H Ifl

104 R1=R2=TBS
g [
105 R1=TBS, R2=H

106

Scheme 9. a) nBuLi, THF/HMPA, Mel, —-78°C——-60°C, 94%;
b) LiAlH,, THF, 85%; c)nPr,;NRuO, (cat.), NMO, CH,Cl,, 4 A MS,
90 %; d) lithium enolate of ketone 98, THF, —78°C, 70 % e¢) PPTS (cat.),
MeOH, 85%; f) TBSOTY, 2,6-lutidine, 92%; g) camphorsulfonic acid,
CH,Cl,/MeOH 1:1, 78 %; h) PDC, DMF, 83 %.
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s
s S
[a] [d] f]
D s I R
N | N I
| |
TBS .
107 108 X =CHa o] 111 R=TBS
100 X=0 j[e]
lc] 112 R=H
110 X = CBr;

[h]

115 R=TBS

{i]
88 R=H

Scheme 10. a) i) (++)-Ipc,B(allyl); ii) TBSCI, imidazole, DMF, 89 % (over
both steps); b) i) OsO, (cat.), NMO; ii) Pb(OAc),, 86 %; c) CBr,, PPh;,
CH,Cl,, 68%; d) nBuLi, then Mel, THF, 65%; e¢) TBAF-3H,0, THF,
74 % ) acid 106, DCC, DMAP, CH,Cl,, 81 %; g) complex 1a (10 mol %),
toluene/CH,Cl,, 80°C, 8 h, 80 %; h) Lindlar catalyst, quinoline, H, (1 atm),
CH,(Cl,, quant.; i) aq. HF, Et,0/CH;CN, 79 %; j) dimethyldioxirane, 70 %
(ref. [49]).

tion.[" Specifically, treatment of 109 with CBr, and PPh; gives
the expected 1,1-dibromo derivative 110, which is con-
verted into alkyne 111 by means of nBuLi in THF and
trapping of the acetylide anion thus formed with Mel.
Desilylation under standard conditions followed by esterifi-
cation of the resulting alcohol 112 with acid 106 sets the stage
for the crucial macrocyclization step. Unfortunately, all
attempts to obtain product 112 from aldehyde 107 more
directly by asymmetric propargylation using chiral boron or
tin reagents for the delivery of the 2-butynyl group were
unrewarding in terms of yield and optical purity.[]

We were pleased to see that diyne 113 cyclized smoothly to
the 16-membered cycloalkyne 114 in 80 % isolated yield on
exposure to catalytic amounts of complex la in toluene/
CH,Cl, at 80°C (Scheme 10). It is noteworthy that this
outcome compares well to the best results obtained in the
conventional RCM approaches (Table 7) in terms of yield and
reaction rate. Furthermore, it confirms the mildness of the
method since i) neither the basic N atom nor the sulfur group
of the thiazole ring interfere with the catalyst, ii) the labile
aldol substructure, the rather electrophilic ketone, as well as
the ester- and silyl ether groups are fully preserved, iii) no
racemization of the chiral center o to the carbonyl is
encountered, and iv) the rigorous chemoselectivity of the
catalyst is confirmed, which reacts readily with alkynes but
leaves pre-existing alkene moieties unaffected.
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Subsequent Lindlar reduction of cycloalkyne 114 followed
by cleavage of the silyl ether groups in the resulting (Z)-
alkene 115 by means of aqueous HF in Et,O/CH;CN as the
reaction medium delivered epothilone C (88) in 79 % yield
over both steps. Because the selective epoxidation of 115 has
already been described by various groups,*-! this approach
constitutes a formal total synthesis of epothilone A (86) as
well.

Conclusion

A novel catalyst system for alkyne metathesis has been
developed using molybdenum complexes of the type [Mo-
{(rBu)(Ar)N};] (1) as precatalysts that are activated in situ by
CH,Cl,. Although the required complexes are rather sensitive
to oxygen and moisture, this novel method outperformed
exisiting protocols in many respects, independent of whether
it was carried out as ring closing alkyne metathesis (RCAM),
alkyne homo-dimerization, or in an alkyne cross metathesis
(ACM) mode. Particularly noteworthy are the mild conditions
which enable applications to labile target molecules and
tolerate a host of polar groups. The stereoselective total
synthesis of epothilone A and C clearly prove these aspects.
From these and related applications,['*-4-%] it must be
concluded that alkyne metathesis in general constitutes an
attractive tool for advanced organic chemistry which comple-
ments conventional alkene metathesis in several respects.[%]

Although the nature of the catalytically active species
formed in situ is still elusive, it has been shown that halogen
transfer from CH,Cl, to the sterically encumbered molybde-
num center in 1 plays an essential role for the activation of the
precatalysts. Studies aiming at a better understanding of the
organometallic background as well as further applications of
this new procedure to target oriented synthesis are actively
pursued in this laboratory and will be reported in the near
future.

Experimental Section

General: All reactions were carried out under Ar. Note that complexes of
the type [Mo{(rBu)(Ar)N};] (1) are able to activate molecular nitrogen at
or below room temperature;?* ! therefore N, must not be used as a
protecting atmosphere for any experiment involving these reagents.

The solvents used were purified by distillation over the drying agents
indicated and were transferred under Ar: THF, Et,0 (Mg/anthracene),
CH,Cl, (P,0O,,), CH;CN, Et;N (CaH,), MeOH (Mg), DMF (Desmodur,
dibutyltin dilaurate), hexane, toluene (Na/K). Flash chromatography:
Merck silica gel 60 (230-400 mesh). NMR: Spectra were recorded on a
DPX 300 or DMX 600 spectrometer (Bruker) in the solvents indicated;
chemical shifts (0) are given in ppm relative to TMS, coupling constants (/)
in Hz. IR: Nicolet FT-7199 spectrometer, wavenumbers in cm~!. MS (EI):
Finnigan MAT 8200 (70 V), HR-MS: Finnigan MAT 95. Melting points:
Biichi Melting Point B-540 (uncorrected). Optical rotation: Perkin
Elmer 343 at 1=589 nm (Na-D line). Elemental analyses: H. Kolbe,
Miilheim/Ruhr. All commercially available compounds (Lancaster, Al-
drich) were used as received.

The propynylated arenes used in the homodimerization and ACM experi-
ments were prepared by a modified Suzuki reaction according to a
procedure previously described.®) The methylidyne complex 17 was
prepared as described by Cummins.?*’]
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Preparation of the ligands and the catalysts

N-(3,5-Dimethylphenyl)-tert-butylamine (7a): rBuNH, (6.21 g, 85 mmol)
and bromide 6 (13.1 g, 71 mmol) were successively added to a mixture of
tBuONa (9.54 g, 189 mmol), phosphine 5 (0.25g, 0.71 mmol) and
[Pd,(dba)s] (0.33 g, 0.35 mmol) in toluene (80 mL). The resulting mixture
was heated to 80°C for 8 h. For work-up, the solvent was evaporated, the
residue was washed with brine (30 mL), the organic layer was extracted
with fert-butyl methyl ether (3 x 150 mL), the combined organic layers
were dried (Na,SO,) and evaporated, and the crude product was purified
by distillation (b.p. 69—70°C, 103 bar) affording amine 7a as a colorless
liquid (10.8 g, 86 % ). "H NMR (CDCl;, 300 MHz): 6 =6.50 (s, 1 H), 6.47 (s,
2H), 2.60 (brs, 1H), 2.32 (s, 6H), 1.41 (s, 9H); *C NMR (CDCl,, 75 MHz):
0=146.9, 138.4, 120.2, 115.4, 51.3, 30.2, 21.5; MS (EI): m/z (%): 177 (40),
162 (100), 146 (3), 132 (1), 121 (25), 106 (5), 91 (3), 77 (4), 65 (1), 57 (2), 41
(2); IR: v =3406, 3022, 2971, 2918, 2869, 1603, 1520, 1475, 1390, 1364, 1341,
1226, 1184,1031, 822, 694 cm~". The spectroscopic and analytical data are in
agreement with those reported in the literature.’!

N-(4-Fluorophenyl)-tert-butylamine (9a): Prepared as described above
from bromide 8 (10.0 g, 57 mmol), tBuNH, (5.00 g, 68 mmol), fBuONa
(7.67 g, 80 mmol), rac-BINAP (0.27 g, 0.43 mmol) and [Pd,(dba);] (0.13 g,
0.14 mmol) in toluene (114 mL). Flash chromatography of the crude
product (EtOAc/hexane 1:10) afforded 9a as a colorless liquid (3.82 g,
40% .11 "TH NMR (CDCl;, 300 MHz): 6 =6.89 (t,/ =8.9 Hz, 2H), 6.80 (d,
J=48Hz, 1H), 6.79 (d, /=48 Hz, 1H), 3.74 (brs, 1H), 1.27 (s, 9H);
BCNMR (CDCl;, 75 MHz): 6 =158.9,155.8,131.1,131.0, 115.2, 114.9, 52.3,
29.6,28.7; MS (EI): m/z (%): 167 (40), 152 (94), 136 (3), 111 (100), 95 (6), 83
(6),76 (3), 57 (13), 41 (8); IR: v =3418, 3036, 2974, 2933, 2908, 2871, 1613,
1508, 1460, 1391, 1365, 1318, 1215, 1156, 1103, 822, 780 cm~".

N-(3-Trifluoromethylphenyl)-fert-butylamine (11 a): Prepared as described
above from bromide 10 (9.00 g, 40 mmol), tBuNH, (3.51 g, 48 mmol),
tBuONa (5.38 g, 56 mmol), rac-BINAP (0.19 g, 0.30 mmol) and [Pd,(dba)s]
(0.092 g, 0.10 mmol) in toluene (80 mL). The crude product was purified by
distillation (b.p. 62-63°C, 6 x 1073 bar) affording amine 11a as a colorless
liquid (7.10 g, 82%). '"H NMR (CD,Cl,, 300 MHz): 6 =7.24 (t, J=4.8 Hz,
1H), 6.94-6.80 (m, 3H), 3.85 (brs, 1H), 1.37 (s, 9H); C NMR (CD,Cl,,
75 MHz): 6 =147.9, 130.9, 129.8, 126.7, 123.1, 119.3, 113.8, 112.3, 51.7, 29.9.
The spectroscopic and analytical data are in agreement with those reported
in the literature.*!

N-(3,5-Dimethoxyphenyl)-fert-butylamine (13a): 1-Bromo-2,4-dimethoxy-
benzene (12) (4.50 g, 20.7 mmol) was added to a suspension of NaNH,
(1.62 g, 41.5 mmol) in ‘BuNH, (250 mL) and the resulting mixture was
heated at 90°C for 2 h. Methanol (2 mL) was then added, the mixture was
diluted with CH,Cl, (70 mL), filtered through a pad of Celite, and the
filtrate was evaporated. Flash chromatography of the residue (EtOAc/
hexane 1:10) provided amine 13a (2.60g, 60%) as a colorless solid.
'H NMR (CD,Cl,, 300 MHz): 6 =5.90-5.86 (m, 3H), 3.73 (s, 6 H), 1.35 (s,
9H); C NMR (CD,Cl,, 75 MHz): 6 =161.7, 149.3, 95.2, 90.1, 55.4, 51.5,
30.1. The spectroscopic and analytical data were in agreement with those
reported in the literature.[”]

Lithium N-(3,5-dimethylphenyl)-fert-butylamide etherate (7b-Et,0): A
solution of nBuLi (44.9 mL, 75.1 mmol) was slowly added at —35°C to a
solution of amine 7a (11.1 g, 62.6 mmol) in hexane (300 mL). After the
addition was complete, the reaction mixture was stirred for 12 h during
which it was allowed to reach ambient temperature. All volatiles were
distilled off and the remaining syrup was triturated with Et,0 (28 mL),
thereby causing the precipitation of a colorless solid. The crude product
was suspended in hexane (50 mL), and the suspension was kept at —20°C
for 8 h. The colorless crystals formed were collected by filtration and were
dried in vacuo (10.8 g, 67%). 'H NMR (C¢Dg, 300 MHz): 6 =6.54 (s, 2H),
6.13 (s, 1H), 3.17 (q, /=70 Hz, 4H), 2.30 (s, 6 H), 1.60 (s, 9H), 0.95 (t, J =
7.0 Hz, 6 H). The analytical data were in agreement with those reported in
the literature.?> 2]

[MoCl,(thf),]:*! MoCl; (6.37 g, 23.3 mmol) was added to acetonitrile
(32 mL) and the resulting mixture was stirred for 3 h at ambient temper-
ature. The suspension was filtered, the solid residue was washed with
CH,;CN (15mL) and dried in vacuo, affording [MoCl,(CH;CN),] as a
brown powder (5.9 g, 80%). IR (KBr): v=3258, 3223, 2985, 2923, 2315,
2285, 1400, 1355, 1017, 947, 817 cm~'; MS (EI): m/z (%): 238 [M—
(2CH;CN)]* (26), 203 (38), 168 (7), 133(5), 98 (5), 41 (100). A suspension
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of the [MoCl,(CH;CN),] (4.39 g, 13.7 mmol) thus obtained in THF (18 mL)
was stirred for 2h at ambient temperature. During this period, the
color of the mixture changed from brown to orange. Filtration, washing
of the residue with THF (5 mL) and drying in vacuo afforded [MoCl,(thf),]
as an orange powder (3.40g, 63%). IR (KBr): v=2987, 2951,
1456, 1438, 1342, 1245, 1166, 1042, 990, 920, 809 cm .

[MoCl,(thf);]:1?%] Sn shots (7.1 g, 59.8 mmol) were added to a suspension of
[MoCl,(thf),] (3.55¢g, 9.3 mmol) in THF (43 mL). While the resulting
suspension was vigorously stirred for 30 min, a color change from orange to
orange-green was observed. The suspension was then siphoned off such
that undissolved tin remained in the flask. Filtration, rinsing of the residue
with THF (5 mL) and drying in vacuo afforded [MoCl(thf);] (2.5 g, 65%)
as a pale-orange powder. IR (KBr): v =2980, 2904, 1487, 1472, 1458, 1449,
1342, 1295, 1244, 1178, 1040, 1012, 928, 852 cm~".

Tris[ N-(tert-butyl) (3,5-dimethylphenyl)-amido Jmolybdenum {11 (1a):
Anilide 7b (5.67 g, 22 mmol) was added at —100°C to a suspension of
[MoCl;,(thf),] (4.61 g, 11 mmol) in Et,O (185 mL). The mixture was allowed
to reach ambient temperature and was stirred for 2.5 h while turning dark
red. The suspension was filtered and the residue was rinsed with Et,O
(10 mL). The filtrate was concentrated to ca. 5 of its original volume and
was then slowly cooled to —60°C over night, causing the precipitation of
dark red crystals. The supernatant liquid was removed through canula and
the remaining solid was dried in vacuo for ~5min (3.21g, 70%).
Compound 1a is paramagnetic: 'H NMR (C¢Dy4, 600 MHz): 6 =62.3 (brs,
27H), —9.5 (s, 18H), —20 (brs, 6H), —50.8 (brs, 3H); MS (EI): m/z (%):
624 (84), 570 (99), 514 (76), 464 (43), 408 (85), 349 (48), 306 (12), 229 (9),
162 (11); IR: v =3022, 2963, 2916, 2861, 1600, 1519, 1464, 1381, 1355, 1291,
1183, 1153, 1036, 966, 936, 842, 716, 688 cm~'. The analytical and
specroscopic data are in agreement with those reported in the litera-
ture. 25201

Monochloro-tris-[ (N-(tert-butyl)(3,5-dimethylphenyl)amido] molybde-
num@v) (16): Complex 1a (140 mg, 0.22 mmol) was dissolved in Et,0
(10 mL) at —78°C and the flask was evacuated. Chlorine gas (2.73 mL,
0.11 mmol) was introduced through a gas-tight syringe and the reaction
mixture was allowed to reach ambient temperature. For work-up, all
volatiles were removed in vacuo, the residue was dissolved in Et,O
(10 mL), the mixture was filtered through a short pad of Celite, the filtrate
was concentrated to ca. %5 of the original volume and slowly cooled to
—60°C. The supernatant liquid was removed through canula from the
crystals of 16 thus formed (44 mg, 30 % ). M.p. 79-80°C; MS (EI): m/z (%):
661 (< 1), 604 (11), 548 (12), 532 (17), 492 (60), 456 (4), 407 (2), 371 (5), 333
(8), 225 (5), 177 (25), 162 (82); IR: v=3027, 3002, 2978, 2917, 1601, 1581,
1457, 1390, 1343, 1223, 1169, 1044, 939, 885, 848, 708, 681, 588, 560 cm™;
elemental analysis caled (% ) for C;;Hs;MoN;Cl (676.33): C 65.81, H8.51,N
6.22; found C 65.56, H 8.35, N 6.31.

Monobromo-tris-[ (N-(tert-butyl)(3,5-dimethylphenyl)amido]  molybde-
num@v) (18): A solution of Br, (25.6 mg, 0.16 mmol) in hexane (1 mL)
was added at —78°C to a solution of complex 1a (200 mg, 0.32 mmol) in
Et,0 (12mL) and the resulting mixture was allowed to reach ambient
temperature. After stirring for 30 min, all volatiles were removed in vacuo,
the residue was dissolved in Et,0 (8 mL), the mixture was filtered through
a pad of Celite, the filtrate was concentrated to ca. ' of its original volume
and was then slowly cooled to — 60 °C, causing the precipitation of complex
18 in form of dark-red crystals (65 mg, 29 %). MS (EI): m/z (%): 648 (1),
592 (1), 576 (2), 536 (8), 415 (1), 333 (2), 268 (3), 177 (31), 162 (100);
elemental analysis calcd (% ) for C;;Hs;MoN;Br (719.73): C 61.75, H 7.98, N
5.84; found C 61.70, H 7.99, N 5.79.

Dichloro-(3,5-dimethylphenylimido)-bis-[ N-(tert-butyl) (3,5-dimethyl-
phenyl)-amido] molybdenum(vy (20): 1-Methoxy-2-propynylbenzene (57)
(106 mg, 0.53 mmol)* was added to a solution of complex 1a (100 mg,
0.16 mmol) in toluene (4 mL) and CH,Cl, (0.4 mL) and the resulting
mixture was heated for 5 min to 80°C. All volatiles were then removed in
vacuo, the residue was dissolved in Et,O (3 mL) and the resulting solution
was slowly cooled to —60°C. One crop of red crystals thus obtained was
identified as the title compound 20 by X-ray crystallography, see below
(26 mg, 25%). M.p. 79-80°C; MS (EI): m/z (%): 639 (<1), 604 (< 1), 547
(22), 532 (57), 491 (25), 463 (12), 407 (43), 177 (34), 162 (100); elemental
analysis caled (%) for C;,H,;sMoN;Cl, (639.20): C 60.19, H 7.10, N 6.58;
found C 60.33, H 6.98, N 6.49.
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Preparation of 7,8,11,12-tetrahydro-6,13-dioxa-1-azabenzocyclododec-9-
yne-5,14-dione (28): CH,Cl, (160 pL) and bis(3-pentyn-1-yl) ester 27
(511 mg, 1.70 mmol) were successively added to a stirred solution of
complex 1a (104.4 mg, 0.17 mmol) in toluene (80 mL) and the resulting
mixture was stirred at 80°C for 20 h. For work-up, the solvent was
evaporated and the residue was purified by flash chromatography (hexane/
EtOAc 4:1), thus affording cycloalkyne 28 as a colorless syrup (369 mg,
88%). M.p. 96-97°C; 'H NMR (CDCl;, 300 MHz): 6 =8.76 (dd, J=1.9,
49 Hz, 1H), 8.12 (dd, J=1.5,79 Hz,4H), 7.52 (dd, J = 7.8 Hz, 1 H), 4.63 (t,
J=55Hz, 2H), 442 (t,J=5.6 Hz, 2H), 2.57 (m, 4H); *C NMR (CDCl;,
75 MHz): 6 =166.1, 165.8, 151.1, 151.0, 137.1, 128.7, 125.1, 79.2, 78.8, 63.4,
63.1,20.0, 19.4; MS (EI): m/z (%): 245 (2), 227 (3), 199 (8), 187 (2), 172 (2),
150 (2), 143 (6), 122 (5), 106 (12), 78 (100), 66 (59), 50 (13),40 (21); IR:v=
3057, 2963, 2914, 2835, 1732, 1568, 1436, 1379, 1295, 1152, 1086, 1051, 1006,
755, 645 cm™!; elemental analysis caled (%) for C,;H;;NO, (245.07): C
63.67, H 4.52, N 5.71; found C 63.59, H 4.62, N 5.60.

All other cycloalkynes shown in Table 3 were prepared analogously. The
analytical data of new compounds are compiled below. For a full set of the
analytical and spectroscopic data of product 36 see ref. [19], for those of
compounds 4, 22 and 50 see ref. [16] (Supporting Information).

1,7-Dioxa-4-thiacyclotridec-10-yne-2,6-dione (24): M.p. 75-76°C; 'HNMR
(CDCl;, 300 MHz): 6 =4.28 (t, J=5.4 Hz, 4H), 3.43 (s, 4H), 2.49 (t, /=
5.5Hz, 1H); ®C NMR (CDCl;, 75 MHz): 6 =169.4, 78.1, 62.9, 34.6, 19.6;
MS (EX): m/z (%): 228 (56), 182 (18), 169 (13), 164 (9), 138 (17), 111 (8), 96
(23), 78 (100), 66 (41), 39 (25); IR: v =2963, 2924, 2893, 1756, 1738, 1458,
1417, 1286, 1215, 1146, 1018, 857, 711 cm™!; elemental analysis caled (% ) for
C,oH,0,S (228.05): C 52.62, H 5.30; found C 52.78, H 5.40.

5,8,10-Trioxacyclotridecyne (26): 'H NMR (CD,Cl,, 300 MHz): 6 =3.68 -
3.60 (m, 8H), 3.59-3.53 (m, 4H), 2.36 (t, J=5.5Hz, 4H); "C NMR
(CD,Cl,, 75 MHz): 6 =79.4, 70.3, 69.9, 69.2, 20.8; MS (EI): m/z (%): 184
(<1),169 (1), 153 (2), 139 (14), 125 (7), 109 (76), 96 (46), 79 (69), 66 (100),
52 (18), 45 (75), 40 (44), 28 (25); elemental analysis calcd (% ) for C,,H;s05
(184.23): C 65.19, H 8.75; found C 65.13, H 8.67.

3,3-Dimethyl-1,5-dioxacycloundec-8-yne-2,4-dione  (30a): 'H NMR
(CDCl;, 300 MHz): 6=4.31 (t, J=5.8 Hz, 4H), 2.44 (t, J=5.9 Hz, 4H),
1.45 (s, 6H); *C NMR (CDCl;, 75 MHz): 6 =172.0, 79.8, 61.8, 50.0, 22.1,
19.7; MS (EI): m/z (%): 210 (< 1), 180 (< 1), 152 (2), 137 (2), 111 (4), 87 (4),
78 (100), 70 (45), 65 (17), 51 (3), 41 (13); IR: v=2982, 2926, 2850, 1737,
1719, 1464, 1392, 1276, 1171, 1127, 1024, 895, 838 cm™!; elemental analysis
caled (%) for C;;H,,0, (210.23): C 62.85, H 6.71; found C 63.01, H, 6.67.

3,3,14,14-Tetramethyl-2,4,13,15-tetraoxo-1,5,12,16-tetraoxacyclodocosa-
8,19-diyne (30b): 'H NMR (CDCl;, 300 MHz): 6 =4.12 (t, J = 6.8 Hz, 8H),
2.50 (t, J=6.9 Hz, 8H), 1.41 (s, 12H); ¥C NMR (CDCl;, 75 MHz): 6 =
172.2,63.2,49.1,29.4,22.3,18.5; MS (EI): m/z (%): 420 (5), 342 (1), 306 (1),
219 (1), 174 (8), 156 (51), 141 (14), 115 (6), 96 (8), 78 (100), 69 (30), 41(18);
IR: v =2958,2928, 2856, 1732, 1463, 1383, 1282, 1265, 1165, 1131, 1026, 892,
802 cm~!.

3-Oxabicyclo[14.3.1]eicosa-1(19),16(20),17-trien-14-yne-2-one (32): M.p.
95-96°C; 'H NMR (CD,Cl,, 300 MHz): 6=8.17 (s, 1H), 793 (d, J=
7.7 Hz, 1H), 7.51 (d, /=77 Hz, 1H), 740 (t, /=78 Hz, 1H), 4.27 (t, J=
5.3 Hz, 2H), 245 (m, 3H), 1.85-1.75 (m, 3H), 1.71-1.31 (m, 12H);
3C NMR (CD,Cl,, 75 MHz): 6 =166.0, 134.7, 134.0, 131.2, 128.9, 128.5,
124.8, 92.9, 81.0, 66.1, 29.8, 29.3, 29.2, 29.1, 29.0, 27.9, 27.7, 26.9, 19.6; MS
(EIL): m/z (%): 284 (100), 214 (8), 200 (12), 186 (29), 170 (20), 155 (28), 142
(47), 129 (58), 115 (42), 91 (14), 81 (53), 67 (46), 55 (54), 41 (44); elemental
analysis calcd (% ) for CH,,0, (284.18): C 80.24, H 8.51; found C 79.88, H,
8.46.

1-(N-Methyl)-azacycloheptadec-12-yne-2-one (34): 'H NMR (CD,Cl,,
300 MHz, rotamers): 6 =3.41 (t, J=6.8 Hz, 1H), 3.28 (t, /=74 Hz, 1H),
2.98 (s, 1H),2.88 (s,2H), 2.34 (t,/ =6.9 Hz,2H), 2.26-2.13 (m, 4H), 1.80 -
1.25 (m, 18H); *C NMR (CD,Cl,, 75 MHz): 6 =173.0, 172.5, 80.9, 80.8,
80.4, 80.0, 50.1, 46.8, 33.3, 31.3, 28.4, 28.3, 28.2, 28.2, 28.1, 28.0, 27.8, 275,
271,271, 270, 25.3, 24.3, 19.1, 18.9, 18.8; MS (EI): m/z (%): 263 (30), 248
(25), 234 (6), 220 (11), 206 (6), 192 (5), 180 (10), 166 (11), 152 (13), 138 (6),
124 (21), 111 (30), 93 (13), 79 (24), 70 (82), 55 (29), 44 (100); IR: v =2926,
2855, 1647, 1459, 1438, 1401, 1333, 1272, 1170, 1091, 742, 575 cm™;
elemental analysis calcd (%) for C;;H,NO (263.22): C 7751, H 11.10, N
5.32; found C 7738, H 11.18, N 5.19.
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(Z2)-4,9-Dimethyl-2-oxo-1-oxacyclotetradec-3-ene-7-yne (38): 'H NMR
(CD,Cl,, 300 MHz): 6 =5.78 (s, 1H), 4.55-4.45 (m, 1H), 4.12-4.03 (m,
1H), 3.34-3.22 (m, 1H), 2.60-2.50 (m, 1H), 2.48-2.30 (m, 3H), 1.85 (s,
3H), 1.80-1.20 (m, 8H), 1.09 (d, J=6.8 Hz, 3H); *C NMR (CD,Cl,,
75 MHz): 6 =166.9, 155.9, 119.0, 85.6, 78.7, 62.8, 37.4, 31.0, 28.2, 26.5, 25.9,
23.4,22.3,17.3; MS (EI): m/z (%): 234 (15), 219 (11), 206 (96), 190 (24), 175
(40), 161 (38), 147 (100), 133 (48), 119 (78), 105 (79), 93 (74), 79 (58), 67
(34),55 (67),41 (99); IR: v =2963, 2917, 2861, 1719, 1653, 1451, 1385, 1333,
1247, 1164, 1136, 1058, 850, 597 cm~!'; HR-MS (C,5H,,0,): calcd 234.1620,
found 234.1616; elemental analysis caled (%) for C;sH,,O, (234.16): C
76.88, H 9.46; found C 76.78, H 9.38.

9-(Phenylsulfonyl)-cyclooctadecyne (40): M.p. 87-88°C; 'H NMR
(CD,Cl,, 300 MHz): 6=1788 (d, /=79 Hz, 2H), 7.74-756 (m, 3H),
2.99-2.90 (m, 1H), 2.16 (m, 4H), 1.88-1.60 (m, 4H), 1.59-1.20 (m, 22 H);
3C NMR (CD,Cl,, 75 MHz): 6 =138.8, 133.8, 129.5, 129.0, 80.8, 80.7, 64.2,
29.3, 29.1, 29.0, 28.9, 28.7, 28.7, 28.4, 28.0, 27.6, 27.3, 26.4, 26.1, 25.0, 18.9,
18.8; MS (EI): m/z (%): 388 (7), 246 (30), 143 (29), 123 (21), 109 (51), 95
(100), 81 (96), 67 (79), 55 (65), 41 (51); IR: v =2936, 2854, 1461, 1446, 1305,
1289, 1141, 1084, 735, 692, 583, 549 cm~'; HR-MS (C,H;c0,S): caled
388.2436, found 388.2435.
1-(N-4'-Methoxybenzyl)-azacycloheptadec-12-yne-2-one (42): 'H NMR
(CD,Cl,, 300 MHz, rotamers): 6 =716 (d, J=12.8 Hz, 1H), 7.13 (d, /=
12.8 Hz, 1H), 6.89 (d, J=13.2 Hz, 1H), 6.85 (d, /=13.2 Hz, 1H), 4.52 (s,
2H), 3.80 (d, J=2.7Hz, 3H), 3.36 (t, J=7.7Hz, 1H), 3.22 (t, /=77 Hz,
1H), 2.41 (t, J=72 Hz, 1H), 2.38 (m, 1H), 2.20 (m, 4H), 1.80-1.56 (m,
4H), 1.53-1.30 (m, 14H); *C NMR (CD,Cl,, 75 MHz, rotamers): d =
173.0, 172.8, 159.3, 157.0, 130.9, 129.5, 128.1, 114.5, 114.2, 81.0, 80.0, 55.6,
50.6, 48.0,47.3,31.7,29.8,29.1, 28 4, 28.2, 28.0, 27.9, 27.5,27.1,27.1, 24.4,19.2,
18.9, 18.8; MS (EI): m/z (%): 369 (23), 248 (11), 199 (1), 162 (2), 136 (12),
134 (2), 121 (100), 91 (3), 77 (4), 55 (5); IR: v =3072, 2928, 2856, 1644, 1612,
1512, 1460, 1441, 1417, 1247, 1175, 1035, 817 cm™!; elemental analysis calcd
(%) for C,yH;3sNO, (369.27): C 78.00, H 9.55, N 3.79; found C 77.84, H 9.38,
N 3.75.

2-Oxabicyclo[15.3.1]heneicosa-1(21),17,19-triene-15-yne-20-carbaldehyde
(44): '"H NMR (CD,Cl,, 300 MHz): 6 =10.41 (s, 1H), 7.72 (d, J=8.0 Hz,
1H), 707 (d, J=1.1Hz, 1H), 6.99 (d, /=8.0 Hz, 1H), 4.27 (t, /=79 Hz,
2H), 2.51 (t, J=5.7Hz, 2H), 1.90-1.80 (m, 2H), 1.78-1.30 (m, 18H);
BC NMR (CD,Cl,, 75 MHz): 6 =189.3, 161.2, 132.0, 128.6, 125.0, 123.4,
116.9, 95.2, 81.3, 68.6, 29.9, 29.6, 28.9, 28.9, 28.6, 28.0, 28.0, 27.5, 27.4, 24.1,
19.7; MS (EI): m/z (% ): 312 (100), 283 (10), 269 (2), 241 (2), 187 (8), 173 (9),
159 (10), 145 (14), 115 (10), 95 (7), 81 (9), 67 (11), 55 (27), 41 (32); IR: v =
3074, 2926, 2854, 2229, 1686, 1600, 1559, 1413, 1264, 1177, 1107, 1025, 855,
824, 631 cm™!; HR-MS (CyHy;0,): caled 312.2089, found 312.2086;
elemental analysis calcd (% ) for C,Hys0, (312.21): C 80.73, H 9.03; found
C 80.62, H 8.91.
2-Nitro-7,8,9,10,11,12,13,14,15,16,19,20,21,22,23,24,25,26,27,28-¢eicosahy-
dro-6,29-dioxabenzocyclooctacos-17-yne-5,30-dione (46): M.p. 71-72°C;
'"H NMR (CD,Cl,, 300 MHz): 6 =8.60 (d, J =2.2 Hz, 1H), 8.40 (dd,J =2.3,
8.4 Hz, 1H), 7.87 (d, J=8.4 Hz, 1 H), 4.33 (dt, /=4.3,70 Hz, 4H), 2.16 (m,
4H),1.85-1.65 (m,4H), 1.54-1.22 (m, 28 H); ®*C NMR (CD,Cl,, 75 MHz):
0=166.6, 165.6, 149.2, 138.7, 133.7, 130.5, 126.2, 124.6, 80.8, 67.0, 30.1, 29.9,
29.9,29.8,29.5,29.3,29.1,29.0,28.9, 28.8,26.2,26.2, 18.8; MS (EI): m/z (%):
513 (3), 496 (9), 371 (2), 319 (4), 194 (33), 178 (25), 135 (14), 121 (20), 107
(19), 95 (43), 81 (62), 67 (71), 55 (100), 41 (72); IR: v=3109, 3077, 2920,
2852, 1742, 1724, 1613, 1585, 1534, 1468, 1355, 1304, 1242, 1138, 1062, 963,
934, 835, 734 cm~!'; HR-MS (C3,H;3NOy): caled 513.3090, found 513.3115;
elemental analysis calcd (%) for C;H,;NO, (513.67): C 70.15, H 8.44;
found C 69.96, H 8.41.

1,3-Dioxa-2,2-diphenyl-2-silacyclopentacos-14-yne (48): '"H NMR (CDCl;,
300 MHz): 6 =7.64 (d, J=7.7Hz, 4H), 742-726 (m, 6H), 3.75 (t, J=
6.7Hz, 4H), 2.15 (m, 4H), 1.67-1.18 (m, 32H); ¥C NMR (CDCl,,
75 MHz): 6 =134.9, 133.2, 130.1, 127.8, 80.6, 63.2, 32.5, 29.7, 29.6, 29.4, 29.2,
28.6,28.4,25.6,18.6; MS (EI): m/z (%): 518 (27), 440 (84), 397 (9), 383 (9),
362 (29), 341 (8), 279 (6), 245 (8), 199 (100), 183 (32), 163 (14), 139 (89), 123
(36), 91 (30), 55 (49); elemental analysis calcd (%) for Cs3,Hs,0,Si (518.85):
C78.71, H 9.71; found C 78.66, H 9.62.

Representative procedure for alkyne homodimerization reactions and
alkyne cross metathesis reactions (ACM)

Preparation of 2-(5-chloro-pent-1-ynyl)-benzoic methyl ester (66): Pro-
pynyl ester 59 (160 mg, 0.91 mmol) and 1,8-dichloro-oct-4-yne (247 mg,
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1.38 mmol) were added to a solution of complex 1a (57 mg, 0.092 mmol) in
toluene (10 mL) and CH,Cl, (300 pL) and the resulting solution was stirred
at 80°C for 8 h. After evaporation of the solvent, the residue was purified
by chromatography (toluene, then hexanes/EtOAc 15:1) affording product
66 as a colorless oil (135 mg, 62%). 'H NMR (CD,Cl,, 300 MHz):  =7.89
(dd,J=179,1.3 Hz, 1H), 7.49 (ddt,J=15.2,7.8,1.5 Hz, 2H), 7.37 (dt,J = 7.5,
1.6 Hz, 1H), 3.91 (s, 3H), 3.81 (t, J=6.4 Hz, 2H), 2.68 (t, J = 6.7 Hz, 2H),
2.09 (q, J=6.6 Hz, 2H); *C NMR (CD,Cl,, 75 MHz): 6 = 1670, 134.4,
132.6,131.9,130.4,127.8,124.2,93.9, 80.3,52.3,44.3,31.8,17.4; MS (EI): m/z
(%): 236 (1), 201 (6), 187 (2), 174 (100), 159 (16), 143 (8), 131 (7), 115 (12);
IR: v=3068, 2995, 2951, 2874, 2227, 1730, 1485, 1433, 1294, 1252, 1130,
1085, 758 cm™1; HR-MS (C3H;30,Cl1 + H): caled 237.0682; found 237.0681;
elemental analysis caled (%) for C;3H;30,Cl (236.69): C 65.97, H 5.54;
found C 65.79, H 5.46.

All other products shown in Tables 4 and 5 were prepared analogously. The
full set of their analytical and spectroscopic data is compiled in ref. [43]
(Supporting Information).

Total synthesis of epothilone A and C

5-Hydroxy-2,2-dimethyl-3-oxo-pentanoic ethyl ester (94): Bromopropionic
ester 93 (34.0 g, 174.3 mmol) was added to a suspension of zinc dust (27.6 g,
422.1 mmol) and 3-hydroxypropionitrile (92) (2.0 g, 28.1 mmol) in THF
(150 mL) and the suspension was sonicated for 3 h in an ultrasound bath.
Excess zinc was allowed to settle, the organic phase was decanted, the zinc
was rinsed with THF (15mL), the combined organic phases were
evaporated, the residue was dissoved in EtOAc (40 mL), the organic phase
was washed with aq. HCI (2N, 15 mL), filtered through a pad of Celite and
evaporated. Flash chromatography (Et,O/pentane 1:2) of the crude
product afforded compound 94 as a colorless liquid (3.75g, 71%).
'H NMR (CD,Cl,, 300 MHz): 6 =4.17 (q, J=7.1 Hz, 2H), 3.82 (m, 2H),
2.72 (t,J =5.5Hz,2H), 2.41 (brs, 1H), 1.36 (s, 6 H), 1.25 (t,/=7.1 Hz, 3H);
3C NMR (CD,Cl,, 75 MHz): 6 =209.2, 173.6, 61.8, 58.2, 55.9, 40.7, 21.9,
14.1; MS (EI): m/z (%): 188 (< 1), 171 (< 1), 143 (14), 116 (100), 88 (75), 73
(83), 70 (26), 55 (13), 43 (27), 29 (22); IR: v =3519, 3438, 2984, 2940, 2906,
1712, 1470, 1387, 1269, 1149, 1048, 954, 860, 813, 771 cm~'; HR-MS
(CoH,,O4 + H): calcd 189.1127, found 189.1125; elemental analysis calcd
(%) for C4H,40, (188.10): C 57.43, H 8.57; found C 57.37, H 8.48.

5-(tert-Butyldiphenylsilanyloxy)-3-0xo0-2,2-dimethyl-pentanoic ethyl ester
(95): tert-Butyldiphenylsilyl chloride (12.0 g, 43.6 mmol) was added to a
solution of compound 94 (6.30¢g, 33.5mmol) and imidazole (4.60 g,
67.0 mmol) in DMF (50 mL) and the resulting mixture was stirred for
14 h at ambient temperature. A standard extractive work-up followed by
flash chromatography (EtOAc/hexane 1:30) afforded product 95 as a
colorless liquid (12.85 g, 90% ). 'H NMR (CD,Cl,, 300 MHz): 6 =7.68 (m,
4H), 7.44 (m, 6H), 4.15 (q, J=7.1 Hz, 2H), 3.93 (t,/ = 6.4 Hz, 2H), 2.74 (t,
J=6.4Hz,2H),1.36 (s, 6H), 1.22 (t,/ =7.1 Hz, 3H), 1.03 (s, 9H); “*C NMR
(CD,Cl,, 75 MHz): 6 =206.4, 173.7, 135.9, 133.9, 130.0, 128.0, 61.6, 59.7,
56.0, 41.1,26.9, 21.8, 19.3, 14.2; MS (EI): m/z (% ): 426 [M]* (< 1), 381 (13),
369 (95), 341 (6), 295 (67), 263 (42), 217 (67), 199 (100), 183 (13), 157 (10),
139 (23), 105 (7), 77 (10), 55 (15); IR: v = 3071, 3050, 2959, 2933, 2858, 1715,
1589, 1428, 1265, 1148, 1112, 823, 739, 703, 614, 506 cm~'; HR-MS
(C,sH3,0,Si + H): caled 427.2305, found 427.2302; elemental analysis calcd
(%) for C,sH;3,0,Si (426.22): C 70.38, H 8.03; found C 70.24, H 8.09.

(35)-3,5-Dihydroxy-2,2-dimethylpentanoic ethyl ester (96): Compound 95
(5.88 g, 13.8 mmol) was added to a solution of [((S)-BINAP)RuCl,],(NEt;)
(0.035 mmol)M in EtOH (50 mL) and the mixture was stirred at 45°C for
20 min. This mixture was then transferred into an autoclave (200 mL)
charged with Dowex (X4-400, 300 mg). The autoclave was pressurized with
H, (65 atm) and heated to 80 °C. After 36 h reaction time, the autoclave was
vented, the solvent was evaporated and the residue was purified by flash
chromatography (EtOAc/hexane 1:1) affording product 96 as a colorless
syrup (1.88 g, 71%). Some starting material 95 was recovered (1.47 g,
25%). [a]f =—25.5° (¢ =0.90, CHCL;); '"H NMR (CD,Cl,, 300 MHz): 6 =
4.14 (q, J=71Hz, 2H), 391 (dd, /=29, 9.9 Hz, 1H), 3.80 (dt, J=2.1,
4.8 Hz,2H), 3.19 (brs, 1 H), 2.66 (brs, 1 H), 1.51 (m, 2H), 1.26 (t,/ =7.1 Hz,
3H), 1.18 (s,3H), 1.17 (s, 3H); *C NMR (CD,Cl,, 75 MHz): 6 =178.3, 771,
62.5,477,33.9,22.5,20.6, 14.7; MS (EI): m/z (%): 190 (<1), 175 (<1), 145
(16), 127 (5), 116 (100), 99 (15), 88 (85), 71 (21), 70 (40), 57 (10); IR: v=
3275, 2978, 2966, 2937, 2878, 1724, 1464, 1445, 1385, 1320, 1267, 1234, 1133,
1050, 969, 918, 860, 630 cm~!; HR-MS (CoH 30, + H): caled 191.1283, found
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191.1284; elemental analysis caled (%) for CoH 3O, (190.12): C 56.82, H
9.54; found C 56.91; H 9.66.
2-[(3S)-2,2-Dimethyl-1,3-dioxan-4-yl]-2-methylpropionic ethyl ester (97):
Camphorsulfonic acid (=20 mg) was added to a solution of diol 96 (2.0 g,
10.53 mmol) in 2,2-dimethoxypropane (10 mL) and acetone (30 mL). The
mixture was stirred for 15h at ambient temperature, the solvent was
removed in vacuo and the residue was purified by flash chromatography
(pentane/Et,O 20:1) affording product 97 as a colorless syrup (2.23 g,
92%). [a]f =10.1° (¢=0.98, CHCL;); '"H NMR (CD,Cl,, 300 MHz): 6 =
4.17-4.04 (m, 3H), 3.95 (dt, /=29, 11.8 Hz, 1H), 3.82 (ddd, J=1.9, 5.5,
11.6 Hz, 1H), 1.72-1.58 (m, 1H), 1.42 (s, 3H), 1.33 (m, 1H), 1.30 (s, 3H),
1.24 (t, J=7.1Hz, 3H), 1.15 (s, 3H), 1.10 (s, 3H); “C NMR (CD,Cl,,
75 MHz): 6 =176.5, 98.7, 73.8, 60.6, 60.3, 46.3, 29.9, 25.7, 20.0, 19.7, 19.3,
14.4; MS (EI): m/z (%): 230 (<1), 215 (72), 185 (8), 172 (9), 155 (46), 127
(100), 115 (76), 99 (29), 83 (30), 73 (39), 59 (74), 43 (89), 29 (46); IR: v=
2991, 2941, 2874, 1735, 1471, 1381, 1371, 1275, 1198, 1142, 1106, 972, 857,
767 cm™!; HR-MS (C,H,, 0,4+ H): caled 231.1596, found 231.1595; ele-
mental analysis calcd (%) for C;,H»,0, (230.15): C 62.58, H 9.63; found C
62.65, H 9.59.

2-[(4S)-2,2-Dimethyl-1,3-dioxan-4-yl]-2-methyl-3-pentanon (98): A solu-
tion of EtMgBr (14 mL, 3M in Et,0) was added to a solution of ester 97
(2.42 g, 10.5 mmol) and NEt; (744 g, 73.5 mmol) in toluene (20 mL) and
the resulting mixture was stirred at 70 °C for 4 h. For work-up, the mixture
was cooled to — 10°C, and saturated aq. NH,Cl (10 mL) and Et,O (100 mL)
were subsequently introduced. Washing of the organic layer with H,O,
repeated extraction of the aqueous layer with Et,O, drying of the combined
organic phases over Na,SO,, evaporation of the solvent and flash
chromatography (pentane, then Et,O/pentane 1:10) of the residue afforded
ketone 98 as a colorless syrup (1.53 g, 68 %). [a]} =9.1° (¢ =0.98, CHCL,);
'"H NMR (CD,Cl,, 300 MHz): 6 =4.06 (dd, J =2.6, 11.7 Hz, 1H), 3.94 (dt,
J=27,11.9 Hz, 1H), 3.84 (m, 1H), 2.51 (q, /=72 Hz, 2H), 1.62 (m, 1H),
1.41 (s,3H), 1.34 (m, 1H), 1.30 (s, 3H), 1.11 (s, 3H), 1.06 (s, 3H), 0.98 (t,/ =
72 Hz, 3H); C NMR (CD,Cl,, 75 MHz): 6 =215.2, 98.6, 74.3, 60.2, 50.9,
31.7,29.9,25.7,21.3,19.1, 19.0, 8.1; MS (EI): m/z (%): 215 (1), 199 (13), 156
(17),139 (13), 127 (5), 115 (30), 99 (10), 83 (44), 71 (7), 57 (100), 43 (51), 29
(31), 55 (15); IR: v=2975, 2939, 2877, 1706, 1467, 1381, 1372, 1273, 1198,
1105, 971, 855, 764 cm~!'; HR-MS (C,,H,,0;): caled 215.1647, found
215.1646. The analytical data are in agreement with those previously
reported in the literature.>" %l
1-(10,10-Dimethyl-3,3-dioxo-34%-thia-4-aza-tricyclo[5.2.1.0'°]dec-4-yl)-oct-
6-yne-1-one (99): A solution of (2R)-borane-102-sultam (2.140 g,
9.95 mmol)*! in toluene (10 mL) was added over a period of 30 min to a
suspension of NaH (0.239 g, 10.95 mmol) in toluene (20 mL). After the
evolution of H, had ceased (30 min), a solution of 6-octynoic acid chloride
(2.24 g, 12.84 mmol) in toluene (5 mL) was introduced and the resulting
mixture was stirred for 12 h at ambient temperature. Quenching of the
reaction with aq. sat. NH,Cl (5 mL) followed by a standard extractive
work-up and flash chromatography (fert-butyl methyl ether/hexane 1:10) of
the crude material afforded product 99 as a colorless syrup (3.10 g, 94 %).
'"H NMR (CD,Cl,, 300 MHz): 6 =3.86 (dd, J=7.3,7.4 Hz, 1H), 3.51 (d, /=
13.9Hz, 1H),3.44 (d,/=13.9 Hz, 1 H), 2.69 (dt, /=3.3,73 Hz,2H), 2.17 -
2.03 (m, 4H), 2.00-1.84 (m, 2H), 1.80-1.67 (m, 3H), 1.58-1.25 (m, 7H),
1.15 (s,3H), 0.98 (s, 3H); *CNMR (CD,Cl,, 75 MHz): 6 =171.8,78.9,75.9,
65.5,53.8,48.7,48.0, 45.1, 38.8, 35.3, 33.1, 28.7, 26.7, 24.0, 21.0, 20.0, 18.7, 3.5;
MS (EI): m/z (%): 337 (15), 281 (24), 257 (12),230 (9), 214 (5), 150 (11), 135
(51), 123 (67), 107 (22), 95 (100), 79 (49), 67 (83), 53 (64), 41 (82); IR: v=
2958, 2920, 1696, 1456, 1329, 1268, 1236, 1133, 1116, 1055, 988, 773,
537 cm™!; HR-MS (CsH,;NOsS): caled 337.1712, found 337.1713; elemental
analysis caled (%) for CgH,;NO;S (337.17): C 64.06, H 8.06, N 4.15; found
C 64.13, H 8.10, N 4.12.
1-(10,10-Dimethyl-3,3-dioxo-3A%-thia-4-aza-tricyclo[5.2.1.0"5|dec-4-yl)-2-
methyl-oct-6-yne-1-one (100): nBuLi (5.46 mL, 1.6M in hexane) was added
at —78°C to a solution of compound 99 (2.95 g, 8.74 mmol) in THF (50 mL)
and the resulting mixture was stirred for 1 h. Subsequently, a solution of
Mel (6.20 g, 43.7 mmol) in HMPA (4.6 mL) was added and stirring was
continued for 6 h at — 60 °C. The reaction was quenched at this temperature
with aq. sat. NH,Cl (3 mL), all volatiles were evaporated, the residue was
dissolved in tert-butyl methyl ether (30 mL), the organic phase was washed
with brine, the aqueous layers were extracted with fert-butyl methyl ether
(3x70mL), the combined organic layers were dried (Na,SO,) and
evaporated, and the crude product was purified by flash chromatography
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(EtOAc/hexane 1:10) delivering compound 100 as colorless crystals (2.88 g,
94%). M.p. 108—112°C; '"H NMR (CD,Cl, 300 MHz): 6 =3.90 (t, /=
6.3 Hz, 1H), 3.52 (d, J=13.9 Hz, 1H), 3.45 (d, J=13.9 Hz, 1H), 3.04 (m,
1H), 2.16—-1.78 (m, 7H), 1.77 (t, J=2.5 Hz, 3H), 1.60-1.29 (m, 6H), 1.19
(d,J=6.9 Hz,3H), 1.16 (s, 3H), 0.99 (s, 3H); *C NMR (CD,Cl,, 75 MHz):
0=176.1,79.1,75.7,65.4,53.8,48.6,48.0, 45.1,40.3,38.8, 33.1, 32.2, 272, 26.7,
21.0, 20.0, 19.2, 19.0, 3.5; MS (EI): m/z (%): 351 (7), 336 (1), 309 (5), 295
(58), 271 (15), 244 (6), 214 (6), 154 (16), 137 (66), 109 (88), 93 (32), 81 (41),
67 (100), 55 (54), 43 (52); IR: v =2984, 2947, 2888, 1681, 1459, 1397, 1334,
1275, 1239, 1133, 1062, 979, 773, 546, 534 cm~!; HR-MS (C,yH»,NO;S + H):
caled 352.1946, found 352.1947; elemental analysis caled (%) for
CoH5NO;S (351.19): C 64.92, H 8.32, N 3.98; found C 64.80, H 8.39, N 3.86.

(S)-2-Methyl-oct-6-ynal (101): A solution of compound 100 (2.06 g,
5.86 mmol) in THF (5 mL) was added to a cooled (—78°C) suspension of
LiAlH, (0.245 g, 6.45 mmol) in THF (50 mL) and the resulting mixture was
stirred at that temperature for 2 h. Quenching of the reaction with aq. sat.
NH,Cl (5mL) followed by a standard extractive work-up and flash
chromatography (Et,O/pentane 1:4) afforded (S)-2-methyl-oct-6-yn-1-ol as
a colorless syrup (0.70 g, 85%). This compound shows the following
analytical and spectroscopic properties: [a]d = —13.9° (¢=0.96, CHCl;);
[a] =-13.1° (¢=1.03, CHCL); '"H NMR (CD,Cl,, 300 MHz): 6 =3.48
(dd, J=10.4 Hz, 1H), 3.40 (dd, J=10.4 Hz, 1H), 2.16~2.05 (m, 2H), 1.77
(t, J=2.5Hz, 3H), 1.67-1.40 (m, 5H), 1.29-1.12 (m, 1H), 0.92 (d, J=
6.7 Hz, 3H); *C NMR (CD,Cl,, 75 MHz): 6 =79.4, 75.7, 68.4, 35.9, 32.8,
27.0,19.3,16.7, 3.5; MS (EI): m/z (%): 140 (< 1), 125 (2), 107 (32), 93 (20),
84 (36), 79 (29), 68 (100), 55 (46), 41 (63); IR: v =3357, 2936, 2920, 2873,
2737, 2054, 1461, 1380, 1333, 1035, 940, 783 cm~'; HR-MS (CoH ;40 +H):
caled 141.1279, found 141.1280; elemental analysis caled (%) for CoH;cO
(140.12): C 77.09, H 11.50; found C 76.89, H 11.62.

To a solution of this alcohol (0.61 g, 4.36 mmol) and N-methylmorpholine-
N-oxide (0.75 g, 6.43 mmol) in CH,Cl, (10 mL) was added powdered 4 A
MS (1.16 g). After stirring the suspension for 10 min, tri-n-propylammo-
nium perruthenate (75 mg, 0.21 mmol)!®! was introduced and stirring was
continued for 15 min. The mixture was then filtered through a pad of silica,
the filtrate was evaporated, and the residue was purified by flash
chromatography (Et,O/pentane 1:5) to afford aldehyde 101 as a colorless
syrup. This compound is very sensitive towards oxidation and was therefore
immediately used in the next step. Characterisitc data: 'H NMR (CD,Cl,,
300 MHz): 6 =9.63 (s, 1H), 2.38-2.30 (m, 1H), 2.19-2.10 (m, 2H), 1.85-
1.74 (m, 1H), 1.76 (t, J=2.6 Hz, 3H), 1.57-1.38 (m, 4H), 1.09 (d, J=
6.9 Hz, 3H); *C NMR (CD,Cl,, 75 MHz): 6 =205.1, 78.8, 76.1, 46.3, 30.0,
26.8,19.0, 13.5, 3.5.
(4R,58,68,4'S)-2-(2,2-Dimethyl-[1,3]dioxan-4-yl)-5-hydroxy-2,4,6-trimethyl-
dodec-10-yne-3-one (102): A solution of ketone 98 (0.650 g, 3.04 mmol) in
THF (1 mL) was added at —78°C to a freshly prepared solution of LDA
[from nBuLi (1.74 mL, 1.66M in hexane) and diisopropylamine (0.292 g,
2.88 mmol) in THF (2 mL)]. This mixture was stirred at that temperature
for 1.5 h prior to the additon of aldehyde 101 (0.419 g, 3.04 mmol) and
stirring was continued for 2 h. The reaction was quenched with sat. aq.
NH,CI (0.5 mL), the mixture was diluted with Et,O (150 mL), the organic
layer was washed with brine (15 mL), the aqueous layer was extracted with
Et,0, the combined organic phases were dried (Na,SO,) and evaporated,
and the residue was purified by flash chromatography (Et,O/pentane 1:10)
to afford product 102 as a colorless syrup (0.748 g, 70%). [a]® = —22.1°
(c=1.03, CHCL); '"H NMR (CD,Cl,, 300 MHz): 6 =4.07 (dd, /=24,
11.7 Hz, 1H), 3.96 (dt, J=2.8, 12.3 Hz, 1 H), 3.83 (ddd, J=1.7,5.3, 11.7 Hz,
1H), 3.38-3.25 (m, 3H), 2.18-2.05 (m, 2H), 1.88-1.74 (m, 1H), 1.77 (t,
J=2.6 Hz,3H),1.70-1.47 (m,3H), 1.46-1.27 (m, 2H), 1.41 (s,3H), 1.31 (s,
3H), 1.19 (s, 3H), 1.18-1.10 (m, 1H), 1.10 (s, 3H), 1.00 (d, /=5.4 Hz, 3H),
0.85 (d, /=6.8 Hz, 3H); *C NMR (CD,Cl,, 75 MHz): 6 =222.9, 98.7, 79.6,
75.5,75.0, 74.7, 60.1, 52.0, 41.5, 35.6, 32.8, 29.9, 26.9, 25.6, 21.8, 19.5, 19.2,
18.5,15.5,9.5,3.5; MS (EI): m/z (%): 352 (3), 337 (6), 294 (3), 276 (7), 243
(3),214 (8), 185 (14), 156 (65), 139 (19), 127 (19), 115 (62), 99 (23), 82 (100),
67 (28), 57 (59), 43 (84); IR: v=3497, 2990, 2967, 2938, 2874, 1686, 1466,
1381, 1372, 1272, 1197, 1106, 971, 853, 760, 525 cm~'; HR-MS (C,;H340, +
H): caled 353.2692, found 353.2693; elemental analysis caled (%) for
C,H;,0, (352.26): C 71.55, H 10.29; found C 71.44, H 10.35.
(3S,6R,75,85)-(1,3,7-Trihydroxy-4,4,6,8-tetramethyltetradec-12-yne-5-one
(103): A solution of product 102 (0.726 g, 2.07 mmol) and pyridinium-p-
toluene sulfonate (0.572 g, 2.28 mmol) in MeOH (20 mL) was stirred for
14 h at ambient temperature. Quenching of the reaction with aq. NaHCO;
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(10 mL) followed by a standard extractive work-up and flash chromatog-
raphy (Et,O/pentane 2:1) afforded triol 103 as a colorless syrup (0.550 g,
85%). [a]¥ =—42.9° (¢ =1.03, CHCL;); '"H NMR (CD,Cl,, 300 MHz): 6 =
4.08-4.00 (m, 1H), 3.94-3.78 (m, 2H), 3.37 (brd, /=89 Hz, 1H), 2.18-
2.08 (m, 2H), 3.34-3.06 (m, 3H), 2.45-2.35 (m, 1 H), 1.87-1.72 (m, 1H),
1.77 (t, J=2.6 Hz, 3H), 1.87-1.72 (m, 1H), 1.70~1.49 (m, 4H), 1.48-1.31
(m, 1H), 1.20 (s, 3H), 1.13 (s, 3H), 1.05 (d, J=6.9 Hz, 3H), 0.87 (d, /=
6.7 Hz, 3H); *C NMR (CD,Cl,, 75 MHz): 6 =223.7,79.5, 76.7, 75.5, 75.0,
62.5,53.0,41.2,35.7,33.0, 32.5, 26.8, 21.6, 21.6, 19.4, 18.5, 15.6, 10.2, 3.5; MS
(ESI): m/z (%): 312 (< 1), 279 (< 1), 238 (3), 213 (14), 185 (6), 156 (8), 149
(7),139 (8),121 (23), 100 (71), 82 (65), 67 (42), 57 (80), 43 (100),29 (38); IR:
v =3422,2969, 2934, 2878, 1686, 1459, 1378, 1332, 1261, 1202, 1097, 995, 975,
852 cm™!; elemental analysis caled (%) for CsH3,0, (312.23): C 69.19, H
10.32; found C 69.26, H 10.35.

(3S,6R,7S,8S)-1,3,7-Tris- (tert-butyldimethylsilanyloxy)-4,4,6,8-tetrameth-
yltetradec-12-yne-5-one (104): TBSOTf (2.06 g, 7.79 mmol) was slowly
added at —78°C to a solution of triol 103 (0.540 g, 1.73 mmol) and 2,6-
lutidine (1.390 g, 13.0 mmol) in CH,Cl, (20 mL). The resulting mixture was
stirred at that temperature for 45 min and at room temperature for 3 h.
Quenching of the reaction with aq. NaHCO; (10 mL) followed by a
standard extractive work-up and flash chromatography (Et,O/pentane
1:20) afforded product 104 as a colorless syrup (1.035g, 92%). [a]} =
—271° (¢=0.96, CHCL;); 'H NMR (CD,Cl,, 300 MHz): 6 =3.93 (dd, J =
2.8,75Hz,1H),3.79 (dd,J=2.1,6.9 Hz, 1H), 3.74-3.55 (m,2H), 3.19 (qui,
J=69Hz, 1H), 2.17-2.05 (m, 3H), 1.76 (t, J=2.5 Hz, 3H), 1.57 (s, 3H),
1.64-1.21 (m, 3H), 1.25 (s, 3H), 1.06 (s, 3H), 1.06 (d, /= 6.8 Hz, 3H), 0.90
(d, 3H), 0.93 (2s, 18H), 0.90 (s, 9H), 0.13, 0.09, 0.05, 0.05 (4s, 18H);
BCNMR (CD,Cl,, 75 MHz): 6 =218.3,79.4,78.1,75.7,74.3,61.2,45.4,38.8,
38.4, 30.4, 27.6, 26.4, 26.3, 26.1, 25.8, 24.7, 19.5, 19.3, 18.8, 18.6, 18.5, 18.4,
178,15.5,3.5,-2.8, 3.5, -3.6, - 3.6, — 3.8, = 5.2, = 5.2; MS (EI): m/z (% ):
654 (<1),545 (1), 465 (1), 373 (5), 303 (100), 253 (87), 171 (7), 145 (21), 121
(42),89(53),73 (70); IR: v =2956, 2930, 2885, 2857, 1695, 1472, 1387, 11361,
1256, 1104, 986, 836, 775, 671 cm™!; HR-MS (CsH,,0,Si;+H): caled
655.4973, found 655.4975; elemental analysis caled (%) for Cs;sH7,0,Si;
(654.49): C 65.99, H 11.38; found C 65.83, H 11.44.

(35,6R,7S,85)-3,7-Bis- (tert-butyldimethylsilanyloxy)-1-hydroxy-4,4,6,8-tet-
ramethyltetradec-12-yne-5-one (105): A solution of compound 104 (1.00 g,
1.53 mmol) and camphorsulfonic acid (71 mg, 0.3 mmol) in CH,Cl, (40 mL)
and MeOH (40 mL) was stirred at 0°C for 4 h and was then neutralized
with aq. NaHCO;. Standard extractive work-up followed by flash
chromatography (Et,O/pentane 1:4) of the crude product afforded alcohol
105 as a colorless syrup (0.645 g, 78%). [a]d = —22.4° (c=1.05, CHCL);
'H NMR (CD,Cl,, 300 MHz): 6 =4.07 (dd, /=5.6 Hz, 1H), 3.82 (dd, /=
1.8, 73 Hz, 1H), 3.63 (m, 2H), 3.19 (quin, J=7.1 Hz, 1H), 2.15-2.08 (m,
2H), 1.76 (t,J=2.5 Hz, 3H), 1.80-1.75 (m, 1 H), 1.63-1.48 (m, 4H), 1.45-
1.20 (m, 3H), 1.25 (s, 3H), 1.10 (s, 3H), 1.08 (d, /=7.1 Hz, 3H), 0.94 (m,
3H), 0.94 (s, 9H), 0.93 (s, 9H), 0.13, 0.10 (25, 6 H), 0.10 (s, 6H); *C NMR
(CD,Cl,, 75 MHz): 6 =219.6,79.4,78.2,75.8,73.5,60.4, 45.4,38.7,38.7,30.1,
27.6,26.4,26.2,25.1,19.5,18.8, 18.5, 179, 179, 15.9, 3.5, —3.5, —3.6, —3.8,
—3.8; MS (EI): m/z (%): 540 (< 1), 507 (< 1), 483 (2), 373 (1), 345 (7), 253
(56), 213 (38), 189 (100), 145 (31), 121 (49), 89 (51), 73 (87), 59 (4), 43 (5);
IR: v =3474, 2954, 2930, 2884, 2857, 1693, 1473, 1386, 1261, 1256, 1103, 987,
837, 775, 673 cm™'; HR-MS (C3H0,Si, +H): caled 541.4108, found
541.4107; elemental analysis calcd (%) for C;,HgO,Si, (540.40): C 66.61,
H 11.18; found C 66.49, H 11.24.

(3S,6R,7S,8S)-3,7-Bis-(tert-butyldimethylsilanyloxy)-4,4,6,8-tetramethyl-

5-oxo-tetradec-12-ynoic acid (106): A solution of PDC (4.07 g, 10.8 mmol)
in DMF (10mL) was added to a solution of alcohol 105 (0.650 g,
1.20 mmol) in DMF (10 mL) and the resulting mixture was stirred at
ambient temperature for 36 h. The solution was then poored into brine
(500 mL), the aqueous phase was repeatedly extracted with fert-butyl
methyl ether (5 x 70 mL), the combined organic layers were dried over
Na,SO, and evaporated, and the residue was purified by flash chromatog-
raphy (EtOAc/hexane 1:10 — 1:4), thus affording acid 106 as a colorless
syrup (0.550 g, 83%). [a]¥ =—27.9° (¢=1.06, CHCL;); '"H NMR (CD,Cl,,
300 MHz): 6 =4.40 (dd, J=6.5Hz, 1H), 3.81 (dd, /=17, 74 Hz, 1H), 3.19
(quin, J=71Hz, 1H), 2.50 (dd, J=3.3, 16.4 Hz, 1H), 2.33 (dd, /=6.5,
16.4 Hz, 1H), 2.20-2.05 (m, 3H), 1.76 (t, J=2.5Hz, 3H), 1.58-1.45 (m,
2H), 1.41-121 (m, 3H), 1.27 (s, 3H), 1.13 (s, 3H), 1.07 (d, /= 6.9 Hz, 3H),
0.94 (m, 3H), 0.94 (s, 9H), 0.91 (s, 9H), 0.13, 0.10, 0.09, 0.09 (4s, 12H);
BC NMR (CD,Cl,, 75 MHz): 6 =218.6, 176.8, 79.4, 78.2, 75.7, 73.8, 53.6,
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45.5,40.4,38.8,30.2,27.6,26.4,26.1,24.0,19.5,18.9,18.8,18.4,18.0, 16.0, 3.5,
—3.5,-3.6,—4.2,—4.6;MS (EI): m/z (%): 554 (<1),539 (< 1),497 (6), 445
(3), 387 (1), 359 (10), 295 (10), 253 (26), 229 (3), 203 (100), 185 (10), 143
(10), 115 (58), 73 (87); IR: v=3430, 2957, 2930, 2895, 2858, 1713, 1473,
1386, 1361, 1257, 1103, 989, 837, 776, 672 cm™!; elemental analysis calcd (%)
for C3Hs305Si, (554.38): C 64.93, H 10.53; found C 65.07, H 10.46.
(3S,4E)-3-(tert-Butyldimethylsilanyloxy)-4-methyl-5-(2-methyl-1,3-thia-
zol-4-yl)-pent-4-enal (109): A solution of compound 108 (6.63 g,
20.5 mmol),’*  N-methylmorpholine-N-oxide (2.97 g, 24.6 mmol) and
OsOy (52 mg in 5 mL tBuOH) in a mixture of THF and rBuOH (125 mL
each) was stirred for 3 h at 0°C. Na,SO; (2.5 g) and H,O (25 mL) were then
introduced, the suspension was diluted with Et,O (500 mL), the organic
layer was washed with brine (100 mL), the aqueous phase was extracted
with Et,O (3 x 70 mL), the combined organic phases were dried (Na,SO,)
and evaporated, and the crude product was purified by flash chromatog-
raphy (Et,0, then EtOAc) to afford (4S,6F)-4-(tert-butyldimethylsilany-
loxy)-5-methyl-6-(2-methyl-1,3-thiazol-4-yl)-5-hexene-1,2-diol as a color-
less syrup which was immediately used in the following step without further
characterization.

Pb(OAc), (11.13 g,23.8 mmol) was added in portions at 0 °C to a solution of
this diol (7.11 g, 19.9 mmol) in EtOAc (200 mL). After stirring for 2 h, the
suspension was filtered through a pad of silica which was carefully rinsed
with a mixture of Et,O/pentane (250 mL each). The combined filtrates
were evaporated and the residue was purified by flash chromatography
(hexane/Et,0O 2:1) to afford aldehyde 109 as a colorless syrup (5.56 g, 89 %
over both steps). [a]} =—21.5° (c=1.16, CHCL;); 'H NMR (CD,Cl,,
300 MHz): 6=9.78 (t, J=2.7 Hz, 1H), 6.99 (s, 1H), 6.56 (brs, 1H), 4.74—
4.70 (m, 1H), 2.75 (m, 1H), 2.70 (s, 3H), 2.50 (m, 1 H), 2.08 (s, 3H), 0.91 (s,
9H), 0.07, 0.02 (2s, 6H); *C NMR (CD,Cl,, 75 MHz): 6 =201.7, 165.0,
153.2, 140.7, 119.5, 116.4, 74.3, 50.5, 25.8, 19.4, 18.3, 14.3, —4.6, —5.1; MS
(ED):miz (%):325(7),310(2),282 (17), 268 (82), 250 (14),224 (5), 194 (11),
176 (100), 164 (14), 143 (9), 135 (35), 101 (17), 73 (37), 59 (21), 45 (9); IR:
v =3105, 2953, 2929, 2855, 2738, 1729, 1504, 1470, 1387, 1255, 1186, 1048,
840, 813, 779 cm~'. The analytical data are in agreement with those
reported in the literature.[5"]
(1E,3S)-4-[6,6-Dibromo-3-(tert-butyldimethylsilanyloxy)-2-methyl-hexa-
1,5-dienyl]-2-methyl-1,3-thiazole (110): A solution of CBr, (0.66 g,
1.98 mmol) in CH,Cl, (5mL) was added at —60°C to a solution of
aldehyde 109 (0.43 g, 1.32 mmol) and PPh; (1.04 g, 3.96 mmol) in CH,Cl,
(25 mL). After stirring for 15 min, cold pentane (—60°C) was introduced,
the mixture was concentrated to a total volume of ~10 mL and filtered
through a pad of silica which was carefully rinsed with pentane/Et,O 5:1.
The combined filtrates were evaporated and the crude product was purified
by flash chromatography (pentane/Et,0O 20:1) to afford dibromide 110 as a
pale yellow syrup (0.43 g, 68 % ). Since this product is rather unstable, it was
immediately used in the next step. Characteristic data: 'H NMR (CD,Cl,,
300 MHz): 6 =6.99 (s, 1H), 6.50 (brs, 1H), 6.48 (t,/=7.2 Hz, 1H), 4.27 (t,
J=6.4Hz, 1H),2.70 (s,3H), 2.40 (m, 2H), 2.05 (d, /=12 Hz, 3H), 0.94 (s,
9H), 0.11 (s, 3H), 0.05 (s, 3H); C NMR (CD,Cl,, 75 MHz): 6 =164.9,
153.3, 141.1, 136.2, 119.4, 116.1, 89.8, 76.7, 40.5, 25.9, 19.4, 18.4, 14.3, — 4.7,
—-5.0.

(1E,38)-4-[ 3-(tert-Butyldimethylsilanyloxy)-2-methyl-hept-1-ene-5-ynyl]-
(2-methyl-1,3-thiazole) (111): nBuLi (1 mL, 1.66M) was slowly added at
—78°C to a solution of dibromide 110 (0.40 g, 0.83 mmol) in THF (10 mL)
and the resulting mixture was stirred for 1h at that temperature. Mel
(0.59 g, 4.15 mmol) was then introduced and stirring was continued for
another 6 h while the mixture was allowed to reach ambient temperature.
For work-up, the mixture was cooled again to —78°C and aq. sat. NH,Cl
(1 mL) was added. A standard extractive work-up followed by flash
chromatography (Et,O/pentane 1:20) afforded alkyne 111 as a colorless
syrup (0.21 g, 65%). [a]y =—24.4° (c=1.13, CHCL); '"H NMR (CD,Cl,,
300 MHz): 6 =6.98 (s, 1H), 6.48 (brs, 1H), 4.27 (t,J=6.4 Hz, 1H), 2.70 (s,
3H),2.38 (m,3H),2.04 (d,/=1.3 Hz, 3H), 1.76 (t,/ =2.6 Hz, 3H), 0.93 (s,
9H), 0.10 (d, J=18.4 Hz, 6H); C NMR (CD,Cl,, 75 MHz): 6 =164.8,
153.5,141.4,119.5,116.0,78.2,77.3,76.7,27.8,25.9,19.4,18.5,13.9, 3.5, — 4.7,
—4.9. MS (EI): m/z (%): 335 (<1), 320 (2), 296 (7), 282 (100), 229 (4), 204
(4), 168 (3), 151 (3), 129 (1), 111 (3), 97 (2), 73 (51), 59 (4), 45 (4); IR: v=
3105, 2955, 2928, 2856, 1768, 1728, 1506, 1471, 1463, 1388, 1360, 1255, 1183,
1077, 936, 837, 777, 666 cm~!; HR-MS (CgH,NOSSi + H): calcd 336.1817,
found 336.1816; elemental analysis calcd (%) for C;gH,0NOSSi (335.17): C
64.42, H 8.71, N 4.17; found C 64.56, H 8.68, N 4.24.
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(1E,3S)-2-Methyl-1-(2-methyl-1,3-thiazol-4-yl)-hept-1-ene-5-yne-3-ol
(112): A suspension of 4 A MS (0.5 g) and TBAF (1.27 g, 4.02 mmol) in
THF (16 mL) was stirred for 20 min prior to the addition of product 111
(0.45 g, 1.34 mmol) dissolved in THF (2 mL). Stirring was continued for 3 h
prior to quenching the mixture with aq. sat. NH,Cl (5 mL). A standard
extractive work-up followed by flash chromatography (Et,O/pentane 1:2)
provided alcohol 112 as a pale yellow syrup (0.219 g, 74%). [a]¥ = —2.6°
(c=1.03, CHCL,); 'H NMR (CD,Cl,, 300 MHz): 6 =7.00 (s, 1 H), 6.56 (brs,
1H),4.26 (m, 1H), 2.70 (s, 3H), 2.60 ~2.35 (m, 3H), 2.06 (s, 3H), 1.81 (t,/ =
2.6 Hz, 3H); 5C NMR (CD,Cl,, 75 MHz): 6 =164.9, 153.3, 140.6, 119.3,
116.3, 78.6, 75.9, 75.5, 26.9, 19.3, 14.5, 3.6; MS (EI): m/z (%): 221 (5), 202
(1), 192 (2), 170 (5), 168 (100), 140 (5), 138 (2), 127 (3), 112 (2), 110 (9), 99
(15), 97 (7), 71 (3), 65 (8), 59 (9), 53 (9), 45 (10), 39 (6); IR: v =3387, 3126,
2954, 2918, 2855, 1653, 1507, 1437, 1378, 1359, 1270, 1186, 1033, 878,
738 cm™!; HR-MS (C,H;sNOS +H): caled 222.0953, found 222.0954;
elemental analysis calced (%) for C;,H;sNOS (221.09): C 65.12, H 6.83, N
6.33; found C 65.04, H 6.88, N 6.30.

(3S,6R,7S,8S)-3,7-Bis-(tert-butyldimethylsilanyloxy)-4,4,6,8-tetramethyl-
5-oxo-tetradec-12-ynoic 1-[(1S,1E)-1-methyl-2-(2-methyl-thiazol-4-yl)-vi-
nyl]-pent-3-ynyl ester (113): A solution of acid 106 (0.550 g, 0.99 mmol),
alcohol 112 (0.219 g, 0.99 mmol), DCC (0.266 g, 1.29 mmol) and 4-di-
methylaminopyridine (10 mg) in CH,Cl, (14 mL) was stirred for 14 h at
ambient temperature. All volatiles were then removed in vacuo and the
residue was purified by flash chromatography (pentane/Et,O 20:1, silica
pretreated with NEt;), providing ester 113 as a colorless syrup (0.604 g,
81%). [a]f =—26.0° (c=0.96, CHCL;); 'H NMR (CDCl;, 300 MHz): 6 =
6.95 (s, 1H), 6.52 (brs, 1H), 5.30 (t, J=6.7 Hz, 1H), 4.35 (dd, /= 6.0 Hz,
1H),3.73 (dd, /=1.6,72 Hz, 1H), 3.14 (quin, / = 7.0 Hz, 1 H), 2.68 (s, 3H),
2.58-2.50 (m,2H),2.47 (d,J=3.4 Hz, 1H),2.31 (dd, J=6.1,17.0 Hz, 1 H),
2.15-2.05 (m, 2H), 2.07 (d, J=1.1 Hz, 3H), 1.73 (dt, J=2.4, 9.1 Hz, 5H),
1.60-1.37 (m, 3H), 1.34-1.11 (m, 2H), 1.22 (s, 3H), 1.04 (s, 3H), 1.02 (d,
J=6.9 Hz, 3H), 0.88 (s, 9H), 0.86 (s, 9H), 0.87 (d, /=5.5 Hz, 3H), 0.09 (s,
3H), 0.05 (s, 3H), 0.02 (s, 6H); *C NMR (CDCl;, 75 MHz): 6 =217.8,
171.0, 164.6, 152.5, 136.4, 121.4, 116.6, 79.2, 719, 717, 714, 712, 75.6, 74.3,
73.8, 53.4, 45.3, 40.3, 38.4, 29.9, 27.2, 26.2, 26.0, 23.9, 23.2, 19.9, 19.2, 185,
18.2,17.8,15.6,14.6,3.6,3.4, — 3.6, — 3.8, — 4.3, — 4.8; MS (El): m/z (%): 757
(<1),700 (<1),497 (2), 406 (2), 301 (2), 272 (2), 253 (7), 204 (100), 185 (4),
151 (6), 73 (18); IR: v = 3105, 2956, 2930, 2895, 2857, 1740, 1696, 1654, 1506,
1473, 1386, 1362, 1256, 1177, 1089, 989, 837, 776 cm~!; HR-MS
(CH7NO,SSi, 4+ H): calcd 758.4670, found 758.4673; elemental analysis
caled (%) for C,H;NOsSSi, (757.46): C 66.53, H 9.44, N 1.85; found C
66.67, H 9.36, N 1.81.

(4S,7R,85,98,165)-4,8-Bis- (tert-butyldimethylsilanyloxy)-5,5,7,9-tetra-
methyl-16-[ (E)-1-methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-vinyl]-1-oxacyclo-
hexadec-13-yne-2,6-dione (114): Diyne 113 (120 mg, 1.58 mmol) was added
to a solution of complex 1a (12 mg, 0.15 mmol) in toluene (10 mL) and
CH,C], (0.3 mL) and the resulting mixture was stirred at 80 °C for 8 h. All
volatiles were then evaporated and the residue was purified by flash
chromatography (pentane/Et,0 20:1) to afford cycloalkyne 114 as a
colorless syrup (84 mg, 80%). [a]d =—17.3° (¢=0.75, CHCL;); 'H NMR
(CDCl;, 300 MHz): 6 =6.94 (s, 1H), 6.53 (brs, 1H), 5.30 (m, 1 H), 4.68 (dd,
J=11.3 Hz, 1H), 3.91 (dd, J = 1.8, 6.6 Hz, 1 H), 3.22 (quin, / = 6.9 Hz, 1 H),
2.83-2.70 (m, 1H), 2.69 (s, 3H), 2.69-2.50 (m, 3H), 2.30-2.04 (m, 3H),
2.07 (d,J=1.1Hz, 3H), 1.80-1.19 (m, 1H), 1.15 (s, 3H), 1.13 (s, 3H), 1.09
(s, 3H), 0.93-0.81(m, 3H), 0.89 (s, 9H), 0.85 (s, 9H), 0.08 (s, 6H), 0.07 (s,
3H), 0.05 (s, 6H); “C NMR (CDCl;, 75 MHz): § =216.5, 170.1, 164.8,
152.4, 136.8, 120.5, 116.8, 82.2, 78.0, 77.4, 76.6, 76.4, 72.6, 54.5, 53.4, 44.4,
41.6, 39.0, 29.7, 26.2, 26.1, 26.0, 24.2, 21.0, 20.5, 19.3, 18.7, 18.5, 18.3, 16.9,
15.0, —3.2, —3.8, —4.0, —4.1; MS (EI): m/z (%): 703 (6), 688 (4), 646 (100),
604 (7), 444 (78), 402 (17), 344 (9), 288 (8), 272 (6), 270 (20), 204 (21), 185
(11), 151 (17), 101 (13), 73 (47); IR: v =3105, 2955, 2929, 2856, 1740, 1702,
1507, 1472, 1385, 1362, 1256, 1100, 837, 775cm™!; HR-MS
(C5sHgsNO,SSi, + H): caled 704.4200, found 704.4199; elemental analysis
caled (%) for C3HgsNO,SSI, (703.41): C 56.82, H 9.54; found C 56.91, H
9.66.

(48,7R,8S,95,165)-4,8-Bis- (tert-butyldimethylsilanyloxy)-5,5,7,9-tetra-
methyl-16-[ (E)-1-methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-vinyl]-(13Z)-1-
oxacyclohexadec-13-ene-2,6-dione (115): A suspension containing cyclo-
alkyne 114 (25 mg, 0.036 mmol), Lindlar catalyst [30 mg, Pd (5% w/w) on
CaCQOs, poisoned with Pb] and quinoline [0.5 mL of a stock solution of
quinoline (0.1 mL) in hexane (10 mL)] in CH,Cl, (6 mL) was stirred under
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Table 8. Crystal data and structure refinement.

15 16 19
empirical formula C3H;,CIMoN;O¢ CyHs,CIMON; (CH;3,CIMON,),
color red-brown red black
formula weight [gmol™!] 756.21 660.21 967.88
crystal system triclinic monoclinic monoclinic
space group P1 (no.2) P2, (no.4) P2,/n (no.14)
a[A] 10.5705(5) 10.7575(6) 9.3382(19) A
b [A] 10.7480(5) 11.1362(6) 19.663(4)
c[A] 18.4864(8) 14.8699(8) 12.607(3)
a [’ 82.267(2)
A I°] 85.354(2) 94.480(2) 92.54(3)
v [°] 63.844(2)
VA 1867.50(15) 1775.94(17) 2312.5(8)
V4 2 2 2
Pealed 1.345 1.235 1.390
u [mm~1] 0.469 0.471 0.695
F(000) 796 700 1012
crystal size [mm] 0.70 x 0.32 x 0.25 0.26 x 0.26 x 0.06 0.63 x 0.17 x 0.09
0 range [°] 2.12 to 25.00 1.90 to 33.15 1.92 to 27.41
reflections collected 14396 19610 12390
independent reflections 6362 [R;, = 0.039] 10480 [R;, =0.055] 4923 [Ri,=0.151]
reflections with 7>20([) 5180 7068 3384
completeness to 6 [°]/[%] 25.00/96.6 33.15/94.4 27.41/93.5
absorption correction empirical empirical none
max./min. transmission 1.00/0.69 0.97/0.88 -/-
data/restraints/parameters 6362/0/424 10480/1/386 4923/0/264
GoF on F? 0.94 0.95 0.99

final R indices [/ > 20([)]
R indices (all data)

R1=0.048, wR>=0.124
R1=0.062, wR>=0.131

R1=0.055, wR?=0.090
R1=0.104, wR>=0.102

R1=0.053, wR?=0.123
R1=0.094, wR?=0.144

absolute structure parameter - 0.48(3) -
largest diff. peak/hole [e A3 1.6/-1.1 0.7/—-0.6 0.7/-2.1

20 32 11b
empirical formula C3,H,sCl,MoN; C,oH,,0, C,sH,3F;LINO
color black colorless dark brown
formula weight [gmol~!] 638.55 284.38 297.28
crystal system monoclinic triclinic monoclinic
space group C2/c (no.15) P1 (no.2) P2,/c (no.14)
a[A] 15.0817(7) 8.3672(3) 20.7242(5)
b [A] 14.8449(5) 9.6694(4) 9.6753(2)
c[A] 15.3828(7) 10.0958(4) 16.7152(4)
a[°] 94.134(2)
BI°] 115.232(2) £ =100.865(2) 105.3810(10)
v [°] 99.024(2)
V [A3] 3115.4(2) 787.87(5) 3231.57(13)
V4 4 2 8
Pealed 1.361 1.199 1.222
u [mm™1] 0.618 0.076 0.098
F(000) 1336 308 1264
crystal size [mm] 0.23 x 0.10 x 0.07 0.80 x 0.40 x 0.12 0.46 x 0.22 x 0.04
0 range [°] 2.10 to 31.97 2.14 to 33.12 2.78 to 27.86
reflections collected 16337 7971 54036
independent reflections 5343 [R;, = 0.148] 4922 [R;,, = 0.0216] 7674 [Ri, = 0.1337]
reflections with /> 20([) 2869 3277 3861
completeness to 6 [°]/[%] 31.97/98.7 33.12/82.2 27.86/99.8
absorption correction none empirical none
max./min. transmission —/- 0.93/0.58 /-
data/restraints/parameters 5343/0/180 4922/0/190 7674/0/417
GoF on F? 0.97 1.05 0.95

final R indices [I > 20(I)]
R indices (all data)
largest diff. peak/hole [e A3

R1=0.061, wR>=0.146
R1=0.141, wR?=0.175
1.1/-22

R1=0.058, wR>=0.142
R1=0.092, wR>=0.157
0.6/ —0.3

R1=0.059, wR?>=10.139
R1=0.144, wR?>=0.164
0.4/—-0.5

an atmosphere of H, (1 atm) for 8 h at ambient temperature. The mixture
was then filtered through a pad of Celite, the filtrate was evaporated and
the residue was purified by flash chromatography (pentane/Et,O 20:1) to
afford cycloalkene 115 as a colorless syrup (25 mg, 99%). 'H NMR
(CD,Cl,, 300 MHz): 6=6.94 (s, 1H), 6.55 (brs, 1H), 5.51 (dt, J=3.5,

5314

11.1 Hz, 1H), 5.43-5.30 (m, 1H), 4.99 (d, J=10.0 Hz, 1H), 4.01 (dd, J=
1.3,10.1 Hz, 1H), 3.88 (d, J=8.7 Hz, 1H), 3.02-2.95 (m, 1H), 2.85-2.60
(m, 3H), 2.69 (s, 3H), 2.41-2.35 (m, 1H), 2.10 (d, J=1.1 Hz, 3H), 2.1 -
2.02 (m, 1H), 1.96-1.83 (m, 1H), 1.61-1.45 (m, 3H), 1.38-1.10 (m, 2H),
1.17 (s, 3H), 1.13 (s, 3H), 1.07 (d, J = 6.8 Hz, 3H), 0.96-0.90 (m, 3H), 0.92,
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0.83 (2s, 18H), 0.10, 0.08, 0.06, —0.11 (4s, 12H); *C NMR (CD,Cl,,
75 MHz): 6 =214.9, 171.2, 164.6, 152.5, 138.5, 135.0, 122.9, 119.5, 116.0,
79.5,79.2,76.4, 53.4, 47.9, 42.0, 39.0, 38.0, 31.9, 31.4, 29.1, 28.4, 26.4, 26.2,
249, 242, 19.2, 19.0, 18.7, 18.6, 17.6, 152, —3.2, —3.4, —3.7, —5.7. The
analytical data are in full agreement with those reported in the literature.!l
Epothilone C (88): A polyethylene flask was charged with silyl ether 115
(25.0 mg, 0.035 mmol), CH;CN (1 mL), Et,O (1 mL), aq. HF (48% w/w,
1 mL) and glass sand (30 mg) and the suspension was stirred for 8 h at
ambient temperature. The reaction was quenched with aq. NaHCO;
(10 mL), the aqueous layer was repeatedly extracted with Et,0 (100 mL
in several portions), the combined organic phases were dried (Na,SO,) and
evaporated, and the crude product was purified by flash chromatography
(Et,0) to afford the title compound 88 as a viscous syrup (13.3 mg, 79 %).
'"H NMR (CDCl;, 600 MHz): 6 =7.02 (s, 1H), 6.72 (brs, 1H), 5.44 (dt, J=
4.7,10.5 Hz, 1H), 5.35 (dt, J=4.6, 10.2 Hz, 1H), 5.24 (d, /=9.2 Hz, 1H),
4.33 (brs, 1H),3.68 (s, 1H),3.14 (q,/ = 5.3 Hz, 1 H), 3.03 (brs, 1 H), 2.79 (m,
3H), 2.70-2.63 (m, 1H), 2.48 (dd, J=14.9 Hz, 1H), 2.27 (d, /=15.1 Hz,
1H),2.22-2.15 (m,2H),2.07 (d,/=1.0 Hz,2H), 2.05-1.96 (m, 1H), 1.77 -
1.71 (m, 1H), 1.70-1.50 (m, 2H), 1.36 (s, 3H), 1.35-1.13 (m, 3H), 1.16 (d,
J=6.8 Hz, 3H), 1.04 (s, 3H), 0.98 (d, J=7.1 Hz, 3H); *C NMR (CDCl;,
151 MHz): 6 =220.5, 170.4, 165.0, 152.0, 138.6, 133.6, 125.0, 119.5, 115.8,
78.1,74.2,72.4,53.3,41.8,39.2,38.7,32.4, 31.6, 27.6, 27.4,26.2,23.0, 18.6, 17.7,
15.3, 13.4. All analytical data are in full agreement with those reported in
the literature.>!]

Crystal structure analysis of compounds 11b, 15, 16, 19, 20, and 32: Suitable
single crystals of all compounds were selected, and in case of air or
humidity sensitive compounds, protected under inert perfluoro-polyether.
Unit cell determinations and data collections were carried out at 100 K
using nitrogen gas stream cooling. Moy, radiation (A =0.71073 A) was used
as primary radiation. A Nonius FR591 rotating anode generator in
combination with a Nonius KappaCCD system was used for 20. A sealed
tube KappaCCD system was used for 11b and 19. All other data collections
utilised a Bruker AXS Smart 1k area detector system. Crystal structures
were determined using SHELXS-97! and full-matrix least-squares refine-
ment based on F? was performed using SHELXL-97.7| Molecular structure
diagrams were drawn using the program Diamond.”?l Crystallographic
details, individual to each structure are compiled in Table 8. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-165449 for 32; CCDC-
165450 for 19; CCDC-165451 for 15; CCDC-165452 for 11b and CCDC-
118587 for 16. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Total Synthesis of (—)-Salicylihalamide

Alois Fiirstner,* Thorsten Dierkes, Oliver R. Thiel, and Gaetano Blanda'®!

Abstract: A concise total synthesis of
the potent cytotoxic marine natural
products salicylihalamide A and B
(1a, b) is reported. Key steps of our
approach were the asymmetric hydro-
genation reactions of fS-keto esters 18
and 32 catalyzed by [((S)-BINAP)Ru-

imidazol-2-ylidene ligand. The E/Z ratio
obtained in this macrocyclization reac-
tion was determined by the protecting
groups at the remote phenolic OH group
of the cyclization precursor. The elabo-
ration of the resulting cycloalkene 37
into the final target involved a CrCl,-

mediated synthesis of vinyliodide 49
which, after deprotection, did undergo
a copper-catalyzed cross-coupling proc-
ess with the (Z,Z)-configurated carbox-
amide 42 to form the labile enamide
moiety of 1. Compound 42 was derived
from a palladium-catalyzed Negishi cou-

ClL],+-NEt; and the cyclization of the
macrolide core by ring closing olefin
metathesis (RCM) using the “second-
generation” ruthenium carbene com-
plex 24 as the catalyst which bears an

Introduction

Bioassay-guided fractionation of the extracts of an unidenti-
fied sponge of the Haliclona genus collected off the South-
western Australian coast led to the discovery of two novel
macrolide antibiotics called salicylihalamide A (1a) and B
(1b).'2 These compounds exhibited remarkably potent
cytotoxicity in the 60-cell-line human tumor assay from the
National Cancer Institute (NCI), with a mean GIs, concen-
tration of only about 15 nM. The melanoma cell lines showed
the highest average sensitivity (GIs,=7 nM, TGI =60 nm).
Most notably, however, the activity profile of salicylihalamide
in this assay showed no significant correlation to other
compounds in the NCI database, indicating a novel mecha-
nism of action.['l From subsequent biochemical studies it was
concluded that 1 does inhibit mammalian vacuolar-type (H")-
ATPases (V-ATPases) with an unprecedented selectivity; this
suggests that these proton-translocating pumps may consti-
tute a novel molecular target for cancer therapeutic agents.!

The most striking structural motif of 1 is the labile enamide
linkage connecting a polyunsaturated domain with a salicylic
acid derived macrolactone core. Since the discovery of 1a, b
in 1997, several closely related natural products have been
reported, including oximidine I (2), apicularene A (3),0!

[a] Prof. Dr. A. Fiirstner, Dipl.-Chem. T. Dierkes, Dr. O. R. Thiel,
Dr. G. Blanda
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Miilheim an der Ruhr (Germany)
Fax: (-+49)208-306-2994
E-mail: fuerstner@mpi-muelheim.mpg.de

5286 ——

Keywords: cross-coupling - macro-
cycles - metathesis - natural prod-
ucts - ruthenium
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pling between butynylzinc chloride and
3-iodoacrylate 39 followed by a Lindlar
reduction of enyne 40 thus obtained and
a final aminolysis of the ester group.

Salicylihalamide A (1a): 17(E)
Salicylihalamide B (1b): 17(2)

lobatamide A (4),°! or CJ-12950 (5).! In addition to the
obvious constitutional and topological resemblance, these
novel enamides also show pronounced cytotoxic activities
against various human cancer cell lines and share with 1 a
common mode of action.P!

While the promising biological properties render salicyli-
halamide and congeners relevant targets for total synthesis,
their unusual structural features provide an excellent forum
for the validation of new synthetic methods. In this context, a
truncated version of 1 was synthesized using olefin metathesis
for the cyclization of the 12-membered ring and its biological
activity has been evaluated.l®! Our study has provided strong
evidence that the cytotoxicity of 1 is intimately related to the
presence of an intact enamide bond and has also clearly
featured the relevance of ring closing metathesis (RCM) as a
strategic manoeuvre en route to this family of natural
products. In fact, RCM later became the key transformation
in all preparative approaches towards 1 and analogues thereof
reported so far, including the first total syntheses of this
rewarding target.>'l' A particularly noteworthy spin-off of
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these studies is the fact that the absolute stereochemistry of
salicylihalamide had to be revised and is now assigned as it
appears in structure 1 (125,13R,155).0% 12

Described below is a full account of our work in this field.
Specifically, we outline a concise and inherently flexible
approach to the core segment of 1 which relies on asymmetric
hydrogenation reactions for the formation of the chiral
centers. The efficient cyclization of the macrolide ring by
RCM lends further credence to the notion that “second-
generation” ruthenium carbene complexes are superior
catalysts for this type of transformation. Finally, the enamide
moiety of the target was formed by a copper-catalyzed cross
coupling process which delivered this rather labile structural
motif in good yield.

Results and Discussion

Retrosynthetic analysis: Anticipating the formation of the
macrolide ring by RCM,["¥ salicylihalamide can be deconvo-
luted into three synthons as shown in Scheme 1. Among the
different possible disconnections for the enamide linkage,!'*!
we opted for a cross-coupling approach aiming at the direct
formation the C—N bond, which led back to a suitably
functionalized vinyl halide core and an unsaturated amide
side chain as the precursors. This strategy expands on model
studies that were recently disclosed;!'! it holds the promise to
be straightforward and flexible and may therefore outperform
the methodology previously used en route to 1. Since the
enamide certainly constitutes a fragile linkage, its formation
was postponed to the very end of the synthesis. Preferentially,
it should be installed in the presence of the free OH groups
because any deprotection step after the enamide formation
might destroy this labile moiety. It was by no means clear at
the beginning of this study whether the envisaged cross-
coupling methodology would meet this serious constraint.
Although the aliphatic segment carrying the chiral centers
of the molecule is certainly accessible by various routes, the
application of asymmetric hydrogenation reactions seemed to
be particularly appealing.'®l This strategy can i) deliver the
target by two iterative cycles of g-keto ester formations/

Chem. Eur. J. 2001, 7, No. 24
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cross-couplingl H
~ N

cross-coupling

Scheme 1. Retrosynthetic analysis of salicylihalamide 1.

reductions, ii) promises reagent control over the absolute
stereochemistry of the chiral centers formed, and hence
iii) provides access to all possible diastereoisomers of 1, if
desirable, simply by changing the chiral ligands to the
hydrogenation catalysts.

Preparation of the salicylic acid part: Two different syntheses
of the required salicylic acid part of 1a,b have been
developed. The first one used cheap 2,6-dihydroxybenzoic
acid (6) as the starting material which was converted on a
multigram scale into triflate 8 by formation of the isopropy-
lidene derivative 771 and subsequent reaction with triflic
anhydride under standard conditions (Scheme 2).I'l This
compound was allylated in high yield by a modified Suzuki-
type reaction!”! according to a procedure previously devel-
oped in this laboratory.?”! Specifically, 9-allyl-9-BBN was
treated with KOMe to afford a mixture of borate complexes

OH O OXO
dOH [a] @O [c]
OH OR

6

7R=H
b
8 R:Tf][]

OH O
d
[d] @;L\OH
10 X

Scheme 2. [a] Acetone, SOCl,, DMAP, DME, 96 %; [b] triflic anhydride,
pyridine, 85 %; [c] 9-allyl-9-BBN, KOMe, cat. [PdCl,(dppf)], THF, 83 %;
[d] BCl;, CH,Cl,, 96 %. BBN = 9-borabicyclo[3.3.1]nonane, dppf = Fe(7>-
CsH,PPh,),, DMAP = dimethylaminopyridine, DME = dimethoxyethane.

X

(0)

(0]
9 X

0947-6539/01/0724-5287 $ 17.50+.50/0 — 5287





FULL PAPER

A. Fiirstner et al.

which rapidly transfer the allyl group to the triflate in the
presence of catalytic amounts of [PdCl,(dppf)]. Subsequent
cleavage of the isopropylidene moiety of 9 was best achieved
with BCl; in CH,Cl, at 0°C, affording the desired salicylic acid
10 in almost quantitative yield.

Alternatively, the corresponding methyl ether 12 can be
conveniently prepared from commercial 2-methoxybenzoic
acid (11) by ortho-metalation using sBuLi followed by
trapping of the resulting aryllithium species with allyl bromide
at low temperature (Scheme 3).2! Although the yield of this
reaction amounted only to 48 %, this approach was appealing
in terms of its unrivaled “economy of steps”.?

MeO O (O Ne}

Me
sec-BuLi (2 equiv), allyl bromide
OH OH
THF / TMEDA, -90 °C to RT
48 %
1 12 X

Scheme 3. Synthesis of the required salicylic acid part by ortho-metal-
ation.!]

Model studies on RCM: At the outset of our project, the
enantiomer of 1 was targeted because of the incorrect
assignment of the absolute stereochemistry of salicylihala-
mide in the original publication (see above).l' 2l Therefore,
the model studies reported below concerning the crucial
RCM step have been conducted in the wrong enantiomeric
series.

Our synthesis began with an asymmetric alkylation reaction
of the oxazolidinone derivative 13 with prenyl bromide
(Scheme 4), delivering product 14 in good yield.?®! Hydrolytic
cleavage of the chiral auxiliary in the presence of H,O,
afforded acid 15 which was converted into acid chloride 16
under strictly neutral conditions using the chloroenamine
reagent 17.%1 Reaction of crude 16 with the lithium enolate of
methyl acetate at low temperature provided 5-keto ester 18,2
which did undergo a ligand controlled asymmetric hydro-
genation using [((R)-BINAP)RuCl,],-NEt; as the catalyst
(4 atm H,, 80°C).['* 27l This carbonyl reduction occured with
almost perfect diastereoselectivity (de >99%). In line with
literature precedence,”” the trisubstituted double bond of
the substrate remained fully intact under these conditions."!

We were well aware, however, that metathesis catalysts
such as the classical Grubbs ruthenium carbene complex 232’
are rather sensitive to the substitution pattern of the olefin.*"l
Therefore the trisubstituted alkene in 22 which was necessary
to impose a chemoselective path on the hydrogenation,®!
would likely impede the projected macrocyclization by RCM.

To evaluate this aspect prior to launching the actual total
synthesis program, a model study was necessary. For this
purpose, the secondary hydroxyl group in compound 19 was
silylated and the resulting product 20 was reduced with
LiBEt;H to afford primary alcohol 22a. Subsequent ester-
ification with acid 10 under Mitsunobu conditionsP! afforded
diene 25a which allowed to test the crucial RCM step.

In fact, the reluctance of complex 23 to react with highly
substituted alkenesP’ was responsible for the failure in
converting diene 25 into the desired macrocyclic product 26.
It has recently been shown, however, that the exchange of one

5288
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h

O o o 0
O)]\N)H [a] O)j\N)kl/\/k [b]
P N P\

13 14
1 11 fe]
XN —_— X —_—
Y X Y OMe
_ Cl
15 X—OH] o] )= 18
16 X =Cl Me,
17

/I\/\/?\R)OJ\ —’[h] P
>N OMe /I\/\:/l\/\OH

19 R=H 0 22a R=TBS
[20 R=TBS b R=MOM

Scheme 4. [a] i) LIHMDS, THF, —78°C, 30 min; ii) dimethylallyl bro-
mide, 0°C, 16 h, 85%; [b] LiOH, H,0,, THF/H,0, 0°C, 9%; [c] 17,
CH,Cl,, 90 min; [d] i) LDA, methyl acetate, THF, —78°C, 1 h; ii) addition
of crude 16, RT, 2 h, 81 %; [e] [((R)-BINAP)RuCl,], - NEt; (0.8 mol %), H,
(4 atm), MeOH, 80°C, 4 h, 96 %; [f] TBSOTI, 2,6-lutidine, CH,Cl,, 0°C,
1h, 95%; [g] MOMCI, iPr,NEt, DMAP cat., CH,Cl,, 40h, 90%; [h]
LiBEt;H, THF, RT, 83% (R=TBS), 98% (R=MOM); [i] DEAD, PPh;,
Et,0, 96% (25a), 81% (25b). DEAD =diethyl azodicarboxylate,
MOMCI = methoxymethyl chloride.

PCys; ligand in 23 for a N-heterocyclic carbene up-graded the
performance of the catalyst to a significant extent and
rendered the catalyst suitable for the cyclization of tri- and
even tetrasubstituted cycloalkenes.’? Gratifyingly, reaction of
diene 25 with the “second-generation” ruthenium carbene
complex 24 in toluene at 80 °C afforded the 12-membered ring
26 in excellent yield (Scheme 5).7% While this result suggested
that the envisaged cyclization of the macrolide core of
salicylihalamide itself was feasible, we were surprised to find
that the product was formed as a single isomer which was
assigned the (Z)-configuration based on a careful analysis of
its NMR data.
This stereochemical outcome was certainly unexpected for

the following reasons:
i) The vast majority of RCM-based macrocylizations report-

ed in the literature provided (E,Z)-mixtures, with the (E)-

isomer usually prevailing;['3!
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RO O R0 O
o ~OR1  see Table 1 o
D ————
,,,,, “oR1
7 XN
7 25
26
HO (0] HO (0]
OTBS see Table 1 o
—
""" OTBS
7 N
27
28

Scheme 5. Model study concerning the formation of the core segment by
RCM.

ii) This trend pertained to our previous approach to a
truncated salicylihalamide core which was obtained in a
ratio of E:Z=2.3:1;1

iii) NHC-containing metathesis catalysts were recently shown
to be particularly (E)-selective;3* ]

iv) Complex 24, when applied to the total synthesis of
zearalenone 29, a fungal metabolite that is closely related
to the salicylihalamide core in structural terms, led to the
exclusive formation of the desired (E)-isomer in excellent

yield.>l
OH O
Qi‘fil
HO Z o

29

Since it is mandatory to form the (E)- rather than the (Z)-
isomer en route to 1, we studied whether the stereochemical
outcome of the RCM reaction can be rectified (see Table 1).
A simple means might be the use of “participating” protecting
groups.*l Unfortunately, however, replacement of the TBS
group by a more strongly ligating methoxymethyl (MOM)
ether had no effect on the course of the reaction, delivering
(Z)-26b as the only product of RCM in 72 % yield. Similarly,
inversion of the stereocenter at C-13 of the cyclization
precursor (easily achieved by reducing ketoester 18 with a
ruthenium catalyst containing (S)-BINAP rather than (R)-
BINAP as the ligand) did not change the outcome of the
reaction; thus, cyclization of diene 27 again led to the
exclusive formation of the (Z)-configurated product 28.5"

In trying to rationalize this surprising yet seemingly
invariable stereochemical course, we speculated whether a
hydrogen bond between the phenolic OH and the COOR

Table 1. Model study on RCM. All reactions were carried out using
complex 24 (5mol%) as the catalyst in toluene at 80°C unless stated
otherwise.

Entry  Substrate  R! R? Product  Yield [%] E:Z

1 25a TBS H 26a 89 0:100
2 25b MOM H 26b 721 0:100
3 25¢ MOM TBS 26¢ 97 30:70
4 27 TBS H 28 80(! 0:100

[a] Using 7.5 mol % of the catalyst.

Chem. Eur. J. 2001, 7, No. 24
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group in the substrates prevented free rotation in this part of
the molecule and hence enforced a strongly preferred
conformation of the cyclization precursors. While addressing
this issue, it was noticed that protection of the phenolic OH as
a TBS ether further increased the efficiency of the cyclization
(97 % yield) and led to appreciable amounts of the desired
(E)-isomer 26 ¢. Although the E:Z =30:70 ratio was far from
optimal, this result suggested that it might be possible to
approach salicylihalamide 1 by RCM, if the substituent at the
remote phenolic OH group was properly chosen.!

Synthesis of the fully functional core of salicylihalamide:
Based on the insights gained in this model study and learning
from the literature that the absolute stereochemistry of 1 had
originally been assigned incorrectly,” 12l we embarked into the
total synthesis of this promising antitumor agent.

The first steps simply translate the sequence outlined above
into the other enantiomeric series. For this purpose, however,
it turned out advantageous to use Oppolzer’s bornanesultam
auxiliary to control the diastereoselectivity of the prenylation
step.® Since compound 31 is crystalline (while the corre-
sponding oxazolidinone derivative 14 is not) the purification
of the crude product and hence the up-scaling of the reaction
to multigram amounts was greatly facilitated. Saponification
of 31, conversion of the resulting acid ent-15 into the acid
chloride ent-16 as described, followed by chain extension with
lithio methyl acetate provided f-oxo ester ent-18 which did
undergo a chemo- and stereoselective hydrogenation in the
presence of [((S)-BINAP)RuCl,], - NEt; as the catalyst (4 atm
H,, 80°C). Protection of the resulting OH function in ent-19
by a MOM group sets the stage for the iterative construction
of the remaining stereocenter. For this purpose, a chain
extension was carried out using the lithium enolate of fert-
butyl acetate as the reagent, followed by a diastereoselective
reduction of the resulting fS-keto ester 32 using the same
catalyst, that is [((S)-BINAP)RuCl,],+ NEt;. This hydrogena-
tion provided best results under slightly modified conditions
by lowering the temperature to 25°C but increasing the
hydrogen pressure to 80 atm. Product 33 thus formed (de
>98 %) was reduced with LiAlH, and the resulting diol 34
was converted into the mono-PMB ether derivative 35 by
double deprotonation with excess NaH followed by addition
of one equivalent of PMBCI; under these conditions, the
alkylation of the primary alkoxide was strongly favored over
the competing protection of the secondary one.[*) Esterifica-
tion of alcohol 35 with acid 10 under Mitsunobu conditions
gave the desired ester 36 which served as a substrate for the
envisaged macrocyclization.

In line with the observations made in the model studies, the
stereochemical outcome of RCM depends on the remote
substituents on the phenolic OH group (Table 2). Thus, the
unprotected derivative 36a led to the exclusive formation of
the (Z)-configurated product 37a, the TBS-protected ana-
logue 37b afforded a E:Z=40:60 mixture of both isomers,
whereas the (E)-isomer prevailed when a methyl- (37¢) or a
MOM group (37d) blocked the phenolic site. We are unaware
of any precedence, in which the choice of a remote protecting
group allowed to alter the course of RCM to a similar
extent.[!
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(o}
[b] )\/\l/kx

/ /
N N
o N [ofe) ent-15 X = OH ]
30 31 ent-16 X = Cl
o O OR O
[d] [e] ~ H [a]
— Y OMe —> OMe —>
ent-18 ent-19 R=H
[f]
ent21 R= MOI\;:I
MOMO O O .
P [h] MOMQ  OH 0 0]
OtBu —> OtBu
32 33
OPMB
MOMQ  OH " RO O
x A oR @gl\o OMOM
36a (R = H)
34 R=H
li Z / b (R =TBS)
35 R=PMB ¢ (R =Me)
d (R = MOM)
see Table 2
OPMB
RO O
o OMOM
N\
37a-d
Scheme 6. [a] Lithium (cyclohexyl)(isopropyl)amide, THF, —78°C,

60 min; then dimethylallyl bromide, HMPA, —78°C—RT, 79%;
[b] LiOH, H,0,, THF/H,O 4:1, 24 h, 95 %; [c] chloroenamine 17, CH,Cl,,
90 min; [d] lithio methyl acetate, THF, —78°C —RT, 81%; [e] [((S)-
BINAP)RuCL],-NEt; (0.4 mol %), H, (4 atm), MeOH, 80°C, 4 h, 94 %;
[f] MOMCL, iPr,NEt, cat. DMAP, CH,Cl,, 40 h, 89 %; [g] lithio tert-butyl
acetate, THF, —40°C, 3h, 95%; [h][((S)-BINAP)RuCL],-NEt;,
(12 mol%), H, (80 atm), MeOH, 25°C, 6.5h, 93%; [i] LiAlH,, Et,0,
0°C, 6 h, 90%; [j] NaH, PMBCI, DMF, 90 min, 76 %; [k] acid 12, PPh;,
DEAD, Et,0, 20 h, 93 %. PMB-Cl = para-methoxybenzyl chloride.

Table 2. RCM-based cyclization of diene 36 to cycloalkene 37. All
reactions were carried out using complex 24 (5 mol %) as the catalyst in
toluene at 80°C unless stated otherwise.

Entry  Substrate R Product ¢[h] Yield[%] E:Z

1 36a H 37a 20 6912 0:100
2 36b TBS 37b 1 91 40:60
3 36¢ Me 37¢ 1.5 93 66:34
4 36d MOM  37d 3 910 68:32

[a] Using 10 mol % of the catalyst.

It should be pointed out that the pronounced stereochem-
ical preferences observed during these RCM reactions cannot
be correlated with the thermodynamic stabilities of the
isomeric products formed.B% Moreover, it is most unlikely
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that a direct interaction between the unprotected OH group
of substrate 36a with the ruthenium -catalyst (e.g. via
phenolate complex formation)P accounted for the observed
(Z)-selectivity in this particular case. Thus, cyclization of the
methoxy protected diene 36 ¢ in the presence of one equivalent
of salicylic acid methyl ester takes the same course as the
cyclization of this substrate in the absence of the phenol in
terms of yield and stereoselectivity. Since we are presently not
able to provide a conclusive explanation for the observed
stereochemical results, we take this case as an excellent
opportunity to initiate in-depth theoretical investigations. The
results of these studies will be reported in due course.

For the sake of the synthesis, it was fortunate to find that the
methyl ether derivative 36¢ afforded macrolide 37c¢ in
excellent yield and reasonable selectivity in favor of the
desired (E)-alkene. Substrate 36¢ was particularly well
accessible by direct esterification of fragment 35 with acid
12 (prepared in only one step as described above). Moreover,
the retention times of (E)-37¢ and (Z)-37¢ were sufficiently
different to allow separation of these isomers by conventional
flash chromatography. (E)-37 ¢ constituted the fully functional
core of salicylihalamide and was converted into the target as
outlined below.

Synthesis of (Z,Z)-2,4-heptadienoic acid amide and model
studies on the copper-catalyzed enamide formation: Encour-
aged by a recent report on enamide formations by copper
catalyzed cross-coupling reactions of vinyl iodides with
carboxylic acid amides,'”! we envisaged to use this strategy
for the final assembly of salicylihalamide. This publication,
however, left open whether this method would be compatible
with ester and unprotected OH groups; this aspect is not
obvious as rather high loadings of the copper()thiophenecar-
boxylate (CuTC)M! catalyst and excess base are required.
Moreover, it was not clear if a fairly labile (Z,Z)-configured
a.fB,y,0-unsaturated amide can be used without loss of
configurational integrity.*] These issues were addressed by
the model studies summarized below.

The required amide 42 was prepared as outlined in
Scheme 7. Addition of iodide to methyl propynoic acid
afforded (Z)-39 in good yield according to a literature
procedure.! A subsequent Negishi coupling with butynylzinc
chloride in the presence of catalytic amounts of [Pd(PPh;),]
furnished product 40,1 which did undergo Lindlar reduction
to afford the (Z,Z)-configurated ester 41. This step required

38 39
o) [c] Q

\ OMe — /=—\_ )X
40 41 X =0Me

[d]
42 X =NH,

Scheme 7. [a] Lil, CH;CN, HOAc, 70°C, 12h, 80%; [b]butynylzinc
chloride, cat. [Pd(PPh;),], THF, 3 h, 90%; [c] H, (1 atm), Lindlar catalyst,
cat. quinoline, CH,Cl,, 50 min, 80 %; [d] NH,OH, NH,Cl, 4 d, 62 %.
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careful monitoring by TLC to avoid overreduction. Amin-
olysis of ester 41 then provided the required amide 42 which
was immediately used for the cross-coupling experiments.
We were pleased to see that this amide did undergo a
smooth reaction with vinyl iodide 43a bearing a methoxy
substituent on the arene ring in the presence of CuTC
(50 mol %) and excess Rb,CO; as the base in anhydrous
dimethylacetamide (DMA) at 90°C (Scheme 8). Note, how-
ever, that an excess of 42 was necessary to drive the

RO. x| [a] RO. \H N

44a R =Me
b R=H

43a R=Me
b R=H

Og_-Ph
Y

! b
(] S NH
OiPr oPr
45

46

Scheme 8. [a] amide 42 (5equiv), copper(l) thiophene-2-carboxylate
(50 mol %), Rb,CO; (3 equiv), DMA, 90°C, 2h, 89% (R=Me, E:Z=
2:1)), 86 % (R=H, only E); [b] benzamide, copper(1) thiophene-2-carbox-
ylate (30 mol%), Cs,CO; (1.5equiv), NMP, 90°C, 70%. NMP =N-
methylpyrrolidone, DMA = dimethyl acetamide.

conversion. The cross-coupling of substrate 43b containing an
unprotected phenol group proceeded similarly well. In the
latter case, the resulting enamide 44 b was obtained as a single
diastereoisomer in high yield. This result proved that the (Z)-
configuration of both alkene groups in the amide part was
fully retained, whereas isomerization of the double bond of
vinyl iodide 43b (E:Z =8:1) obviously could not be avoided.
A third model reaction probing the stability of an ester group
under the reaction condition also gave a satisfactory result
(45— 46).

Completion of the total synthesis: Since these model studies
provided an encouraging outlook on the end game of the total
synthesis of 1, the macrolide core 37 prepared by RCM was
converted into a suitable vinyl iodide as shown in Scheme 9.
For this purpose, the -OPMB group was cleaved off by means
of DDQ,!*! the resulting primary alcohol 47 was oxidized with
Dess—Martin periodinane,*! and aldehyde 48 thus formed
was subjected to a Takai olefination.*’l Specifically, treatment
of 48 with CHI; and CrCl, in a mixed solvent system (THF/
1,4-dioxane 1:6)M furnished the desired vinyl iodide 49 as an
inseparable mixture of isomers (E:Z =9:1, as determined by
NMR). This material was fully deprotected on exposure to
BBr;, since cleavage of the -OMe and the -OMOM group
after the installation of the enamide might have endangered
the valuable product (c.f. retrosynthetic analyis).

With the iodide 50 at hand, the stage was set for the final
assembly of the target by the copper-catalyzed cross coupling
technique. Gratifyingly, reaction of 50 with amide 42 (3 equiv)
in the presence of CuTC (50 mol %) and Rb,COj; (3 equiv)
proceeded cleanly, affording a mixture of salicylihalamide A

Chem. Eur. J. 2001, 7, No. 24
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AN
37 R=PMB
48
47 R=H 4——] (el
H —
(=
= (¢}
R20 O HO O
[c] o OR1 [e] o OH

49 R1=MOM, R2 = Me 1a,b

50 R1=R2=H <——|[d]
Scheme 9. [a] DDQ, H,0/CH,Cl, 1:18, RT, 12 h, 94 %; [b] Dess —Martin
periodinane, CH,Cl,, 0°C — RT, 18 h, 87%; [c] CHI;, CrCl,, THF/14-
dioxane 1:6, RT, 16 h, 87 % (E:Z=9:1); [d] BBr;, CH,Cl,, —78°C — RT,
1h, 88%; [e]amide 42 (3 equiv), copper(]) thiophene-2-carboxylate
(50 mol%), Rb,CO; (3equiv), DMA, 90°C, 2h, 57%. DDQ=23-
dichloro-5,6-dicyano-1,4-benzoquinone.

and B in 57 % isolated yield (1a:1b ca. 2.5:1). The isomers
could be separated by HPLC and were identical in all respects
to the natural products.! > 12 It is worth mentioning, however,
that the copper-catalyzed enamide formation leading to 1
proceeded if Rb,CO; was employed as the base. Although we
can presently provide no satisfactory explanation, the use of
Cs,CO; failed to afford any of the desired target molecule
under otherwise identical conditions, despite the fact that this
base had worked well in model studies.['”]

Conclusion

A concise and inherently flexible approach to the potent
antitumor agent salicylihalamide 1 was outlined. This strongly
cytotoxic agent was assembled from three well accessible
fragments by relying on the power of transition metal
catalyzed C—C and C—X bond forming reactions. Scheme 10
illustrates this aspect. Particularly noteworthy are the rigor-
ously chemo- and stereoselective hydrogenation reactions

[Pd] cat.
[Cu] cat. I
L v~
[Crl —.;a N <
— (0]
[Ru] cat.
— [Ru] cat.

[Pd] cat. ™"

|I [Ru] cat.

Scheme 10. Summary of the total synthesis of salicylihalamide 1.

which guarantee reagent-control over the configuration of the
newly formed chiral centers, the high yielding closure of the
macrocyclic ring by RCM, and the use of the yet largely
unexplored copper-catalyzed cross-coupling technique allow-
ing the direct attachment of amides to unsaturated fragments.
Importantly, it has been shown that this reaction tolerates
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sensitive functional groups and therefore holds promise for
further applications to complex targets in the future.

Finally, this total synthesis highlights once again the
excellent performance of “second-generation” ruthenium
carbenes for olefin metathesis. At the same time, however,
it revealed that we still lack proper insight into the stereo-
determining step of this transformation, as the configuration
of the newly formed olefin may depend on subtle factors that
are difficult to rationalize and foresee. Therefore it is obvious
that further in-depth studies on this powerful transformation
are necessary. The accompanying paper in this issue reporting
the total synthesis of another potent antitumor agent, that is
epothilone A and C, will further illustrate this notion.*!
Extensions of our studies on metathesis in general as well as
additional syntheses of bioactive target molecules are cur-
rently underway and will soon be disclosed.

Experimental Section

General: All reactions were carried out under Ar. The solvents used were
purified by distillation over the drying agents indicated and were trans-
ferred under Ar: THF, Et,0 (Mg/anthracene), CH,Cl, (P,0,,), CH;CN,
Et;N (CaH,), MeOH (Mg), DMF, DMA (Desmodur, dibutyltin dilaurate),
hexane, toluene (Na/K). Flash chromatography: Merck silica gel 60 (230—
400 mesh). NMR: Spectra were recorded on a DPX 300 or DMX 600
spectrometer (Bruker) in the solvents indicated; chemical shifts () are
given in ppm relative to TMS, coupling constants (/) in Hz. IR: Nicolet FT-
7199 spectrometer, wavenumbers in cm~'. MS (EI): Finnigan MAT 8200
(70 eV), HRMS: Finnigan MAT 95. Melting points: Gallenkamp melting
point apparatus (uncorrected). Optical rotation: Perkin Elmer 343 at 1=
589 nm (Na-D line). Elemental analyses: Kolbe, Miilheim/Ruhr. All
commercially available compounds (Lancaster, Aldrich) were used as
received.

Starting materials and model studies

2-Allyl-6-hydroxy-benzoic acid (10): A solution of BCl; (1m in CH,Cl,,
30 mL, 30 mmol) was slowly added to a solution of compound 9 (1.00 g,
4.54 mmol)?” in CH,Cl, (80 mL) at 0°C and the resulting mixture was
stirred for 5 h at ambient temperature. The organic phase was diluted with
ethyl acetate (50 mL), washed with brine and dried over Na,SO,.
Evaporation of the solvent and flash chromatography (hexanes/ethyl
acetate/acetic acid 10:1:1) afforded acid 10 as colorless crystals (0.78 g,
96 %). M.p. 98-99°C; 'H NMR (CDCl;, 300 MHz): 6 =11.15-10.75 (br s,
1H), 7.38 (dd, J=8.2, 7.7 Hz, 1 H), 6.90 (dd, J=8.2, 0.9 Hz, 1H), 6.79 (dd,
J=177,09Hz, 1H), 6.02 (ddt, /=170, 10.2, 6.3 Hz, 1H), 5.07-4.96 (m,
2H), 3.76 (d, /=63 Hz, 2H); *C NMR (CDCl;, 75.5 MHz): 6 =175.2,
163.6, 144.3, 137.3, 135.6, 122.7, 116.5, 115.7, 110.6, 40.1; IR (KBr): v = 3047,
2853, 2704, 2589, 1643, 1606, 1576, 1441, 1410, 1309, 1293, 1275, 1237, 1193,
1169, 1124, 1068, 1014, 1002, 915, 814, 792, 757,707, 573 cm~'; MS (EI): m/z
(%): 178 (33) [M]*, 160 (100), 132 (24), 115 (3), 104 (26), 77 (12), 63 (4), 51
(11); HR-MS (EI): (C,,H,(,0;) calcd 178.0630; found 178.0632; elemental
analysis calcd (%) for C;oH;,0; (178.20): C 67.41, H 5.66; found C 67.53, H
5.75.

(35,4R)-3-(tert-Butyldimethylsilanyloxy)-4,7-dimethyl-oct-6-enoic methyl
ester (20): 2,6-Lutidine (303 uL, 2.60 mmol) and TBSOTf (360 uL,
1.56 mmol) were added at 0°C to a solution of alcohol 19 (260 mg,
1.3 mmol)" in CH,Cl, (20 mL). After stirring for 1h, the reaction was
quenched with aq. NaOH (2N, 10 mL), the mixture was extracted with
CH,Cl, (80 mL), the organic layer was washed with aq. sat. NH,Cl (2 x
10mL) and brine (10 mL), dried over Na,SO, and evaporated. Flash
chromatography of the crude product (hexanes/ethyl acetate 20:1) afforded
product 20 as a colorless syrup (389 mg, 95%). [a]} =—22.8 (c=1.34,
CH,Cl,); '"H NMR (CD,Cl,, 300 MHz): 6 =5.18-5.10 (m, 1H), 4.16-4.08
(m, 1H), 3.63 (s, 3H), 2.36 (d, J=6.6 Hz, 2H), 2.04-1.92 (m, 1H), 1.83-
1.72 (m,1H),1.71-1.62 (m, 1H), 1.70 (s, 3H), 1.60 (s, 3H), 0.87 (s, 9H), 0.86
(d, J=6.7Hz, 3H), 0.06 (s, 3H), 0.02 (s, 3H); ¥C NMR (CD,Cl,,
75.5 MHz): 6 =173.0, 132.8, 123.3, 73.2, 51.7,40.4, 38.5, 31.6, 25.9, 25.8, 18.3,
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179, 143, —4.5, —4.7; IR (film): v=2956, 2929, 2894, 2857, 1744, 1473,
1463, 1437, 1408, 1378, 1362, 1341, 1290, 1255, 1193, 1172, 1134, 1078, 1034,
1006, 982, 947, 886, 835, 812, 776, 665 cm~'; MS (EI): m/z (%): 314 (<1)
[M]*,299 (3),283 (2), 257 (100), 225 (8), 199 (2), 182 (17), 147 (9), 131 (10),
115 (7), 109 (18), 89 (30), 73 (23), 69 (53), 41 (16); HR-MS (CI):
(C7H;3,05Si1 + H) caled 315.2355; found 315.2358; elemental analysis calcd
for Cj;H3,05Si (314.54): C 64.92, H 10.90; found C 65.04, H 11.03.
(35,4R)-3-(tert-Butyldimethylsilanyloxy)-4,7-dimethyl-oct-6-en-1-ol (22a):
LiBEt;H (1M in THF, 1.62 mL, 1.62 mmol) was added at 0°C to a solution
of ester 20 (255 mg, 0.81 mmol) in THF (20 mL). After stirring for 2 h at
ambient temperature, the reaction was quenched with water, the aqueous
layer was extracted with Et,0 (3 x 20 mL), the combined organic phases
were dried over Na,SO, and evaporated. Flash chromatography of the
residue (hexanes/ethyl acetate 1:1) afforded product 22a as a colorless
syrup (193 mg, 83%). [a]® = —20.9 (¢=0.91, CH,Cl,); 'H NMR (CD,Cl,,
300 MHz): d =5.17-5.09 (m, 1H), 3.78 (dt,J =6.8,4.7 Hz, 1 H), 3.69 (t,/ =
6.2 Hz, 2H), 2.06-1.94 (m, 1H), 1.83-1.58 (m, 11 H), 0.90 (s, 9H), 0.86 (d,
J=6.7Hz, 3H), 0.08 (s, 3H), 0.07 (s, 3H); *C NMR (CD,Cl,, 75.5 MHz):
0=132.5,123.6, 74.7, 61.0, 40.0, 34.2, 32.0, 26.0, 25.8, 18.3, 17.9, 14.1, — 4.3,
—4.6; IR (KBr): v=3364, 2958, 2929, 2885, 2857, 1472, 1463, 1407, 1377,
1361, 1256, 1083, 1062, 1034, 1005, 967, 938, 836, 774, 735, 666 cm~'; MS
(EI): m/z (%): 286 (< 1) [M]*, 229 (18), 189 (6), 173 (3), 154 (11), 137 (26),
105 (11), 95 (24), 89 (13), 81 (40), 75 (38), 69 (100), 55 (10), 41 (20); HR-MS
(CI): (C6H3,0,Si+ H) caled 287.2406; found 287.2406; elemental analysis
caled for C,;H3,0,Si (286.53): C 67.07, H 11.96; found C 67.14, H 11.99.
(35,4R)-3-Methoxymethyl-4,7-dimethyl-oct-6-en-1-o0l (22b): Prepared in
98 % yield as described above starting from ester 21 (366 mg, 1.5 mmol).!'"]
'H NMR (CD,Cl,, 300 MHz): 6 =5.17-5.09 (m, 1H), 4.66 (d, J=6.8 Hz,
1H), 4.60 (d, /=6.8 Hz, 1H), 3.98-3.52 (m, 3H), 3.34 (s, 3H), 2.50-1.62
(m, 6H), 1.68 (s, 3H), 1.60 (s, 3H), 0.86 (d, /J=6.4 Hz, 3H); “C NMR
(CD,Cl,, 75.5 MHz): 6 =132.5, 123.5, 96.5, 78.7, 60.7, 55.8, 37.4, 32.5, 31.8,
25.9,179,14.5; IR (film): v = 3436, 2962, 2931, 2886, 1672, 1460, 1405, 1377,
1343, 1218, 1151, 1100, 1038, 918, 860, 825, 764 cm~'; MS (EI): m/z (% ): 216
(<1)[M]+, 184 (14),154 (11), 139 (6), 121 (10), 109 (13), 97 (22), 87 (22), 69
(39), 55 (24), 45 (100) 41 (27); HR-MS (CI): (C,H,,05 + H) calcd 217.1804;
found 217.1803; elemental analysis calcd for C;,H,,05 (216.32): C 66.63, H
11.18; found C 66.72, H 11.16.

(35,4R)-2-Allyl-6-hydroxybenzoic acid 3-(fert-butyldimethylsilanyloxy)-
4,7-dimethyloct-6-enyl ester (25a): A solution of alcohol 22a (175 mg,
0.66 mmol) and PPh; (194 mg, 0.74 mmol) in Et,0 (25 mL) was added
dropwise to a suspension of acid 10 (132 mg, 0.74 mmol) and DEAD
(116 pL, 0.74 mmol) in Et,O (35 mL). After stirring for 20 h, the suspension
was concentrated to a total volume of ca. 10 mL, the precipitates were
filtered off, the filtrate was dried over Na,SO, and evaporated, and the
residue was purified by flash chromatography (hexanes/ethyl acetate 30:1)
to afford ester 25a as a colorless syrup (265 mg, 96 %). [a]d = —26.4 (c=
1.10, CH,Cl,); "H NMR (CD,Cl,, 300 MHz): 6 =11.18 (s, 1H), 7.33 (dd, J =
8.3,7.5 Hz,1H), 6.85 (dd,J=8.3,0.7 Hz,1H), 6.76 (dd, J=75,0.7 Hz, 1 H),
6.01 (ddt, J=16.6,10.2, 6.2 Hz, 1 H), 5.18-5.09 (m, 1 H), 5.03 (dd, /=102,
1.6 Hz, 1H), 4.97 (dd, J=16.6, 1.7 Hz, 1H), 4.53-4.38 (m, 2H), 3.84-3.76
(-m, 1H), 3.72 (dd, /=6.1, 1.3 Hz, 2H), 2.07-1.65 (m, 5H), 1.67 (s, 3H),
1.59 (s,3H), 0.91 (s, 9H), 0.88 (d, J = 6.8 Hz, 3H), 0.07 (s, 3H), 0.06 (s, 3H);
BC NMR (CD,Cl,, 75.5 MHz): 6 =171.8, 163.1, 143.3, 138.1, 134.6, 132.7,
123.4, 122.7, 116.4, 115.6, 112.7, 72.6, 64.1, 40.6, 40.1, 31.8, 31.0, 26.0, 25.8,
18.3,179,14.0, — 4.3, —4.5; IR (film): » = 3079, 3060, 2958, 2929, 2886, 2857,
1730, 1662, 1608, 1579, 1451, 1409, 1377, 1342, 1312, 1296, 1219, 1194, 1165,
1119, 1097, 1067, 1006, 912, 867, 836, 817, 774, 713, 667 cm~'; MS (EI): m/z
(%): 446 (<1) [M]*, 389 (5), 314 (4), 269 (2), 235 (12), 171 (5), 161 (100),
133 (9), 69 (12), 41 (6); HR-MS (CI): (C,H,,0,Si+H) calcd 447.2931;
found 447.2930; elemental analysis calcd for C,sH,,0,Si (446.70): C69.91, H
9.48; found C 70.18, H 9.12.

(35,4R)-2-Allyl-6-hydroxybenzoic acid 3-methoxymethyl-4,7-dimethyloct-
6-enyl ester (25b): Prepared as described above from alcohol 22b (382 mg,
1.77 mmol) and acid 10 (315 mg, 2.12 mmol). Colorless syrup (537 mg,
81%). [a]® =—39.0 (c=1.85, CH,CL,); 'H NMR (CD,Cl,, 300 MHz): 6 =
11.09 (s, 1H), 7.33 (dd, /=8.3, 7.5 Hz, 1H), 6.85 (dd, /=8.3, 1.0 Hz, 1H),
6.76 (dd, /=175, 0.9 Hz, 1H), 6.01 (ddt, /J=16.4, 10.2, 6.1 Hz, 1H), 5.17—
4.93 (m, 3H), 4.67 (d, J=6.8 Hz, 1H), 4.60 (d, J=6.8 Hz, 1H), 4.58-4.42
(m, 2H), 3.72 (d, 6.1 Hz, 2H), 3.67-3.58 (m, 1H), 3.36 (s, 3H), 2.08-1.81
(m, 5H), 1.68 (s, 3H), 1.539 (s, 3H), 0.89 (d, /=6.4 Hz, 3H); “C NMR
(CD,Cl,,75.5 MHz): 6 =171.6,162.9, 143.3,138.2, 134.6, 132.9, 123.1, 122.7,
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116.3,115.5, 112.8, 96.6, 78.7, 63.8, 56.0, 40.5, 37.2, 31.7,29.4,25.8, 179, 14.2;
IR (film): v =3385, 3077, 2965, 2931, 2889, 2823, 1727, 1661, 1607, 1578, 1451,
1377,1343, 1313, 1296, 1249, 1220, 1165, 1142, 1121, 1100, 1038, 987, 916, 817,
769, 713 cm™'; MS (EI): miz (%): 376 (< 1) [M]*+, 344 (15), 205 (13), 183
(13), 160 (100), 133 (10), 121 (24), 93 (8), 69 (22), 55 (7), 45 (37); HR-MS
(CI): (C,H3,05+ H) caled 377.2328; found 377.2325; elemental analysis
caled for C,H;,05 (376.49): C 70.19, H 8.57; found C 70.28, H 8.52.

(38,4R)-2-Allyl-6-(tert-butyldimethylsilanyloxy)-benzoic acid 3-methoxy-
methyl-4,7-dimethyloct-6-enyl ester (25¢): A solution of compound 25b
(113 mg, 0.3 mmol), imidazole (204 mg, 3 mmol) and TBSCIl (362 mg,
2.4 mmol) in DMF (20 mL) was stirred for 18 h at ambient temperature.
The mixture was diluted with EtOAc (50 mL) and washed with brine (3 x
20 mL). Drying of the organic phase over Na,SO,, evaporation of the
solvent followed by flash chromatography of the residue (hexanes/ethyl
acetate 20:1) afforded product 25¢ as a colorless syrup (145 mg, 99 %).
[a]® = —21.3 (¢ =1.47, CH,Cl,); '"HNMR (CD,Cl,, 300 MHz): 6 =7.20 (dd,
J=82,76Hz,1H),6.82(dd,/=7.6 Hz, 1H),6.73 (dd,/ =8.2 Hz, 1H),5.92
(ddt,J=16.2,9.5,6.6 Hz, 1H), 5.14-5.01 (m, 3H), 4.65 (d, /= 6.8 Hz, 1H),
4.60 (d,/=6.8 Hz, 1H), 4.47-4.37 (m, 1H), 4.33-4.24 (m, 1 H), 3.57-3.52
(m, 1H), 3.36 (s, 3H), 3.32 (d, 6.6 Hz, 2H), 2.07-1.94 (m, 1H), 1.90-1.77
(m, 4H), 1.67 (s, 3H), 1.57 (s, 3H), 0.97 (s, 9H), 0.88 (d, /=6.4 Hz, 3H),
0.23 (s, 6H); *C NMR (CD,Cl,, 75.5 MHz): 6 =168.3, 152.7, 138.9, 137.0,
132.8,130.3, 127.2, 123.2, 122.2, 117.2, 116.3, 96.6, 78.9, 63.1, 55.9, 37.9, 37.4,
31.7,29.7, 25.8, 25.7, 18.3, 17.9, 14.4, —4.3; IR (film): v =3078, 2962, 2931,
2887, 2859, 2823, 1731, 1662, 1640, 1594, 1584, 1464, 1409, 1377, 1363, 1285,
1264, 1211, 1142, 1108, 1064, 1039, 994, 969, 917, 841, 806, 783, 741, 719, 669,
578,555 cm'; MS (EI): m/z (%): 490 (< 1) [M]*, 433 (16), 401 (7), 275 (44),
249 (37), 235 (100), 199 (27), 167 (17), 137 (19), 81 (21), 69 (41), 57 (8), 45
(57); HR-MS (CI): (CyHyO5Si+H) caled 491.3193; found 491.3193;
elemental analysis calcd for C,sH,405Si (490.76): C 68.53, H 9.45; found C
68.62, H 9.54.

Representative procedure for RCM

(Z)-(95,10R)-9-(tert-Butyldimethylsilanyloxy)-4-hydroxy-10-methyl-
78,9,10,11,14-hexahydro-6-oxa-benzocyclododecen-5-one [(Z)-26 a]: Com-
plex 24 (4.2 mg, 0.005 mmol) was added to a solution of diene 25a (44.6 mg,
0.1 mmol) in toluene (50 mL). After stirring for 3 h at 80°C, the reaction
was quenched with ethyl vinyl ether (1 mL). Evaporation of the solvent
followed by flash chromatography (hexanes/ethyl acetate 50:1) of the crude
product afforded cycloalkene (Z)-26a as a colorless syrup (34.7 mg, 89 %).
[a]® =—63.7 (¢c=1.02, CH,Cl,); '"H NMR (C4Dy, 300 MHz): 6 =12.12 (s,
1H), 7.02-6.92 (m, 2H), 6.48 (dd, J = 6.6, 2.1 Hz, 1H), 5.32-5.13 (m, 2H),
4.42-4.32 (m, 1H),4.17 (dd, J=15.0,9.3 Hz, 1 H), 3.85 (dt,/=10.1,3.2 Hz,
1H),3.81-3.75 (m, 1H), 2.85 (dd,J=15.0,2.4 Hz, 1 H),2.08-1.92 (m, 1 H),
1.70-1.52 (m, 3H), 1.35-1.24 (m, 1H), 0.94 (s, 9H), 0.86 (d, J=6.7 Hz,
3H), 0.00 (s, 3H), —0.01 (s, 3H); 3C NMR (C,Ds, 75.5 MHz): 6 =172.1,
164.5, 144.8, 134.8, 131.2, 1278, 123.1, 116.8., 111.9, 71.7, 64.8, 39.8, 35.4,
31.8,31.3,26.0, 18.1, 13.6, —4.4; IR (KBr): v = 3425, 3057, 3022, 3006, 2957,
2930, 2895, 2857, 1658, 1631, 1607, 1574, 1471, 1448, 1386, 1347, 1311, 1289,
1251, 1216, 1158, 1127, 1089, 1071, 1052, 1017, 1005, 965, 932, 904, 876, 862,
836, 819, 791, 775, 714, 699, 662, 592 cm~!; MS (EI): m/z (%): 390 (<1)
[M]+, 375 (1), 333 (100), 315 (6), 285 (9), 241 (10), 205 (12), 171 (14), 161
(15), 149 (12), 131 (16), 93 (28), 73 (34), 59 (7), 41 (9); HR-MS (CI):
(C,H;3,0,S1 + H) caled 391.2305; found 391.2307; elemental analysis calcd
for C,H;,0,Si (390.60): C 67.65, H 8.77; found C 67.57, H 8.84.

The following products were obtained analogously:

(Z2)-(95,10R)-4-Hydroxy-9-methoxymethyl-10-methyl-7,8,9,10,11,14-hexa-
hydro-6-oxa-benzocyclododecen-5-one [(Z)-26b]: Colorless syrup. [a]¥ =
—82.5 (¢=0.89, CH,Cl,); 'H NMR (C4Dg, 300 MHz): 6 =12.23 (s, 1H),
7.01-6.93 (m, 2H), 6.46 (dd, J=6.3, 2.5 Hz, 1H), 5.26-5.07 (m, 2H), 4.46
(d, J=6.9Hz, 1H), 4.37 (d, J=6.9 Hz, 1H), 4.38-4.28 (m, 1 H), 4.08 (dd,
J=14.7, 89 Hz, 1H), 3.85 (dt, /=10.9, 3.1 Hz, 1H), 3.66-3.60 (m, 1H),
3.11 (s, 3H), 2.89-2.80 (m, 1H), 2.04-1.49 (m, 4H), 1.41-1.30 (m, 1H),
0.87 (d, J=6.7Hz, 3H); C NMR (C4Dy, 75.5 MHz): 6 =172.1, 164.5,
144.8,134.8,131.3,127.6, 123.1,116.8., 112.0, 95.9, 77.8, 65.2, 55.0, 36.6, 35.5,
31.9,28.9,13.7; IR (KBr): v =3419, 3051, 2961, 2934, 1750, 1716, 1659, 1606,
1575, 1450, 1385, 1312, 1295, 1250, 1220, 1166, 1152, 1125, 1100, 1068, 1038,
916, 818, 775, 738, 711, 542 cm~'; MS (EI): m/z (%): 320 (16) [M]*, 288 (7),
258(29),240(3),214 (5),201 (14),172 (22),160 (13), 134 (8), 115 (8), 99 (4),
85 (44), 81 (6), 69 (1), 55 (12), 45 (100); HR-MS (EI): (C3H,,05) caled
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320.1624; found 320.1625; elemental analysis calcd for C;3H,,05 (320.39): C
67.48, H 7.55; found C 67.35, H 7.62.

(98,10R)-4-(tert-Butyldimethylsilanyloxy)-9-methoxymethyl-10-methyl-
7,8,9,10,11,14-hexahydro-6-oxa-benzocyclododecen-5-one (26¢): Colorless
syrup. E:Z=30:70; [a]¥ =—-104 (¢c=0.73, CH,CL); data of (E)-26c:
"H NMR (C¢Dy, 300 MHz): 6 = 6.94 (dd, J =8.2,7.6 Hz, 1 H), 6.68 — 6.53 (m,
2H), 5.45-4.96 (m, 2H), 4.62 (s, 2H), 4.40-3.57 (m, 4H), 3.32-3.23 (m,
1H),3.21 (s,3H),2.21-1.48 (m, 5H), 0.98 (s, 9H), 0.87 (d, / = 6.5 Hz, 3H),
0.13 (s, 6H); *C NMR (C¢Dg, 75.5 MHz): 6 =168.5, 153.2, 140.4, 130.8,
129.9, 128.3, 128.0, 123.2, 1174, 96.4, 76.3, 63.0, 55.2, 38.3, 37.8, 34.4, 31.9,
25.7,18.2,14.0, —4.4.

Data of (Z)-26¢: 'H NMR (C,Dy, 300 MHz): 6 =6.97 (dd, J=8.2, 7.6 Hz,
1H), 6.68—6.53 (m, 2H), 5.45-4.96 (m, 2H), 4.50 (d, J = 6.8 Hz, 1 H), 4.44
(d, J=6.8 Hz, 1H), 440-3.57 (m, 4H), 2.96-2.88 (m, 1H), 3.12 (s, 3H),
2.21-1.48 (m, 5H), 0.99 (s, 9H), 0.84 (d, J = 6.5 Hz, 3H), 0.10 (s, 3H), 0.09
(s, 3H); “C NMR (C¢Dy, 75.5 MHz): 6 =168.1, 152.5, 139.8, 130.1, 129.6,
128.4, 128.3, 122.6, 116.7, 96.3, 78.9, 62.3, 55.1, 36.3, 32.1, 30.5, 29.5, 25.7,
18.2, 13.8, —4.4; IR (KBr): v=3068, 2957, 2931, 2887, 2858, 2822, 1729,
1660, 1592, 1583, 1464, 1378, 1363, 1284, 1261, 1211, 1153, 1106, 1065, 1040,
974, 939, 919, 902, 842, 783, 739, 701, 670, 574 cm~'; MS (EI): m/z (% ): 434
(< 1) [M]*, 377 (75), 315 (19), 247 (22), 221 (24), 207 (42), 141 (10), 73 (32),
57 (9), 45 (100); HR-MS (CI): (C,,H;505Si+H) caled 435.2567; found
435.2562; elemental analysis caled for C,,H3305Si (434.65): C 66.32, H 8.81;
found C 66.28, H 8.88.

(Z)-(9R,10R)-9-(tert-Butyldimethylsilanyloxy)-4-hydroxy-10-methyl-
78,9,10,11,14-hexahydro-6-oxa-benzocyclododecen-5-one [(Z)-28]: Color-
less syrup. [a]f =—54.2 (¢=0.99, CH,Cl,); '"H NMR (C¢D,, 600 MHz):
0=12.32 (s, 1H), 6.99 (dd, /=8.3, 72 Hz, 1H), 6.95 (dd, /=83, 1.6 Hz,
1H), 6.50 (dd, J=72, 1.6 Hz, 1 H), 5.52-5.46 (m, 1 H), 5.35-5.30 (m, 1 H),
4.49-4.42 (m, 1H), 4.14-4.05 (m, 2H), 3.32-3.27 (m, 1 H), 3.26-3.19 (m,
1H),2.37-2.31 (m, 1H), 1.98-1.93 (m, 1H), 1.59-1.56 (m, 1 H), 1.54-1.45
(m, 2H), 0.98-0.94 (m, 3H), 0.92 (s, 9H), —0.01 (s, 3H), —0.06 (s, 3H);
BC NMR (C¢Dg, 151 MHz): 6 =172.4, 164.8, 144.2, 134.7, 130.7, 126.5,
122.9, 116.7, 111.9, 74.4, 62.6, 40.1, 34.6, 33.6, 30.7, 26.0, 18.2, 17.5, —4.2,
—4.5; IR (KBr): v =3450, 3009, 2956, 2930, 2895, 2857, 1734, 1655, 1605,
1576, 1471, 1463, 1449, 1389, 1360, 1337, 1309, 1295, 1251, 1217, 1177, 1166,
1117, 1073, 1037, 995, 905, 886, 862, 837, 816, 773, 721, 710, 669, 598 cm™;
MS (EI): m/z (%): 390 (< 1) [M]*, 375 (1), 333 (100), 315 (6), 285 (9), 241
(10), 205 (12), 171 (14), 161 (15), 149 (12), 131 (16), 93 (28), 73 (34), 59 (7),
41 (9).

Total synthesis of salicylihalamide

N-Acylsultam (31):! A solution of nBuLi (1.6M in hexane, 14.20 mL,
22.7 mmol) and cyclohexylisopropylamine (382 pL, 2.27 mmol) was added
over 60min at —78°C to a solution of N-acylsultam (30) (6.17 g,
22.7 mmol) in THF (120 mL, 0.19m). The resulting lithium enolate was
stirred at —78°C for 1h before freshly distilled dimethylallyl bromide
(794 mL, 68.2 mmol) in HMPA (11.92 mL, 68.2 mmol) was added. The
reaction mixture was allowed to warm to ambient temperature, was
quenched with water (150 mL) and extracted with Et,0 (3 x 150 mL).
Drying (Na,SO,) of the combined organic phases and evaporation of the
solvents gave the crude product which was crystallized from methanol to
afford pure 31 (6.09 g, 79%) as a colorless solid. [a]¥ =—52.5 (¢=2.2,
CH,Cl,); m.p. 87-89°C; 'H NMR (CD,Cl,, 300 MHz): 6=5.09 (t, /=
7.5 Hz, 1H), 3.85 (dd, J=4.8, 7.5 Hz, 1H), 3.43 (q, /=11.1 Hz, 2H), 3.12-
3.05 (m, 1H), 2.76 (d, 2H), 2.44-2.34 (m, 2H), 2.13-1.82 (m, 3H), 1.63 (s,
3H), 1.57 (s, 3H), 1.42-1.15 (m, 2H), 1.11 (dd, J=6.8 Hz, 6H), 0.96 (s,
3H); BC NMR (CD,Cl,, 75.5 MHz): 6 =176.5, 134.4, 121.5, 65.6, 54.7, 53.3,
48.7,48.2, 45.4, 40.6, 34.5, 33.3, 26.9, 26.1, 21.1, 20.2, 18.0, 16.7; IR (KBr):
v=2970, 2930, 2882, 1689, 1461, 1394, 1336, 1272, 1239, 1220, 1166, 1135,
1120, 1062, 1037, 976, 769 cm~'; MS (EI): m/z (%): 339 (27) [M]*, 271 (57),
152 (16), 136 (11), 135 (78), 134 (27), 125 (10), 107 (12), 97 (70), 96 (100), 81
(15), 79 (10), 69 (40), 67 (11), 55 (61), 43 (11), 41 (37); HR-MS (EI):
(CsH,9NOsS) caled 339.1868; found 339.1867.

(25)-2,5-Dimethyl-hex-4-enoic acid (ent-15): Aqueous H,O, (30% w/w,
22.7mL) and a suspension of LiIOH-H,O (7.89 g, 188.3 mmol) in water
(40 mL) were added at 0°C to a solution of compound 31 (15.98 g,
47.1 mmol) in THF (400 mL) and water (100 mL). The reaction was first
stirred for 60 min at 0°C and then at ambient temperature for 24 h.
Acidification with HCI (2 M, 500 mL), extraction with CH,Cl, (3 x 300 mL),
drying of the combined organic layers over Na,SO,, evaporation of the
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solvents and trituration of the residue with pentane furnished the insoluble
auxiliary. The soluble carboxylic acid was purified by column chromatog-
raphy (pentane/Et,0 4:1, 1% acetic acid) affording compound ent-15
(6.36 g,95 %) as a colorless liquid. [a]® = + 7.4 (¢ =2.08, CH,Cl,); 'H NMR
(CDCl;, 300 MHz): 6 =10.50-10.00 (br's, 1H), 5.12-5.04 (m, 1H), 2.52—
2.28 (m, 2H), 2.19-2.08 (m, 1H), 1.67 (s, 3H), 1.59 (s, 3H), 1.14 (d, J =
6.9 Hz, 3H); *C NMR (CDCl;, 75.5 MHz): 0 =183.0, 134.0, 120.9, 39.8,
31.8,25.8,17.8,16.3; IR (KBr): v =2975, 2935, 2661, 1710, 1463, 1417, 1378,
1338, 1287, 1245, 1226, 1185, 1125, 1083, 1049, 933, 856, 812, 778, 625 cm™;
MS (EI): m/z (%): 142 (24) [M]*, 124 (2), 109 (1), 97 (3), 87 (5), 81 (5), 74
(17), 69 (100), 55 (10), 41 (55); HR-MS (EI): (CgH,,0,) calcd 142.0994;
found 142.0993.

(25)-2,5-Dimethylhex-4-enoyl chloride (ent-16): Chloroenamine 17 (7.30 g,
54.88 mmol)>l was slowly added through a syringe to a solution of acid ent-
15 (6.50 g, 45.78 mmol) in CH,Cl, (80 mL). After stirring for 90 min, the
solvent was evaporated in vacuo affording acid chloride ent-16 as a
colorless oil. The crude product was dissolved in THF (80 mL) and was
directly used in the next step.

(45)-4,7-Dimethyl-3-0x0-oct-6-enoic methyl ester (ent-18): A solution of
nBuLi (1.6 M in hexane, 109.0 mL, 174.4 mmol) was slowly added at —78°C
to a solution of diisopropylamine (22.60 mL, 159.4 mmol) in THF
(400 mL). The reaction mixture was stirred for 30 min at —20°C prior to
the slow addition of methyl acetate (12.70 mL, 159.4 mmol) at —78°C.
After stirring for 1 h, a solution of acid chloride ent-16 (45.78 mmol, crude)
in THF (80 mL) was added and the reaction mixture was quickly warmed to
ambient temperature. After 2 h the reaction was quenched by addition of
aq. sat. NH,Cl. Extraction with Et,O, drying of the combined organic
phases over Na,SO,, evaporation of the solvent and flash chromatography
(hexanes/ethyl acetate 15:1) afforded keto ester ent-18 as a colorless oil
(731 g, 81%). [a]® =+35.1 (c=1.54, CH,Cl,); according to NMR, the
product consists of a 9:1 mixture of keto-enol tautomers. NMR Data for
major form: '"H NMR (CD,Cl,, 300 MHz): 6 =5.09-5.02 (m, 1H), 3.69 (s,
3H), 3.47 (s, 2H), 2.69-2.58 (m, 1H), 2.36-2.24 (m, 1H), 2.14-2.02 (m,
1H), 1.69 (s, 3H), 1.61 (s, 3H), 1.07 (d, /=70 Hz, 3H); *C NMR (CD,Cl,,
75.5 MHz): 6 =206.6, 168.1, 134.4, 121.2, 52.4, 48.1, 472, 31.5, 25.8, 179,
15.8; IR (KBr): v=2971, 2934, 1752, 1715, 1653, 1626, 1450, 1438, 1405,
1377, 1318, 1237, 1195, 1155, 1119, 1039, 1006, 849, 842, 805, 778, 739, 703,
658 cm~!; MS (EI): m/z (%): 198 (18) [M]*, 180 (8), 166 (4), 143 (13), 130
(54), 125 (31), 109 (20), 101 (29), 96 (25), 81 (14), 74 (15), 69 (100), 55 (38),
41 (56); HR-MS (EI): (C;;H30;) calcd 198.1256; found 198.1254.
(3R,4S)-3-Hydroxy-4,7-dimethyl-oct-6-enoic methyl ester (ent-19): A
stainless steel autoclave (200 mL) was charged with a solution of compound
ent-18 (2.80 g, 14.12 mmol) in MeOH (80 mL). After addition of [((S)-
BINAP)RuCL],-NEt; (3.1 mm in THF, 18.4 mL, 0.057 mmol, 0.4 mol %)
the autoclave was pressurized with H, (4 atm) and the reaction mixture was
stirred for 4 h at 80°C. After venting the autoclave, the solvent was
removed in vacuo and the residue was purified by flash chromatography
(hexanes/ethyl acetate 6:1) affording product ent-19 (2.654 g, 94%) as a
colorless oil. [a]f =+20.5 (¢=129, CH,CL); 'H NMR (CD,Cl,,
300 MHz): 6 =5.14 (ddsept, J =78, 6.8, 1.4 Hz, 1H), 3.83 (dddd, J=9.5,
6.1,4.0,2.6 Hz, 1H), 3.68 (s,3H),2.82 (d,/=4.0 Hz, 1H), 2.50 (dd, /= 16.1,
29Hz, 1H),2.38 (dd, J=16.1,9.6 Hz, 1H), 2.15 (ddd, J =14.2, 6.8, 4.8 Hz,
1H), 1.89 (ddd, J=14.2, 8.6, 7.8 Hz, 1H), 1.70 (q, 1.3 Hz, 3H), 1.61 (d, /=
0.8 Hz, 3H), 1.59 (dddq, /=8.4, 6.1, 4.8, 6.8 Hz, 1H), 0.86 (d, J=6.8 Hz,
3H); BCNMR (CD,Cl,, 75.5 MHz): 6 =174.1, 133.0, 123.0, 72.0, 52.0, 39.6,
38.5,31.2,25.9,179, 15.3; IR (neat): v =3472, 2964, 2925, 2881, 1739, 1438,
1405, 1377, 1339, 1288, 1260, 1196, 1170, 1113, 1051, 1018, 990, 880,
846 cm~!; MS (EI): m/z (%): 200 (11) [M]*, 182 (55), 167 (9), 150 (14), 122
(40), 109 (62), 107 (56), 103 (24), 93 (25), 81 (22), 69 (84), 55 (57), 41 (100),
29 (37); HR-MS (EI): (C;;Hy,0;) caled 200.1412; found 200.1413.

(3R ,4S)-3-Methoxymethyl-4,7-dimethyl-oct-6-enoic methyl ester (ent-21):
N,N-Dimethylaminopyridine (284 mg, 2.33 mmol), diisopropylethylamine
(12.20 mL, 70.0 mmol) and MOMCI (5.31 mL, 70.0 mmol) were added to a
solution of compound ent-19 (4.67 g, 23.3 mmol) in CH,Cl, (500 mL).
Stirring at ambient temperature was continued for 40 h. After dilution with
ethyl acetate (600 mL), the organic phase was washed with brine (3 x
200 mL), dried over Na,SO,, evaporated, and the crude product was
purified by flash chromatography (hexanes/ethyl acetate 10:1) affording
ent-21 as a colorless syrup (5.11 g, 89 %). [a]® = +15.6 (¢ =1.90, CH,CL,);
'H NMR (CD,Cl,, 300 MHz): 6 =5.15-5.08 (m, 1H), 4.61 (s, 2H), 3.95—
3.87 (m, 1H), 3.65 (s, 3H), 3.30 (s, 3H), 2.44 (d, /=74 Hz, 1H), 2.43 (d,
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4.9 Hz, 1H), 2.08-1.95 (m, 1H), 1.88-1.75 (m, 2H), 1.70 (s, 3H), 1.60 (s,
3H), 0.86 (d, J=6.5Hz, 3H); *C NMR (CD,Cl,, 75.5 MHz): 6 =172.7,
133.0, 123.0, 96.7, 78.8, 55.8, 51.8, 37.7, 36.7, 31.5, 25.9, 17.9, 14.5; IR (KBr):
v=2962, 2932, 2889, 2824, 1742, 1673, 1437, 1378, 1343, 1290, 1272, 1214,
1194, 1173, 1150, 1100, 1043, 976, 919, 857, 821 cm~!; MS (EI): m/z (% ): 244
(<1) [M]+,212 (12),194 (3), 182 (18), 167 (3), 155 (4), 139 (6), 121 (19), 103
(23), 81 (9), 69 (33), 55 (24), 45 (100), 41 (25), 29 (9); HR-MS (CI):
(C3H,,0;5 + H) caled 245.1753; found 245.1754.
(5R,65)-5-Methoxymethyl-6,9-dimethyl-3-oxo-dec-8-enoic tert-butyl ester
(32): A solution of tert-butyl acetate (8.37 mL, 62.40 mmol) in THF
(20 mL) was slowly added to a solution of LIHMDS (10.44 g, 62.40 mmol)
in THF (200 mL) at —45°C. The temperature was raised to —30°C over a
period of 90 min. A solution of compound ent-21 (2.55 g, 10.43 mmol) in
THF (40 mL) was then added at —40°C. Stirring was continued for 3 h
while the temperature was increased to —30°C. Quenching of the reaction
with aq. sat. NH,Cl, extraction with Et,O, drying of the combined organic
phases over Na,SO,, evaporation of the solvent and flash chromatography
(hexanes/ethyl acetate 10:1) afforded product 32 as a colorless syrup
(326 g, 95%). [a]p) =+18.1 (c=1.29, CH,Cl,); according to NMR, the
product consists of a 13:1 mixture of the keto-enol tautomers. NMR Data
for the major keto form: 'H NMR (CD,Cl,, 300 MHz): 6 =5.16-5.08 (m,
1H), 4.58 (s, 2H), 4.01-3.94 (m, 1H), 3.37 (s, 2H), 3.29 (s, 3H), 2.73 (dd,
J=162, 8.7 Hz, 1H), 2.52 (dd, J=16.2, 3.2 Hz, 1H), 2.04-1.92 (m, 1H),
1.87-1.76 (m, 2H), 1.70 (s, 3H), 1.59 (s, 3H), 1.45 (s, 9H), 0.86 (d, J=
6.4 Hz, 3H); ¥C NMR (CD,Cl,, 75.5 MHz): 6 =202.5, 166.7, 133.0, 122.9,
96.7,81.9,77.7,55.9, 51.9, 44.4,37.6,31.7,28.1,25.9, 18.0, 14.5; IR (neat): v =
2975, 2931, 2824, 1738, 1717, 1643, 1456, 1408, 1393, 1369, 1319, 1286, 1253,
1212, 1150, 1099, 1040, 944, 919, 840 cm~'; MS (EI): m/z (%): 328 (<1)
[M]*+,296 (2), 266 (1), 240 (25), 223 (5), 210 (15), 181 (9), 139 (15), 123 (14),
109 (22), 97 (15), 81 (10), 69 (32), 57 (72), 45 (100), 41 (31), 29 (13); HR-MS
(CI): (C3H3,05 + H) caled 329.2328; found 329.2328.
(35,5R,65)-3-Hydroxy-5-methoxymethyl-6,9-dimethyl-dec-8-enoic rert-bu-
tyl ester (33): A stainless steel autoclave (50 mL) was charged with a
solution of keto ester 32 (827 mg, 2.52 mmol) in MeOH (20 mL). After
addition of [((S)-BINAP)RuClL,],-NEt; (3.1mm in THF, 10mL,
0.031 mmol, 1.3 mol %) the autoclave was pressurized with H, (80 atm)
and the reaction mixture was stirred for 6.5 h at 25°C. After the autoclave
had been vented, the solvent was removed in vacuo and the residue was
purified by flash chromatography (hexanes/ethyl acetate 4:1) affording
product 33 (777 mg, 93%) as a colorless syrup. [a]d =+41.5 (¢=1.20,
CH,Cl,); 'HNMR (CD,Cl,, 300 MHz): 6 =5.16-5.08 (m, 1H), 4.67 (d, /=
6.8 Hz, 1H), 4.60 (d, J=6.8 Hz, 1H), 4.15-4.06 (m, 1H), 3.67-3.60 (m,
1H), 3.55-3.30 (brs, 1H), 3.36 (s, 3H), 2.41 (dd, J=15.7,4.6 Hz, 1H), 2.32
(dd, J=15.7, 79 Hz, 1H), 1.98-1.78 (m, 3H), 1.70 (s, 3H), 1.69-1.41 (m,
2H), 1.60 (s, 3H), 1.44 (s, 9H), 0.86 (d, J = 6.4 Hz, 3H); *C NMR (CD,Cl,,
75.5 MHz): 6 =172.0,132.8,123.2, 96.0, 81.0, 80.5, 67.8, 56.1, 43.2, 36.8, 36.5,
31.7,28.2,25.9,18.0, 14.1; IR (KBr): v =3468, 2971, 2932, 1729, 1632, 1455,
1392, 1368, 1340, 1302, 1258, 1214, 1151, 1097, 1034, 951, 917, 844, 774 cm™};
MS (EI): m/z (%): 330 (< 1) [M]*, 242 (29), 224 (14), 212 (42), 183 (20), 145
(38), 123 (13), 115 (61), 95 (21), 81 (14), 69 (44), 57 (63), 45 (100); HR-MS
(CI): (C3H3,05 + H) caled 331.2484; found 331.2485.
(3R,5R,6S)-5-Methoxymethyl-6,9-dimethyl-dec-8-ene-1,3-diol (34):
LiAlH, (1.72 g, 45.3 mmol) was added to a solution of compound 33
(5.01 g, 15.1 mmol) in Et,0 (600 mL) at 0°C. Careful addition of aq. sat.
NH,CI (100 mL) after 6 h, extraction with Et,O (3 x 150 mL), drying of the
combined organic phases over Na,SO,, evaporation of the solvent and flash
chromatography of the residue (hexanes/ethyl acetate 1:1 — 1:2) afforded
diol 34 as a colorless syrup (3.56 g,90%). [¢]¥ = +51.1 (c=1.19, CH,CL,);
'"H NMR (CD,Cl,, 300 MHz): 6 =5.15-5.07 (m, 1H), 4.67 (d, J=6.6 Hz,
1H), 4.62 (d, /] =6.6 Hz, 1H), 4.05-3.95 (m, 1H), 3.81-3.65 (m, 4H), 3.37
(s, 3H), 3.20-2.85 (br's, 1H), 1.98-1.78 (m, 3H), 1.74-1.61 (m, 3H), 1.70
(s,3H), 1.59 (s,3H), 1.55-1.46 (m, 1H), 0.86 (d, /= 6.0 Hz, 3H); C NMR
(CD,Cl,, 75.5 MHz): 0 =132.9, 123.1, 95.9, 81.9, 72.2, 61.6, 56.2, 39.3, 36.8,
36.7,31.9, 25.8,17.9, 13.8; IR (neat): v = 3386, 2961, 2931, 2888, 1658, 1442,
1377,1212, 1151, 1097, 1037, 969, 918, 864, 822, 724 cm~'; MS (EI): m/z (%):
260 (<1) [M]*, 228 (5), 210 (2), 198 (8), 183 (10), 165 (2), 141 (7), 124 (8),
110 (14), 101 (43), 95 (17), 83 (17), 69 (34), 55 (29), 45 (100), 41 (25),29 (12);
HR-MS (CI): (C;,H50,4+ H) caled 261.2066; found 261.2065.
(38,58,6R)-1-(4-Methoxybenzyl)-5-methoxymethyl-6,9-dimethyl-dec-8-en-
3-0l (35): A solution of diol 34 (2.074 g, 7.96 mmol) in DMF (70 mL) was
added to a suspension of NaH (768 mg, 32.0 mmol) in DMF (100 mL). The
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mixture was stirred for 75 min before PMBCI (1080 pL, 7.96 mmol) was
added through a syringe. After stirring for another 90 min, the reaction was
quenched with diethylamine (1 mL), the mixture was diluted with ethyl
acetate (200 mL) and the organic phase was washed with brine (3 x 50 mL).
Drying over Na,SO,, evaporation of the solvent and flash chromatography
(hexanes/ethyl acetate 2:1) gave product 35 as a colorless syrup (2.29 g,
76%). [a]® =+26.0 (c =132, CH,Cl,); '"H NMR (CD,Cl,, 300 MHz): 6 =
725 (d, J=8.6 Hz, 2H), 6.86 (d, /=8.6 Hz, 2H), 5.16-5.07 (m, 1H), 4.67
(d, J=6.7Hz, 1H), 4.60 (d, /=6.6 Hz, 1H), 4.42 (s, 2H), 3.94-3.84 (m,
1H), 3.79 (s, 3H), 3.69-3.53 (m, 3H), 3.50-3.25 (brs, 1H), 3.36 (s, 3H),
1.97-1.49 (m, 7H), 1.71 (s, 3H), 1.59 (s, 3H), 0.86 (d, /=6.3 Hz, 3H);
BC NMR (CD,Cl,, 75.5 MHz): 6 =159.6, 132.7, 131.0, 129.6, 123.3, 114.0,
95.9,81.1,73.1,69.7, 68.3, 56.1, 55.5, 37.5, 37.1, 36.8, 31.8, 25.9, 17.9, 14.1; IR
(KBr): v =3463, 2930, 1613, 1586, 1514, 1463, 1442, 1375, 1302, 1248, 1210,
1173, 1152, 1096, 1036, 969, 917, 821, 773, 756, 707, 637, 571, 518 cm~'; MS
(EX): m/z (%): 380 (< 1) [M]*+, 348 (1), 247 (1), 227 (2), 197 (4), 176 (2), 151
(1), 137 (13), 121 (100), 101 (7), 69 (7), 55 (4), 45 (15); HR-MS (CI):
(C,,H3405+ H) caled 381.2641; found 381.2640.

2-Allyl-6-methoxy-benzoic acid (1S,3R,4S5)-1-[2-(4-methoxybenzyl)-eth-
yl]-3-methoxymethyl-4,7-dimethyl-oct-6-enyl ester (36¢): A solution of
alcohol 35 (1.582 g, 4.16 mmol) and PPh; (1.63 g, 6.21 mmol) in Et,0
(40 mL) was added dropwise to a solution of the carboxylic acid 12 (1.20 g,
6.21 mmol)?"! and DEAD (970 pL, 6.21 mmol) in Et,0 (50 mL). After
stirring for 20 h, the mixture was concentrated to a volume of ca. 10 mL and
precipitated triphenylphosphine oxide was filtered off. Drying of the
filtrate over Na,SO,, evaporation of the solvent, and flash chromatography
(hexanes/ethyl acetate 20:1) afforded ester 36¢ as a colorless syrup (2.10 g,
93%). [a]f =+15.1 (¢=1.02, CH,ClL); 'H NMR (CD,Cl,, 300 MHz): 6 =
11.09 (s, 1H), 731 (dd, J=8.0, 7.5 Hz, 1H), 721 (d,J = 8.6 Hz, 2 H), 6.84 (d,
J=8.0Hz, 1H), 6.81 (d,/=8.6 Hz,2H), 6.73 (d, /=75 Hz, 1 H), 5.98 (ddt,
J=171,10.2,6.1 Hz, 1H), 5.62-5.53 (m, 1 H), 5.12-5.05 (m, 1 H), 5.01 (dd,
J=10.2, 1.6 Hz, 1H), 4.93 (dd, /=171, 1.6 Hz, 1H), 4.64 (d, J=6.8 Hz,
1H), 4.55 (d,/=6.8 Hz, 1H), 4.38 (s, 2H), 3.76 (s, 3H), 3.69 (d, J=6.0 Hz,
1H), 3.64 (d, J=6.0 Hz, 1H), 3.60—3.49 (m, 3H), 3.33 (s, 3H), 2.12-1.48
(m, 7H), 1.63 (s, 3H), 1.56 (s, 3H), 0.87 (d, J=6.4 Hz, 3H); °C NMR
(CD,Cl,,75.5 MHz): 6 =171.1, 162.7,159.6, 143.0, 138.3, 134.3, 132.8, 130.8,
129.6,123.1,122.7,116.3, 115.5, 113.9, 113.3, 96.9, 78.5, 73.0, 72.4, 66.8, 55.5,
54.5,40.3, 374, 35.5, 35.2, 31.8, 25.7, 179, 13.8; IR (neat): v =3374, 3059,
2960, 2928, 1723, 1656, 1608, 1578, 1514, 1450, 1374, 1302, 1249, 1222, 1165,
1098, 1039, 999, 917, 818, 767, 712, 573 cm™~'; MS (EI): m/z (%): 540 (<1)
[M]*, 508 (2),387 (1), 330 (1), 298 (2), 211 (2), 179 (3), 161 (7), 139 (1), 121
(100), 109 (1), 69 (4), 45 (10); HR-MS (ESI pos): (C33HyO; + Na) caled
577.3141; found 577.3143.

(78,9R,10S)-4-Methoxy-7-[ 2-(4-methoxybenzyl)-ethyl]-9-methoxymethyl-
10-methyl-7,8,9,10,11,14-hexahydro-6-oxa-benzocyclododecen-5-one

(37¢): Complex 24 (68 mg, 10 mol % ) was added to a solution of diene 36¢
(R=Me, 450 mg, 0.811 mmol) in toluene (600 mL) at 80°C. The reaction
was stopped after 90 min upon addition of ethoxy-ethene (5 mL).
Evaporation of the solvent and chromatography (hexanes/Et,O 4:1) on a
pre-packed column (LiChroprep Si 60, size A, E. Merck, Darmstadt,
Germany) afforded compound (E)-37¢ (246 mg, 61%) and (Z)-37¢
(130 mg, 32%). (E)-37c: [a]f =-21.0 (c=10, benzene); 'H NMR
(C¢Dg, 300 MHz): 0 =740 (d, J=8.6 Hz, 2H), 7.05 (t, J=8.0 Hz, 1H),
6.91 (d, J=8.5Hz, 2H), 6.66 (d, /=76 Hz, 1H), 6.45 (d, J=8.5 Hz, 1H),
6.01-5.90 (m, 1H), 5.58-5.31 (m, 2H), 5.13 (d, J=6.7 Hz, 1H), 4.91 (d,
J=6.7Hz,1H),4.54 (m, 1H),4.42 (s,2H), 3.88-3.76 (m, 3H), 3.45 (s, 3H),
3.41 (s,3H),3.33-3.20 (m, 1 H), 3.28 (s, 3H), 2.25-2.08 (m, 4H), 1.84 - 1.67
(m, 3H), 0.97 (d, J=6.0 Hz, 3H); C NMR (C¢Dy, 75.5 MHz): 6 =168.5,
160.2, 157.6, 140.1, 132.1, 132.0, 130.3, 129.5, 126.4, 123.5, 97.7, 80.1, 73.3,
72.6,67.3,55.9,55.5,55.3,38.6, 38.5,37.7,36.9, 34.9, 27.6, 14.1; IR (neat): v =
3067, 2956, 2932, 2839, 1724, 1584, 1513, 1468, 1301, 1274, 1249, 1204, 1154,
1117, 1085, 1040, 972 cm~"; MS (EI): m/z (%): 498 (< 1) [M]*, 300 (10), 189
(6), 187 (7), 176 (10), 121 (100), 95 (3), 45 (26); HR-MS (ESI pos):
(CyH330,+Na) caled 521.2515; found 521.2514. (Z)-37¢: [a]f =—18.5
(¢=1.0, benzene); 'H NMR (C4Dy, 300 MHz): 6 =741 (d, J=8.5 Hz, 2H),
711 (t, J=77Hz, 1H), 6.92 (d, J=8.5Hz, 2H), 6.72 (d, J=77 Hz, 1H),
6.50 (d, J=8.5Hz, 1H), 5.94-5.89 (m, 1H), 5.52-5.36 (m, 2H), 4.98 (d,
J=6.7Hz, 1H), 4.84 (d, J=6.7 Hz, 1H), 4.45 (s, 2H), 420-4.12 (m, 2H),
3.72-3.60 (m, 2H), 3.42 (s, 3H), 3.39 (s, 3H), 3.36 (s, 3H), 2.23-1.98 (m,
4H), 1.90-1.67 (m, 3H), 1.02 (d, /J=6.6 Hz, 3H); “C NMR (C¢Ds,
75.5 MHz): 6 =167.0, 160.1, 158.1, 140.8, 131.9, 130.9, 130.1, 130.0, 129.5,
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123.4,114.5,110.5, 97.7,78.4, 73.5, 72.6, 67.2, 60.6, 56.1, 55.8, 55.2, 37.2, 37.1,
36.6,33.4,32.7,14.1; IR (neat): v =3068, 2957, 2933, 1730, 1612, 1598, 1584,
1514, 1469, 1440, 1374, 1265, 1250, 1154, 1115, 1066, 1039 cm~!; MS (EI):
miz (%): 498 (<1) [M]*, 330 (5), 317 (8), 300 (10), 189 (7), 176 (12), 121
(100), 45 (27); HR-MS (CI): (C,0H330;) caled 499.269; found 499.2697.
(Z)-Hept-2-en-4-ynoic methyl ester (40): A suspension of 1-butynyl-
lithium (0.78 g, 13.0 mmol) in THF (15 mL) was treated at —50°C with a
solution of anhydrous zinc chloride (2.04 g, 15.0 mmol) in THF (20 mL).
The resulting mixture was allowed to warm to ambient temperature. Ester
39 (2.12 g, 10.0 mmol) and a solution of [Pd(PPh;),] (232 mg, 0.2 mmol,
2 mol %) in THF (20 mL) were subsequently added. The reaction mixture
was stirred for 3 h and quenched by the addition of water. The aqueous
layer was repeatedly extracted with Et,O, the combined organic phases
were washed with brine, dried over Na,SO, and evaporated. Flash
chromatography (pentane/Et,O 30:1) afforded product 40 (1.24 g, 90%)
as a colorless liquid. '"H NMR (CD,Cl,, 300 MHz): 6 =6.13 (dt, /=115,
2.3 Hz,1H), 6.01 (d,/=11.5 Hz, 1H), 3.71 (s, 3H), 2.43 (qd, /=75, 2.3 Hz,
2H), 119 (t, J=75Hz, 3H); *C NMR (CD,Cl,, 75.5 MHz): 6 =165.4,
1274, 1242, 105.4, 773, 51.5, 14.0, 13.7; IR (neat): v =3018, 2980, 2950,
2918, 2880, 2211, 1730, 1717, 1611, 1437, 1404, 1291, 1234, 1195, 1177,
817 cm™'; MS (EI): m/z (%): 138 (100) [M]*, 137 (28), 123 (31), 110 (14),
107 (48), 95 (36), 79 (38), 77 (41), 67 (37), 78 (12), 77 (41), 67 (37), 63 (13),
51 (20), 39 (12); HR-MS (EI): (CgH,(0,) calcd 138.0681; found 138.0681;
elemental analysis calcd for CgH,,O, (138.17): C 69.55, H 7.30; found C
69.50, H 7.26.

(2Z,4Z)-Hepta-2,4-dienoic methyl ester (41): Quinoline (21 pL, 8 mol %)
and alkyne 40 (291 mg, 2.109 mmol) were dissolved in CH,Cl, (30 mL).
Commercially available Lindlar catalyst (105 mg, 3 mol % ) was added and
the resulting suspension was stirred for 50 min under an atmosphere of H,
(1 atm). The catalyst was filtered off through a pad of Celite, the solvent
was evaporated and the residue was purified by flash chromatography
(pentane/Et,0 30:1) affording diene 41 (237 mg, 80 % ) as a colorless liquid.
'"H NMR (CD,Cl,, 300 MHz): 6 =721 (dd, J=11.4, 1.2 Hz, 1 H), 6.95 (dd,
J=11.7,0.8 Hz, 1H), 5.98-5.86 (m, 1H), 5.66 (d, /=11.4 Hz, 1H), 3.69 (s,
3H), 2.36-2.22 (m, 2H), 1.03 (t, J=75Hz, 3H); *C NMR (CD,Cl,,
75.5 MHz): 6 =167.1, 143.6, 139.2, 124.0, 1172, 51.3, 21.2, 14.1; IR (neat):
v=3053, 2968, 2876, 1720, 1631, 1592, 1444, 1365, 1231, 1194, 1175,
1132 ecm™!; MS (GC-EI): m/z (%): 140 (17) [M]*, 111 (100), 109 (19), 81
(48), 80 (12), 79 (39), 53 (20), 41 (18), 39 (20), 27 (10); HR-MS (EI):
(CsH,,0,) caled 140.0837; found 140.0837.

(2Z,47Z)-Hepta-2,4-dienoic acid amide (42): Compound 41 (300 mg,
2.141 mmol) was added to aq. ammonium hydroxide (50 mL, 30%). The
reaction mixture was stirred at ambient temperature for 4 days. The
resulting mixture was extracted with ethyl acetate, the combined organic
layers were dried over Na,SO, and evaporated. The residue was purified by
flash chromatography (ethyl acetate) to afford amide 42 (167 mg, 62 %) as
a white solid. "H NMR (CDCl;, 300 MHz): 6 =7.22-7.12 (m, 1 H), 6.77 (dd,
J=11.6,11Hz, 1H),5.95-5.55 (brs,2H), 5.88-5.77 (m, 1H), 5.62 (d, J =
11.5 Hz, 1H), 2.23 (dtd, /=152, 7.5, 1.6 Hz, 2H), 1.02 (t, /=75 Hz, 3H);
BC NMR (CDCl;, 75.5 MHz): 6 =168.6, 141.9, 136.2, 123.6, 119.3, 20.7,
13.9; IR (KBr): v = 3403, 3198, 3009, 2967, 2933, 1653, 1607, 1591, 1457, 1327,
808 cm~!'; MS (GC-EI): m/z (%): 125 (6) [M]*+, 110 (3), 96 (100), 81 (15), 67
(12), 53 (12), 41 (17), 27 (12); elemental analysis calcd for C;H;;NO
(125.17): C 67.17, H 8.86, N 11.19; found C 67.26, H 8.81, N 11.12.
(78,9R,108,12E)-7-(2-Hydroxyethyl)-4-methoxy-9-methoxymethoxy-10-
methyl-7,8,9,10,11,14-hexahydro-6-oxa-benzocyclododecen-5-one (47): A
solution of compound 37c¢ (420 mg, 0.843 mmol) and DDQ (239 mg,
1.053 mmol) in water (1 mL) and CH,Cl, (18 mL) was stirred at ambient
temperature for 12 h. The reaction was diluted with ethyl acetate (40 mL)
and filtered through a pad of Celite, the filtrate was evaporated and the
residue was purified by flash chromatography (hexane/ethyl acetate 1:1)
affording compound 47 as a colorless syrup (300 mg, 94%). [a]® = —34.5
(¢=1.0, CHCl;); '"H NMR (CD,Cl,, 300 MHz): 6 =7.14 (t,J =77 Hz, 1 H),
6.73 (d,J=77Hz, 1H), 6.68 (d, /=77 Hz, 1H), 5.36-5.30 (m, 2H), 5.25-
5.20 (m, 2H), 4.68 (q, J=6.7 Hz, 2H), 4.02-3.93 (m, 2H), 3.69 (s, 2H),
3.68-3.52 (m, 2H), 3.30 (s, 3H), 3.25-3.22 (m, 1H), 1.79-1.58 (m, 4H),
1.36-1.27 (m, 2H), 1.15-1.06 (m, 2H), 0.74 (d, J = 6.6 Hz, 3H); *C NMR
(CD,Cl,,75.5 MHz): 6 =168.5,156.6,139.5,131.8,130.4, 128.8, 125.0, 123 .4,
109.7, 97.0, 79.6, 73.1, 59.5, 56.0, 55.7, 39.5, 38.1, 38.0, 36.2, 34.4, 13.5; IR
(neat): v =3438, 3068, 2956, 2930, 2843, 1723, 1597, 1584, 1468, 1439, 1275,
1119, 1085, 1071, 1038, 972 cm~!; MS (EI): m/z (%): 378 (3) [M]*, 346 (9),
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316 (12), 315 (10), 260 (9), 259 (13), 228 (16), 215 (21), 204 (12), 189 (18),
187 (49), 186 (13), 177 (11), 175 (24), 174 (20), 163 (15), 162 (39), 161 (27),
159 (13), 153 (1), 148 (12), 115 (16), 55 (18), 45 (100), 43 (13); HR-MS (ESI
pos): (C,;H;3,O¢ + Na) caled 401.1940; found 401.1942.

(7S,9R,108,12E)-(4-Methoxy-9-methoxymethoxy-10-methyl-5-oxo-
7,8,9,10,11,14-hexahydro[ SH]-6-0xa-b yclododecen-7-yl)-acetald
hyde (48): Dess—Martin periodinane (403 mg, 0.950 mmol) was added at
0°C to a solution of alcohol 47 (300 mg, 0.793 mmol) in CH,Cl, (60 mL).
The solution was allowed to warm to room temperature and stirred for
18 h. The reaction was diluted with ethyl acetate (50 mL) and quenched by
the addition of sat. aq. NaHCO; (50 mL) and sat. aq. Na,S,0; (50 mL). The
mixture was vigorously stirred until a clear solution resulted. The aqueous
layer was repeatedly extracted with ethyl acetate, the combined organic
phases were washed with brine, dried over Na,SO, and evaporated. Flash
chromatography (hexane/ethyl acetate 4:1) furnished aldehyde 48 (260 mg,
87%) as a colorless syrup. [a]®) =—42.7 (¢=2.0, benzene); 'H NMR
(C¢Dg, 300 MHz): 6 =9.65 (dd, J=4.0,0.8 Hz, 1 H), 7.00 (t,/ = 7.8 Hz, 1H),
6.62 (d,/=78Hz,1H),6.38 (d,/ =78 Hz,1H), 6.11 (m, 1 H), 5.41 (m, 1H),
5.10 (d, J=6.8 Hz, 1H), 494 (d, J=6.8 Hz, 1H), 4.50 (m, 1H), 4.01 (q,
73 Hz, 1H), 3.84 (m, 1H), 3.42 (s, 3H), 3.39 (s, 3H), 2.52 (m, 1H), 2.23 -
2.06 (m, 3H), 1.75-1.65 (m, 2H), 1.43-1.33 (m, 2H), 0.93 (d, J=6.6 Hz,
3H); ®C NMR (C¢Dg, 75.5 MHz): 6=199.9, 168.4, 156.7, 139.8, 132.1,
130.5, 129.6, 123.2, 109.9, 97.9, 80.0, 70.2, 55.9, 55.5, 49.9, 38.5, 38.4, 36.5,
35.1,27.6,14.0; IR (neat): v = 3497, 3068, 2957, 2930, 2733, 1728, 1597, 1584,
1469, 1439, 1274, 1254, 1147, 1116, 1085, 1037, 971 cm™'; MS (EI): m/z (%):
376 (3) [M]*, 314 (22), 259 (17), 228 (11), 215 (18), 188 (10), 187 (47), 186
(13), 175 (11), 174 (14), 163 (11), 162 (13), 161 (14), 159 (12), 148 (11), 115
(13), 55 (11), 45 (100); HR-MS (ESI pos): (C,;H304 + Na) caled 399.1784;
found 399.1783.

(78,9R,108,12E)-7-(3-Iodoallyl)-4-methoxy-9-methoxymethoxy-10-methyl-
7,8,9,10,11,14-hexahydro-6-oxa-benzocyclododecen-5-one (49): To a slurry
of flame-dried CrCl, (1018 mg, 8.283 mmol) in THF (5 mL) was added a
solution of aldehyde 48 (260 mg, 0.691 mmol) and iodoform (1.10g,
2.794 mmol) in 1,4-dioxane (30 mL). The resulting brown solution was
stirred at ambient temperature for 16 h, diluted with Et,O (40 mL), and
poured into water (ca. 40 mL). The aqueous layer was separated, saturated
with NaCl, and extracted with Et,0 (50 mL, in several portions). The
combined organic phases were washed with brine, dried over Na,SO,,
filtered, and evaporated. Purification of the residue by flash chromatog-
raphy (hexanes/ethyl acetate 10:1) gave product 49 (302 mg, 87 %) as a
syrup (9:1 mixture of E:Z isomers). [a]d =—375 (c=1.0, benzene);
"H NMR (C4Dg, 300 MHz): 6 =7.05 (t, J=7.6 Hz, 1H), 701 -6.89 (m, 1 H),
6.65 (d, J=76 Hz, 1H), 6.47 (d, J=7.6 Hz, 1H), 5.89 (d, J=5.5 Hz, 1H),
5.57 (m, 1H), 5.49-5.39 (m, 1H), 5.08 (d, J=6.8 Hz, 1H), 4.88 (d, /=
6.8 Hz, 1H),4.46 (d, /= 6.8 Hz, 1H), 3.90 (q, /= 7.0 Hz, 1H), 3.85 (m, 1H),
3.53 (s, 3H), 3.40 (s, 3H), 2.36-2.07 (m, 3H), 1.79-1.32 (m, 5H), 0.95 (d,
J=6.6 Hz, 3H); *C NMR (C,Dg, 75.5 MHz): 6 =168.4, 157.7, 143.2, 139.9,
132.0, 130.4, 129.4, 123.4, 110.2, 97.8, 97.7, 80.0, 77.9, 73.8, 56.3, 55.9, 43.2,
38.5,38.4,34.9,35.1, 14.0; IR (neat): v =3425, 2956, 2929, 2840, 1726, 1658,
1597, 1584, 1468, 1438, 1424, 1274, 1117, 1085, 1040, 972; MS (EI): m/z (%):
500 (5) [M]*, 455 (22), 438 (19), 307 (12), 275 (10), 260 (13), 259 (34), 245
(15), 229 (10), 228(13), 227 (18), 215 (24), 213 (11), 204 (10), 199 (13), 189
(11), 187 (41), 186 (13), 185 (11), 177 (11), 175 (13), 174 (12), 173 (10), 163
(17), 162 (13), 161 (23), 159 (13), 148 (10), 115 (15), 91 (11), 67 (12), 55 (13),
45 (100); elemental analysis caled for C,,H,,105 (500.38): C 52.81, H 5.84;
found C 52.70, H 5.77.

(78,9R,10S,12E)-4,9-Dihydroxy-7-(3-iodoallyl)-10-methyl-7,8,9,10,11,14-

hexahydro-6-oxa-benzocyclododecen-5-one (50): A solution of BBr; (Imin
CH,(Cl,, 450 uL) was added dropwise at — 78 °C to a solution of compound
49 (90 mg, 0.179 mmol) in CH,Cl, (20 mL). The resulting brownish red
solution was stirred at that temperature for 1 h and allowed to warm to
room temperature. The reaction was quenched by the addition of water
(50 mL). The aqueous layer was extracted with CH,Cl,, the organic
extracts were washed with brine, dried over Na,SO, and evaporated.
Purification of the residue by flash chromatography (hexanes/ethyl acetate
4:1) afforded product 50 (70 mg, 88%) as a colorless wax. [a]¥ =—31.5
(¢=1.0, benzene); '"H NMR (CD;0D, 300 MHz): 6 =720 (t, J=7.6 Hz,
1H),6.91-6.37 (m,3H), 6.36 (d, /= 14.5 Hz, 1 H), 5.44-5.40 (m, 3H), 4.92
(s, 2H), 425 (d, J=8.5Hz, 1H), 3.72-3.62 (m, 2H), 2.58-2.48 (m, 3H),
1.89-1.81 (m, 3H), 142 (m, 1H), 0.94 (d, J=6.6 Hz, 3H); *C NMR
(CD;OD, 75.5 MHz): 6 =172.7,158.5,145.4,142.3, 140.6, 133.7,133.2, 132.2,

5296 ——

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

125.1,124.1, 116.9, 79.4, 76.8, 73.7, 44.9, 40.7, 40.2, 38.9, 15.2; IR (neat): v =
3433, 2958, 2914, 1691, 1652, 1605, 1589, 1465, 1295, 1268, 1249, 1216, 1126,
1066, 1028, 968; MS (EI): m/z (%): 442 (12) [M]*, 425 (12), 424 (17), 295
(10,276 (14), 275 (12), 257 (14), 251 (25), 239 (11), 232 (31), 231 (519), 230
(14), 213 (17), 203 (11), 202 (14), 201 (18), 192 (14), 191 (24), 190 (20), 185
(15), 176 (17), 175 (32), 175 (38), 173 (68), 172 (100), 167 (13), 163 (11), 162
(16), 161 (27), 160 (23), 159 (15), 152 (11), 151 (14), 150 (14), 149 (29), 148
(33), 147 (25), 145 (22), 144 (11), 135 (11), 134 (17), 133 (10), 132 (11), 131
(15), 128 (13), 127 (22), 117 (11), 116 (20), 115 (28), 109 (11), 107 (14), 105
(17), 95 (19), 91 (17), 83 (23), 81 (21), 79 (17), 78 (10), 77 (17), 69 (16), 68
(13), 67 (31), 66 (21), 65 (11), 57 (17), 55 (40), 53 (14), 43 (31), 41 (41), 39
(19), 29 (19); HR-MS (EI): (C,H,I0,) calcd 442.0641; found 442.0637.

Salicylihalamide (1a, b): An oven-dried Schlenk flask was charged with
amide 42 (25 mg, 0.202 mmol), CuTC (13 mg, 0.068 mmol) and Rb,CO;
(46 mg, 0.202 mmol). Anhydrous DMA (1 mL) was added, the resulting
suspension was carefully degassed in vacuo, compound 50 (30 mg,
0.068 mmol) was introduced, and degassing was repeated prior to heating
the mixture to 90 °C for 2 h under argon. The red slurry was cooled to room
temperature and diluted wit Et,O, the organic phase was washed with pH 7
buffer, the aqueous layer was extracted twice with Et,O, the combined
organic phases were dried over Na,SO, and evaporated. The residue was
purified by preparative HPLC (Shimadzu LC-8; column: 125/20 mm
BIAX; eluent: MeOH/H,O 7:3) giving both isomers of the title compound
(17 mg, 57 %, 1a:1b ~2.5:1) as colorless solids. Spectroscopic data of 1a:
[a]® =—33.0 (¢c=1.0, benzene); 'H NMR (CD;OD, 300 MHz): 6 =7.34 (t,
J=10.8 Hz, 1H), 7.17 (t,/ =7.5 Hz, 1H), 6.91 (t,/=11.8 Hz, 1H), 6.87 (d,
J=133Hz, 1 H), 6.77 (d, J=7.8 Hz, 1H), 6.70 (J=7.5 Hz, 1H), 5.85 (m,
1H),5.73 (d,/=11.5Hz, 1H), 5.52-5.34 (m, 4H), 4.15 (dd, J =8.7,3.3 Hz,
1H), 3.59 (dd, J=16.4, 7.3 Hz, 1H), 3.39 (m, 1H), 2.46 (m, 1 H), 2.37-2.28
(m, 4H), 1.97-1.74 (m, 3H), 1.41 (m, 1H), 1.07 (t, J =7.5 Hz, 3H), 0.90 (d,
J=6.7Hz, 3H); C NMR (CD;OD, 75.5 MHz): 6 =172.3, 1671, 158.4,
143.8,141.9,141.2,138.9,132.9,132.8, 131.9, 127.4, 126.5, 123.6, 121.5, 116.5,
111.6,77.2,73.2, 40.1, 40.0, 39.7, 38.7, 37.8, 22.7, 15.5, 14.8; MS (EI) m/z (%)
439 (14) [M]*, 192 (20), 191 (19), 173 (9), 149 (9), 127 (9), 109 (100), 108
(13), 83 (27), 82 (33), 81 (73), 79 (20), 57 (12), 56 (15), 55 (15), 53 (13), 41
(17); spectroscopic data of 1b: [a]¥ =—65.0 (c=0.5, benzene); 'H NMR
(C¢Dg, 300 MHz): 6 =8.03 (t, /J=11.8 Hz, 1H), 7.86 (d, /=11.2, 1H), 7.38
(t,J=10.5Hz, 1H), 7.04 (m, 1H), 6.73 (t,/ =11.6 Hz, 1H), 6.57 (dd, J =7.0,
3.0 Hz, 1H), 5.73 (m, 1H), 5.59 (d, J=11.4, 1H), 5.45-5.17 (m, 3H), 4.69
(q,/=8.2Hz,1H),3.64 (dd,/=16.6,5.1 Hz, 1 H), 3.53 (d,/=7.7 Hz, 1 H),
3.43 (d,J=16.5Hz, 1 H), 2.30-2.00 (m, 4H), 1.91-1.73 (m, 3H), 1.65 (m,
1H), 1.45 (s, 1H), 1.34 (dd, J=15.0, 8.0 Hz, 1 H), 0.93 (d, J=6.8 Hz, 3 H),
0.87 (m, 3H). The analytical data are in full agreement with those
previously reported.['*]

Enamide formation—Model reactions

(2Z,4Z)-Heptadienoic acid [2-(3-methoxyphenyl)-vinyl]-amide (44a): An
oven-dried Schlenk flask was charged with amide 42 (43 mg, 0.345 mmol),
CuTC (7 mg, 0.035 mmol) and Rb,CO; (32 mg, 0.138 mmol). Anhydrous
DMA (1 mL) was added, the resulting suspension was degassed, vinyl
iodide 43a (18 mg, 0.069 mmol) was introduced and the degassing
procedure was repeated prior to heating the mixture to 90 °C for 3 h under
argon. The red slurry was cooled to room temperature, diluted with Et,O
and washed with pH 7 buffer. The aqueous phase was extracted twice with
Et,0, the combined organic layers were dried over Na,SO, and evaporated.
The residue was purified by flash chromatography (hexanes/ethyl acetate
10:1) affording compound 44a (16 mg, 89 %) as a colorless oil. Mixture of
isomers (E:Z=2:1); data of the major isomer: 'H NMR (CD,Cl,,
300 MHz): 6 =7.63-7.51 (m, 2H), 7.39-7.31 (m, 1H), 7.19 (t, 1H), 6.95—
6.87 (m,2H), 6.72 (d,/ =79 Hz, 1H), 6.12 (d,/=14.1 Hz, 1H), 5.92 (q, /=
9.6 Hz, 1H), 5.64 (d, J=113 Hz, 1H), 5.53 (d, /=113 Hz, 1H), 3.79 (s,
3H), 2.32-220 (m, 2H), 1.01 (t, J=75Hz, 3H); *C NMR (CD,Cl,,
75.5 MHz): 6 =163.7, 160.6, 143.4, 138.4, 138.0, 130.1, 124.4, 123.6, 119.3,
1187, 112.9, 112.8, 111.1, 55.7, 21.3, 14.3; IR (neat): v =3273, 3179, 3070,
2999, 2964, 2932, 2873, 1640, 1596, 1523, 1492, 1464, 1434, 1309, 1261, 1217,
1190, 1158, 1047, 954, 863, 810, 776, 712, 689 cm~'; MS (EI): m/z (%): 257
(60) [M]+, 228 (9), 149 (100), 109 (91), 81 (68).

(2Z,AZ)-Heptadienoic acid [2-(3-hydroxyphenyl)-vinyl]-amide (44b): The
reaction was performed as described above using amide 42 (38 mg,
0.305 mmol), CuTC (5 mg, 0.030 mmol), Rb,CO; (42 mg, 0.183 mmol), and
3-(2-iodo-vinyl)-phenol 43b (15 mg, 0.061 mmol). A standard extractive
work-up followed by flash chromatography (hexanes/ethyl acetate 4:1)
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afforded compound 44b (13 mg, 86%) as a colorless syrup. 'H NMR
(CD,Cl,, 300 MHz): 6 =7.54-7.46 (m, 2H), 7.31 (m, 1H), 7.07 (t,/ =77 Hz,
1H), 6.89-6.76 (m, 2H), 6.60 (d, /=77 Hz, 1H), 6.03 (d, /=142 Hz, 1 H),
5.87 (q, J=77Hz, 1H), 5.76 (s, 1H), 5.61 (d, J=11.5Hz, 1H), 2.20 (m,
2H), 1.12 (t, J=6.5Hz, 3H); “C NMR (CD,Cl,, 75.5 MHz): 6 =163.9,
156.7,143.4,138.3,138.0, 130.2, 124.2, 123.3, 119.0, 118.6, 114.1, 112.9, 112.2,
21.2,14.1; IR (neat): v = 3281, 3074, 2967, 2933, 2873, 1666, 1640, 1591, 1526,
1492, 1262, 1217, 1159, 950, 869, 778, 689 cm™~!; MS (EI): m/z (%): 243 (58)
[M]*, 214 (8), 135 (79), 109 (100), 108 (10), 81 (63), 79 (16), 53 (17), 41 (13).
(10E)-11-Benzoylamino-undecenoic isopropyl ester (46): An oven-dried
Schlenk flask was charged with benzoic acid amide (51 mg, 0.421 mmol),
CuTC (16 mg, 0.084 mmol) and Cs,CO; (138 mg, 0.421 mmol). Anhydrous
NMP (1 mL) was added and the suspension formed was carefully degassed.
Compound 45 (100 mg, 0.282 mmol) was added, the mixture was degassed
again prior to heating to 90°C for 4 h under argon. The red slurry was
cooled to ambient temperature, diluted with Et,0 and washed with pH 7
buffer. The aqueous layer was extracted twice with Et,O, the combined
organic layers were dried over Na,SO, and concentrated in vacuo. The
residue was purified by flash chromatography (hexanes/ethyl acetate 10:1)
to afford compound 46 (65 mg, 70%) as a colorless syrup. 'H NMR
(CD,CL,, 300 MHz): 6 =7.79 (d, J=8.1 Hz, 3H), 7.55-7.42 (m, 3H), 6.93
(dd, J=14.2, 103 Hz, 1H), 5.32 (dd, /=14.2 Hz, 71 Hz, 1H), 4.95 (sept,
J=62Hz, 1H),2.23 (t,/=72Hz,2H), 2.06 (q, / =72 Hz, 2H), 1.60-1.30
(m, 10H), 1.20 (d, J=6.2 Hz, 6 H), 0.92-0.87 (m, 2H); 3*C NMR (CD,Cl,,
75.5 MHz): 6 =173.5,164.3,134.4,132.1,129.0,127.3,123.1, 114.5, 67.5, 35.0,
30.3, 30.2, 29.7, 29.6, 29.4, 29.3, 25.4, 24.0, 22.0; IR (neat): v =3310, 2197,
3066, 2927, 2854, 1731, 1677, 1640, 1579, 1527, 1489, 1374, 1322, 1259, 1190,
1109, 956, 707 cm~'; MS (EI): m/z (% ): 345 (4) [M]*, 240 (14), 122 (29), 105
(100), 77 (22); HR-MS (ESI pos): (C,H3NO;) calcd 345.2304; found
345.2301.
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Efficient Synthesis of Highly Functionalized Indazoles and
2,3-Dihydro-1,2-benzisoxazoles by Reaction of Stable Fischer Dienyl

Carbenes and Isocyanides

José Barluenga,* Fernando Aznar, and M. Angel Palomero!!

Abstract: A range of stable chromium and tungsten Fischer dienyl carbenes have
been prepared by [3+42] cycloaddition of alkenylethynyl carbene complexes with
nitrones or diazoalkanes. Treatment of these systems with isocyanides gives entry to

highly functionalized 2,3-dihydro-1,2-benzisoxazoles and indazoles in a completely
regioselective fashion, under mild conditions, and with high yields. This methodology
can be also applied to the preparation of analogous naphthoisoxazoles starting from

Keywords: benzisoxazoles - car-

arylethynyl Fischer complexes. Reductive cleavage of the isoxazole moiety in the
prepared heterocycles also enables the efficient synthesis of highly substituted p-

aminophenols.
Introduction M(CO)s
. OR
Fischer carbene complexes |

have been extensively used in
synthetic organic chemistry,
since they enable high-yielding
transformations under mild
conditions and in a regioselective fashion.! Alkenyl Fischer
carbenes are particularly interesting in their synthetic appli-
cations due to their tendency to undergo cyclization and co-
cyclization with unsaturated substrates. D6tz benzannulation
products, and many other different scaffolds, arise from their
reaction with acetylenes.!

Isocyanides also react with carbene complexes, giving rise
to ketenimine intermediates that evolve to form various types
of organic products depending on the substitution pattern of
the starting carbenes.! More specifically, when an alkoxy
alkenyl complex bearing an additional double bond is used, o-
alkoxyanilines are obtained from the electrocyclic ring-
closure of the initially formed ketenimine intermediate
(Scheme 1).5! Tt is noteworthy that the double bond involved
in the cyclization belongs to an aromatic ring in most cases

[a] Prof. Dr. J. Barluenga, Prof. Dr. F. Aznar, M. A. Palomero

Instituto Universitario de Quimica Organometalica “Enrique Moles”
Unidad Asociada al C.S.I.C., Julian Claveria 8
33071 Oviedo (Spain)
Fax: (+34)98-510-34-46
E-mail: barluenga@sauron.quimica.uniovi.es

Q Supporting information for this article is available on the WWW under
http://wiley-vch.de/home/chemistry/ or from the author: analytical and
spectroscopic data for all new compounds prepared.
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benes - cycloaddition - indazoles -
isocyanides
OR R’ OR

N‘M(c o) NHR

Scheme 1. Reaction of isocyanides and Fischer dienyl carbene complexes.

reported to date. This reaction has been successfully applied
to the preparation of analogues of indolocarbazole natural
productsl® and to the total synthesis of calphostins.[’]

One of the current interests of our research group focuses
on the preparation of novel Fischer dienyl carbene complexes
through cycloaddition reactions of alkynyl carbenes bearing a
vinyl substituent and suitable substrates. The reaction of
alkynyl complexes 1 with 2-amino-1,3-butadienes®! or enol
ethers” gave the desired 1,3,5-metallahexatrienes 2 and 3,
respectively (Scheme 2). While the [4+2] cycloadducts 2 were
reactive at room temperature and evolved directly to form
organic products, dienyl carbenes 3 arising from the [2+2]
cycloaddition to enol ethers could be isolated, and further
studies of their reactivity were carried out.!'")

The next step of our study consisted of the preparation of
1,3,5-metallahexatrienes, which contain a heterocyclic five-
membered ring, by application of the well-known [3+2]
cycloaddition of alkynyl Fischer carbenes and nitrones!'! or
diazoalkanes.'” Both types of dipole systems underwent
cycloaddition with alkynyl carbenes 1 to afford the expected
1,3,5-metallahexatrienes. We envisaged that annulation of
these new dienyl carbenes, by reaction with isocyanides,
would provide access to highly substituted 2,3-dihydro-1,2-
benzisoxazoles or indazoles.

0947-6539/01/0724-5318 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 24





5318-5324

M(CO)s

=
“ OMe
o (N ZR2

S —
E——

(N

MeO.__M(CO)s o R
THF, RT -

I 2
NN M(CO)s
R2 <0/7 o OMe
1 ( n n Z “R2

Rl

3n=172

Scheme 2. Cycloaddition reactions of alkenylethynyl alkoxy Fischer com-
plexes and 2-amino-1,3-butadienes or enol ethers.

As far as we know, all the

Results and Discussion

Preparation of 2,3-dihydro-1,2-benzisoxazoles 7: Treatment of
chromium or tungsten alkynyl complexes 1 with equimolar
amounts of nitrones 4 at room temperature afforded the
expected dienyl carbenes 5 in very good yields (Scheme 3,
Table 1). Cycloaddition reactions were completely chemo-
and regioselective, since only the isomer shown in Scheme 3
was obtained. This adduct results from the addition of the
oxygen atom of the nitrone to the most electrophilic j-
position of the Fischer alkynyl carbene. No products derived
from the cycloaddition to the double bond of the carbene
complex were observed. Reaction times were typically short,
both for chromium and tungsten complexes, and the starting
materials were consumed in less than half an hour in all cases.

R* . R®

reported approaches to these MeO. -M(CO)s 5~ - e R M(CO)s RENC e R OMe .
kinds of systems are based on 4 OMe 6 NHR
. Il RS-N_ | RS—N

the preparation of the hetero- solvent 0 A~ p2 solvent 0 R
cyclic moiety starting from RN Rl Rl
preformed benzene deriva- R2
tives,'> I which imposes a lim- 1 5 ;

itation when hexasubstituted
aromatic rings are required as
starting materials. However,
our methodology would over-
come this problem, since the aromatic ring would be
generated in the final step by means of a completely
regioselective benzannulation reaction. Therefore, the use of
three successive processes, [3+2] cycloaddition, isonitrile-
insertion, and ring-closure, would provide a good synthetic
method for the preparation of the cited benzene fused
heterocycles.

Herein we report an easy and efficient preparation of highly
functionalized 2,3-dihydro-1,2-benzisoxazoles or indazoles by
reaction of isocyanides with stable 1,3,5-metallahexatrienes,
which were in turn obtained by dipolar cycloaddition of
alkenyl ethynyl Fischer carbene complexes with nitrones or
diazoalkanes. Both processes took place under mild condi-
tions, in a completely regioselective fashion, and in high
yields.

Scheme 3. Preparation
benzisoxazoles 7.

Abstract in Spanish: Se han preparado varios ejemplos de
complejos dienil carbeno de Fischer estables, de cromo y de
volframio, por reaccion de cicloadicion [3+2] entre alqueni-
letinil complejos carbeno y nitronas o diazoalcanos. El
tratamiento de estos sistemas con dos equivalentes de un
isocianuro permite obtener 2,3-dihidro-1,2-benzisoxazoles e
indazoles altamente funcionalizados de forma completamente
regioselectiva, en condiciones suaves y con altos rendimentos.
La misma metodologia puede aplicarse a la preparacion de
naftoisoxazoles a partir de ariletinil carbenos de Fischer. La
ruptura en condiciones reductoras del enlace nitrogeno-oxige-
no del anillo de isoxazol previamente obtenido conduce a
p-aminofenoles sustituidos con excelentes rendimientos.
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of 1,3,5-metallahexatrienes 5 and their cyclization to afford 2,3-dihydro-1,2-

Table 1. Preparation of 1,3,5-metallahexatrienes 5.

Entry 1 M R! R? 4 R R* R 5 Yield[%]"
1 1la Cr (CH,), 4a Ph H Bu 5a 97
2 1b W (CH,), 4a Ph H Bu 5b 98
3  1c Cr O(CH,), 4a Ph H Bu 5c¢ 95
4 1d Cr (CH,), 42 Ph H Bu 5d 89
5 le W (CH,), 4a Ph H Bu Se 97
6 1f W Me Ph 4a Ph H Bu 5f 88
7 1g Cr CH,OC(CH;),OCH, 4a Ph H Bu 5g 82
8 1a Cr (CH,), 4b Me H Bu 5h 98
9 lc Cr O(CH,), 4b Me H Bu 5i 81
10 1a Cr (CH,), 4c Ph H Bn 5j ©
11 1la Cr (CH,), 4d Me Me iPr S5k ©

[a] tBu=tert-butyl, Bn = benzyl, iPr =isopropyl. [b] Reaction conditions: THF,
room temperature, 0.5 h. Yields refer to isolated products after flash chroma-
tography. [c] Complex not isolated.

Results displayed in Table 1 are for reactions carried out in
tetrahydrofuran (THF), although the [3+2] cycloadditions
proceeded with comparable yields and rates when dichloro-
methane or toluene were used as solvents. This observation, as
well as the high regioselectivity of the process, is in agreement
with the concerted mechanism proposed for the dipolar
cycloaddition of nitrones with alkynyl Fischer carbene com-
plexes.[']

Most of the dienyl carbenes 5 were stable and could be
isolated by flash chromatography. In only one of the cases
studied, when nitrone 4c¢ was used, did the cycloadduct 5j
decompose under the workup conditions, and, therefore, had
to be stored in solution (Table 1, entry 10).

2,3-Dihydro-1,2-benzisoxazoles 7 were obtained in very
good yields upon treatment of dienyl complexes 5 with two
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equivalents of tert-butyl- or benzylisocyanide (6a,b) at room
temperature (Scheme 3, Table 2). Based on reported mecha-
nistic studies,’! the annulation process can be assumed to
occur through the insertion of one molecule of isocyanide into

Table 2. Preparation of 2,3-dihydro-1,2-benzisoxazoles 7.1l

Entry 5 6 R® 7 Yield [%]®
Stepwise One-pot
1 S5a 6a Bu 7a 89 77
2 5b 6a tBu 7a 90 72
3 Sc 6a tBu 7b 78 -
4 5d 6a tBu Tc 91 -
5 Se 6a Bu Tc 87 -
6 5f 6a tBu 7d 72 61
7 Sg 6a tBu Te 82 79
8 5h 6a tBu 7f 88 -
9 5i 6a tBu 7g 94 -
10 5j 6a tBu 7h - 83
11 5k 6a tBu 7i - 45
12 Sa 6b Bn 7j 92 75

[a] tBu=tert-butyl, Bn = benzyl. [b] Yields refer to reactions carried out in
THFE.

the metal—carbon bond of the starting carbene to afford a
pentacarbonylmetal-complexed dienyl ketenimine intermedi-
ate, followed by a six-electron electrocyclic ring-closure and
tautomerism of the resulting imine, to produce the final
aniline derivative.l'”] The second equivalent of isocyanide is
required to demetalate the intermediate formed during the
metathesis process. The ketenimine complex has not been
detected since the electrocyclization is very fast at room
temperature, but its existence is supported by the previous
characterization of an analogous species.['"]

Reactions were monitored by TLC analyses, and total
consumption of the starting carbenes § was observed in less
than three hours in all the cases. The benzannulation process
was neither metal nor solvent dependent, and similar yields
and reaction times were observed with both chromium and
tungsten starting complexes (Table 2, entries 1, 2, 4, and 5),
and when THEF, diethyl ether, dichloromethane, or toluene
were used. Yields shown in Table 2 refer to the reactions
carried out in THF. 2,3-Dihydro-1,2-benzisoxazoles 7 can also
be obtained in a one-pot process from alkynyl carbenes 1:
once the [3+2] cycloadduct was formed, isocyanide was added
to the crude reaction mixture to afford compounds 7 without
noticeable loss in the yields (Table 2, entries 1, 2, 6, 7, and 12).
This fact enabled us to directly
synthesize product 7h, for
which metallahexatriene pre-
cursor Sj could not be isolated 4a
(Table 2, entry 10). I

The benzannulation process,
however, appeared to be sensi-
tive to the substrate. Thus,

when the dienyl carbene arising R

from the reaction of 1a with the Ba R=H
sterically hindered nitrone, N- 8b R=0OMe
(1-methylethylidene)-1-methyl- 8c R=Cl

ethylamine-N-oxide (4d) was
treated with tert-butylisocya-  10.
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nide in THF, only a 45 % yield of the corresponding aniline
derivative 7i was isolated (Table 2, entry 11). On the other
hand, trimethylsilylcyanide, which is known to react through
its isomeric form with Fischer dienyl carbenes, did not allow
us to efficiently prepare the desired benzisoxazole derivatives.
Although small amounts of the final product were detected in
the 'H NMR spectrum of the crude mixture, the major
product of the reaction of Sa with trimethylsilylcyanide was
the amide derived from the hydrolysis of the ketenimine
intermediate (see Experimental Section). The electrocycliza-
tion only took place to a small extent, even after heating in
THEF at reflux for several days.

Since this protocol provided entry into highly substituted
2,3-dihydro-1,2-benzisoxazoles, we decided to extend this
methodology to the preparation of analogous naphthoisox-
azoles. The starting Fischer complexes 9 were prepared as
described in the literature,"!) by reaction of aryl-substituted
alkynyl carbenes 8 with nitrone 4a. Further treatment with
benzylisocyanide in THF gave rise to naphtalene derivatives
10 in moderate yields (Scheme 4). These annulation reactions
were slower than those of dienyl complexes 5 and proceeded
in lower yields. This is probably due to the higher energetic
cost required to break the aromaticity of the ring present in
the structure of 9 during the electrocyclization. It is note-
worthy that the best results were obtained when complex 9a,
bearing a non-substituted phenyl moiety, was used. The
influence of the substituents in the aromatic ring can be
explained by assuming that the electron-withdrawing group
facilitates the first step of the process, the isonitrile insertion,
but makes the intermediate more stable towards the electro-
cyclization. The opposite behavior could be proposed for a
system containing an electron-donating group. Therefore, it
seemed reasonable that the global transformation proceeded
in lower yields when substituted aromatic rings were used.

Preparation of indazoles 13: Trimethylsilyl diazomethane was
chosen as the most suitable dipole for the preparation of 1,3,5-
metallahexatrienes from complexes 1, since it is known that
[342] cycloadditions of this system with alkynyl Fischer
carbenes are more chemoselective for the carbon-carbon
triple bond than those of diazomethane.l'”l According to
literature procedures, a 2M solution of trimethylsilyl diazo-
methane in hexanes was slowly added to chromium or
tungsten alkynyl complexes 1 in THF at 0°C. The reaction
mixture immediately changed from red to dark orange, and

+Bu
MeO.__Cr(CO) =N
5 Phﬁ o-

pnh  Cr(CO)s
OMe BnNC
tBu-N_ |
o THF
R
9a 95% 10a 82 %
9b 83% 10b 68 %
9c 84% 10c 63 %

Scheme 4. Preparation of 1,3,5-metallahexatrienes 9 and their cyclization to afford naphthoisoxazole derivatives
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R? catalytic hydrogenation with
1 12 13 10% Pd/C under 20 bars of

Scheme 5. Preparation of indazoles 13.

TLC analysis revealed the formation of a new material,
presumably metallahexatriene 12 (Scheme 5). These dienyl
carbenes decomposed very rapidly when solvents were
removed, which prevented their isolation and characteriza-
tion, but were stable enough to be handled in solution. This
behavior is similar to that of metallahexatriene 5j (Scheme 3,
Table 2) and this encouraged us to attempt the tandem
isocyanide insertion-electrocyclization. Addition of two
equivalents of tert-butylisocyanide to the reaction mixture at
0°C indeed gave indazole derivatives 13, isolated as single
regioisomers, in good yields (Scheme 5, Table 3), and no

Table 3. Preparation of indazoles 13.

Entry 1 M R! R? 13 Yield [%]
1 1a Cr (CH,), 13a 73
2 1b w (CH,), 13a 76
3 1c Cr O(CH,), 13b 78
4 1d Cr (CH,), 13c 79
5 1h Cr Me Ph 13d 81

products derived from the decomposition of either the
starting complex 1, or the precursor dienyl carbene 12, were
detected. Thus, we can deduce that the dipolar cycloaddition
of the alkynyl complex 1 and trimethylsilyl diazomethane
proceeded regioselectively to afford the intermediate com-
plexes 12, which underwent benzannulation, again in a
regioselective manner. The trimethylsilyl group was probably
removed during the workup, upon exposure to air and
sunlight, to cleave the pentacarbonylmetal isocyanide com-
plex formed in the metathesis process.

Regioselective preparation of highly substituted p-amino-
phenols 14 by reductive cleavage of 2,3-dihydro-1,2-benzisox-
azoles 7: The synthetic utility of the reaction sequence that
leads to 2,3-dihydro-1,2-benzisoxazoles 7 could be enhanced
by subsequent transformations which gave entry to new
organic structures. It is well known that isoxazole rings are
reductively cleaved to give 1,3-enaminoketones, and that their
dihydro, tetrahydro, and benzo derivatives also undergo ring-
opening to furnish different types of compounds depending
on the reduction conditions and the substitution pattern of the
starting heterocycles.'”l We decided to take advantage of this
behavior to prepare benzene derivatives with three or four
electron-donating groups, which appeared to be very inter-
esting compounds, from the 2,3-dihydro-1,2-benzisoxazoles
we had just obtained.

Our first attempts to reduce the nitrogen —oxygen bond of
compounds 7, which included treatment with zinc in refluxing

Chem. Eur. J. 2001, 7, No. 24
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hydrogen pressure only result-

ed in a small conversion of the

starting material. The reductive
cleavage was finally accomplished by reaction of 7 with Raney
nickel in methanol, under a hydrogen atmosphere, to give
aminoalcohols 14 in almost quantitative yields (Scheme 6,
Table 4). When dihydrobenzisoxazole 7j, arising from meta-
thesis with benzyl isocyanide, was used, not only was the ring
cleaved, but the N-benzyl group was also removed to directly
afford aniline derivative 14h. The lower yield observed in this
case may be due to the instability of the unprotected aniline
towards oxidation (Table 4, entry 8).

R3 OMe R® OMe
6 6
. NHR Raney-Ni  {BUHN NHR
u-
\O R2 MeOH, H, HO R2
R? R?
7a-e R®=tBu l4a-e RS =tBu

7j R® =Bn 14f R8=H

Scheme 6. Reductive cleavage of the isoxazole moiety of 7 to afford p-
aminophenols 14.

Table 4. Reduction of isoxazole N—O bond to prepare 14.

Entry 7 t [h] 14 Yield [%)]
1 Ta 12 14a 97
2 7b 24 14b 98
3 Tc 12 14c¢ 95
4 7d 12 14d 89
5 7f 24 14e 98
6 7g 24 14f 94
7 Te 48 l4¢g 97
8 7j 48 14hl? 58

[a] Benzyl moiety was cleaved in the reduction process.

Conclusion

In summary, we have developed an efficient method for the
synthesis of highly substituted 2,3-dihydro-1,2-benzisoxazoles
7 or indazoles 13. [3+2] Cycloaddition of alkynyl Fischer
carbene complexes 1, bearing an alkenyl substituent, with
nitrones or trimethylsilyl diazomethane gave rise to novel
1,3,5-metallahexatrienes, which were stable and sometimes
isolable compounds. It was also possible to carry out their
benzannulation reaction with isocyanides. Both processes
proceeded under mild conditions, in a completely regioselec-
tive fashion, and with high yields. The final benzene-fused
heterocycles could be obtained by two successive reactions or,
more conveniently, by a one-pot process starting from alkynyl
complexes 1.
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Our protocol provides a good alternative to the reported
methods for the synthesis of compounds 7 and 13, since it does
not require highly substituted aromatic rings as starting
materials. Instead, the benzene moiety is prepared in the last
step by means of a regioselective annulation reaction.

Further transformation of 2,3-dihydro-1,2-benzisoxazoles 7
was carried out to give hexasubstituted aromatic rings 14,
which have at least three electron-donating groups.

Experimental Section

General methods: All reactions were performed under N, atmosphere.
Tetrahydrofuran (THF), diethyl ether, dichloromethane, and toluene were
dried and distilled by standard procedures before use. Column chromatog-
raphy eluents were distilled prior to use. All other reagents used in the
reactions were of the best commercial grade available. Column chroma-
tography was carried out on silica gel 60 (230-400 mesh). R; data refer to
the solvent system in which column chromatography was performed. All
melting points are uncorrected. NMR spectra were recorded at 300 or
200 MHz for 'H, and 75 or 50.3 MHz for C, with tetramethylsilane as
internal standard for 'H and the residual solvent signals as standard for '*C.
Chemical shifts are given in ppm. Mass spectra were obtained by EI (70 eV)
or MALDI-tof. IR spectra are given in cm~'. General procedures for the
preparation and characterization of new compounds are given here with
selected specific examples. Analytical and spectroscopic data for all new
compounds prepared are available as Supporting Information.

General procedure for the preparation of alkynyl carbene complexes 1:
Fischer carbene complexes 1 were prepared by standard methodology from
the corresponding acetylenes. 1-Ethynylcyclopentene and 1-ethynylcyclo-
hexene were prepared by dehydratation of 1-ethynylcyclopentanol and of
1-ethynylcyclohexanol, respectively, with POCl; and pyridine.'®! 6-Ethynyl-
3,4-dihydro-2H-pyrane was synthesized from 3-bromo-2-ethynyltetrahy-
dropyran, which was in turn obtained by successive treatment of 3,4-
dihydro-2H-pyran with bromine and ethynylmagnesium bromide.["]
3-Methyl-4-phenylbut-2-en-1-yne, 4-methoxyphenylethyne, and 4-chloro-
phenylethyne were prepared by the Corey—Fuchs method starting from
the corresponding aldehydes.?”) 5-Ethynyl-4,7-dihydro-2,2-dimethyl-1,3-
dioxepine was prepared in our research group by a three-step reaction
sequence.’!l Complexes 1la—f have already been synthesized in our
research group,®°l and 1g was obtained by the same experimental
procedure: butyllithium (1.6M in hexanes, 11 mmol) was added dropwise
to a solution of chromium or tungsten hexacarbonyl (10 mmol) and the
acetylene (11 mmol) in THF (20 mL) at —80°C. The mixture was allowed
to reach RT overnight and then treated with methyl triflate (20 mmol) at
—20°C. Hydrolysis with a saturated solution of Na,CO; and extractive
workup, followed by flash chromatography afforded Fischer carbenes 1.
When the complexes were solids they were further purified by recrystal-
lization in hexanes at —20°C.

{Pentacarbonyl[ (4,7-dihydro-2,2-dimethyl-1,3-dioxepin-5-yl)ethynylJmeth-
oxymethylene}chromium(0) (1g): Prepared from 5-ethynyl-4,7-dihydro-
2,2-dimethyl-1,3-dioxepine according to the general procedure described
above to afford, after flash chromatography (hexane/dichloromethane 1:1),
1gin 52 % yield as a red solid. R;=0.36; 'H NMR (300 MHz, CDCL,): 6 =
1.44 (s, 6H), 4.28 (s, 3H), 4.40 (s, 4H), 6.39 (brs, 1H); 3C NMR (75 MHz,
CDCl;): 6 =23.5 (2CHs;), 61.4 (CH,), 62.9 (CH,), 65.6 (CH;), 92.2 (C), 102.5
(C), 123.8 (C), 133.8 (C), 144.4 (CH), 216.0 (C), 225.4 (C), 314.5 (C); IR
(CH,CL): #=2059, 1942cm™!; elemental analysis caled (%) for
C,H,,CrOq: C 49.75, H 3.65; found: C 49.99, H 3.57.

General procedure for the reaction of nitrones 4a or 4b with alkynyl
carbene complexes 1: Dienyl carbene complexes Sa—i were prepared by
reaction of the corresponding complex 1 (1 mmol) and nitrone 4a or 4b
(1 mmol) in dry THF (10 mL) at RT, under nitrogen atmosphere. The
progress of the reaction was monitored by TLC. When the starting complex
was consumed (typically after less than half an hour), solvents were
removed under vacuum (0.1 mmHg), and the crude reaction mixture was
directly purified by chromatography to afford the title compounds.
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{[2-tert-Butyl-5-(1-cyclopentenyl)-2,3-dihydro-3-phenylisoxazol-4-yl Jmeth-
oxymethylene}pentacarbonylchromium(0) (5a): Prepared from 1a and 4a
according to the general procedure described above to afford, after flash
chromatography (hexane/dichloromethane 5:1), 5ain 97 % yield as a dark
orange solid. R;=0.17; '"H NMR (300 MHz, CDCl,): 6 =1.28 (s, 9H), 2.01
(dt, 3J(H,H) =78, 7.0 Hz, 2H), 2.53 (dd, *J(H,H) = 7.8, 7.0 Hz, 4H), 4.09 (s,
3H), 6.09 (s, 1H), 6.24-6.25 (m, 1H), 7.26-742 (m, 5H); “C NMR
(75 MHz, CDCl,): 6 =23.3 (CH,), 24.9 (3CH3;), 32.7 (CH,), 33.2 (CH,), 61.1
(©), 65.1 (CH,), 71.2 (CH), 1275 (2CH), 127.7 (CH), 128.5 (2CH), 130.8
(C),138.4 (CH), 143.0 (C), 143.1 (C), 146.5 (C), 216.6 (4 C), 223.2 (C), 337.9
(C); IR (CH,CL,): 7=2064, 1939 cm™!; elemental analysis calcd (%) for
CysH,sCrNO;: € 59.64, H 5.01, N 2.78; found: C 59.41, H 4.87, N 2.90.

{[2-tert-Butyl-5-(1-cyclopentenyl)-2,3-dihydro-3-phenylisoxazol-4-yl Jmeth-
oxymethylene}pentacarbonyltungsten(0) (5b): Prepared from 1b and 4a
according to the general procedure described above to afford, after flash
chromatography (hexane: dichloromethane 1:1), 5b in 98 % yield as a dark
orange solid. R;=0.57; "H NMR (300 MHz, CDCl,): 6 =1.25 (s, 9H), 2.07
(quint, 3/(H,H) = 7.6 Hz, 2H), 2.55-2.64 (m, 2H), 2.67 (t, */(H,H) = 7.6 Hz,
2H), 434 (s, 3H), 5.89 (s, 1H), 6.46-6.49 (m, 1H), 7.34-736 (m, 5H);
BC NMR (75 MHz, CDCly): 6 =23.3 (CH,), 25.1 (3CH,), 33.5 (CH,), 33.6
(CH,), 61.5 (C), 675 (CH3), 71.0 (CH), 1275 (2CH), 127.6 (CH), 128.5
(2CH), 131.9 (C), 132.9 (C), 142.2 (CH), 143.0 (C), 157.8 (C), 197.6 (4C),
202.1 (C), 300.6 (C); IR (CH,Cl,): #=2058, 1942 cm™'; elemental analysis
caled (%) for C,sH,sNO,W: C 47.26, H 3.97, N 2.20; found: C 47.08, H 4.12,
N 2.51.

General procedure for the preparation of 2,3-dihydro-1,2-benzisoxazoles 7
(procedure A): A solution of complex 5 (0.5 mmol) and isocyanide 6
(1 mmol) in dry THF (10 mL) was stirred under nitrogen atmosphere until
TLC analysis revealed the complete consumption of the starting material
and the formation of a new compound. For reactions arising from
chromium complexes, removal of THF under vacuum, addition of hexane
(50 mL), and exposure to sunlight and air for 12 h, followed by flash
chromatography afforded the title compounds. For tungsten complexes, the
residue was loaded directly onto a silica gel column without previous
exposure to light and air.

General procedure for the preparation of 2,3-dihydro-1,2-benzisoxazoles 7
by a one-pot process from carbene complexes 1 (Procedure B): A solution
of complex 1 (1 mmol) and nitrone 4a or 4b (1 mmol) in dry THF (10 mL)
was stirred at RT, under nitrogen atmosphere, until TLC analysis revealed
the formation of the corresponding cycloadduct. At that point, isocyanide 6
(2 equiv) was added and the mixture was stirred until the dienyl complex
was totally consumed. The same reaction workup described above (sun-
light- and air-induced decomplexation, and flash chromatography in the
case of chromium complexes, and flash chromatography only for tungsten
complexes) led to compounds 7.

2-tert-Butyl-5-tert-butylamino-3,6,7,8-tetrahydro-4-methoxy-3-phenyl-2 H-
indeno|[5,4:d]isoxazole (7a): Prepared according to general procedures A
and B described above, both from chromium and tungsten complexes, to
afford, after flash chromatography (hexane/ethyl acetate 5:1), 7a as a light
yellow solid. R;=0.33; m.p. 134-136°C; 'H NMR (300 MHz, CDCL): 6 =
1.16 (s, 9H), 1.21 (s, 9H), 2.08 (tt, 3J(H,H) = 7.4, 7.0 Hz, 2H), 2.68 (brs, 1 H),
2.87 (t, *J(H,H) =74 Hz, 2H), 2.87 (t, *J(H,H) = 7.0 Hz, 2H), 3.40 (s, 3H),
5.68 (s, 1H), 722-737 (m, 5H); *C NMR (75 MHz, CDCl;): 6 =25.4
(3CH;), 25.8 (CH,), 29.1 (CH,), 30.3 (3CH;), 32.5 (CH,), 54.7 (C), 58.3
(CH,), 60.9 (C), 65.6 (CH), 116.4 (C), 118.9 (C), 127.0 (CH), 127.5 (2CH),
128.2 (2CH), 143.5 (C), 143.6 (C), 149.3 (C), 149.3 (C), 150.2 (C); HRMS:
m/z caled for C,sH3yN,O,:394.2620; found: 394.2615; MS (70 eV): m/z (%):
394 (27), 338 (40), 281 (100), 266 (50), 105 (25), 83 (54); elemental analysis
caled (%) for C,sH3,N,0,: C76.10, H 8.69, N 7.10; found: C75.91, H8.35,N
6.89.

2-tert-Butyl-5-tert-butylamino-3,6,7,8-tetrahydro-4-methoxy-3-methyl-2 H-
indeno|[5,4:d]isoxazole (7 f): Prepared according to general procedure A to
afford, after flash chromatography (hexane/ethyl acetate 5:1), 7 f as a light
yellow solid. R;=0.28; m.p. 93-95°C (decomp); 'H NMR (300 MHz,
CDCly): 6 =1.12 (s, 9H), 1.14 (s, 9H), 1.42 (d, 3J(H,H) = 6.1 Hz, 3H), 2.01
(quint, 3/(H,H)=7.0Hz, 2H), 2.73 (t, 3/(HH)=7.0Hz, 2H), 2.80 (t,
3J(HH)=70Hz, 2H), 3.82 (s, 3H), 4.69 (q, 3(H,H)=6.1Hz, 1H);
BC NMR (75 MHz, CDCL): 6 =23.3 (CH;), 25.1 (3CH;), 259 (CH,),
29.0 (CH,), 30.3 (3CHs;), 32.6 (CH,), 54.8 (C), 57.5 (CH;), 58.8 (CH), 60.3
(C), 116.5 (C), 119.5 (C), 127.8 (C), 143.1 (C), 149.1 (C), 149.9 (C); HRMS:
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miz caled for CyH;,N,O,: 332.2464; found: 332.2464; MS (70 eV): m/z (%):
332 (35),276 (46), 261 (37),219 (100), 205 (60), 193 (18); elemental analysis
caled (%) for C,0H3,N,0,: C72.25,H9.70, N 8.43; found C 72.08, H 9.99, N
8.05.

4-(Aminocarbonylmethoxymethyl)-2-tert-butyl-5-cyclopent-1-enyl-3-phe-
nyl-2,3-dihydroisoxazole (15): This compound was obtained from the
reaction 5a and trimethylsilyl cyanide (Scheme 7). The protocol was
analogous to procedure A, but in this case, the reacting mixture was heated
at reflux in THF for 48 h. Flash chromatography (hexane/ethyl acetate 5:1)
gave 15 in 43% yield as a light yellow solid. R;=0.30; m.p. 102-104°C;
'"H NMR (200 MHz, CDCl,): 6 =1.17 (s, 9H), 1.98-2.02 (m, 2H), 2.48 -
2.67 (m, 4H), 3.42 (s, 3H), 4.90 (s, 1H), 5.26 (s, 1H), 6.21-6.22 (m, 1H),
734-744 (m, 5H); *C NMR (50.3 MHz, CDCl;): 6 =23.1 (CH,), 24.8
(3CH,), 32.8 (CH,), 33.0 (CH,), 57.3 (CH), 61.0 (C), 64.5 (CH,), 68.1 (CHj;),
103.8 (C),115.2 (C), 127.9 (2CH), 127.9 (CH), 128.4 (2CH), 129.9 (C), 136.4
(CH), 141.8 (C), 150.6 (C); elemental analysis calcd (%) for C,;H,sN,O;: C
72.46, H 9.35, N 8.19; found: C 72.79, H 9.12, N 8.28.

H,N_ O

pn  Cr(CO)s Ph

OMe TMSCN

tBU-N_ | tBu-N_ |
o) THF, reflux o)

5a 15

Scheme 7. Preparation of amide 15 by reaction of metallahexatriene Sa
and trimethylsilylcyanide.

General procedure for the reaction of nitrone 4a with alkynyl carbene
complexes 8: Dienyl carbene complexes 9a—c were prepared by reaction
of the corresponding complex 8 (1 mmol) with nitrone 4a (1 mmol) in dry
THF (10 mL), at RT, under nitrogen atmosphere. The progress of the
reaction was monitored by TLC. When the starting complex was consumed,
solvents were removed under vacuum (0.1 mmHg), and the crude reaction
mixture was purified by chromatography to afford the title compounds.

{[2-tert-Butyl-2,3-dihydro-3,5-diphenylisoxazol-4-yllmethoxymethylene}-
pentacarbonylchromium(0) (9a): Prepared from 8a and 4a according to
the general procedure described above. This carbene complex has already
been reported in the literature.!'!)

{[2-tert-Butyl-2,3-dihydro-5-(4-methoxyphenyl)-3-phenylisoxazol-4-yl]-
methoxymethylene}pentacarbonylchromium(0) (9b): Prepared from 8b
and 4a according to the general procedure described above to afford, after
flash chromatography (hexane/dichloromethane 5:1), 9b in 83 % yield, as a
dark orange oil. R;=0.34; '"H NMR (200 MHz, CDCL;):  =1.34 (s, 9H),
3.88 (s,3H), 4.08 (s, 3H), 6.19 (s, 1 H), 7.00 (d, *J(H,H) =8.7 Hz, 2H), 7.30 -
7.51 (m, 7H); *C NMR (50.3 MHz, CDCl;): 6 =25.1 (3CH,), 55.2 (CH,),
61.3 (C), 65.2 (CH), 71.7 (CH3), 114.0 (2CH), 120.4 (C), 127.2 (2CH), 1272
(C), 127.6 (CH), 128.6 (2CH), 129.8 (2CH), 143.1 (C), 151.0 (C), 161.4 (C),
216.5 (4C), 223.0 (C), 335.3(C); IR (CH,ClL): #=2058, 1943 cm™;
elemental analysis calcd (%) for C,;H,sCrNOy: C 59.67, H 4.64, N 2.58;
found: C 59.47, H 4.86, N 2.91.

General procedure for the preparation of naphthoisoxazoles 10: A solution
of complex 9 (0.5 mmol) and benzylisocyanide 6b (1 mmol) in dry THF
(10 mL) was stirred under nitrogen atmosphere, until TLC analysis
revealed the consumption of the starting material and the formation of a
new compound. Removal of THF under vacuum, addition of hexane
(50 mL) and exposure to sunlight and air for 12 h, followed by flash
chromatography, afforded compounds 10.

2-tert-Butyl-5-tert-butylamino-2,3-dihydro-4-methoxy-3-phenylnaphtho-

[2,1:d]isoxazole (10a): Prepared from 9a and 4b according to the general
procedure described above to afford, after flash chromatography (hexane:
ethyl acetate 5:1), 10a in 82 % yield as a light yellow oil. R;=0.32; 'H NMR
(200 MHz, CDCly): 6 =1.38 (s, 9H), 2.51 (d, 2J(H,H) =14.2 Hz, 1H), 3.09
(s, 3H), 3.11 (d, 2J(H,H) =14.2 Hz, 1H), 5.54 (s, 1H), 7.10-7.15 (m, 2H),
731-758 (m, 12H); *C NMR (75 MHz, CDCl;):  =24.8 (3CH,), 46.8
(CH,), 53.4 (CH), 60.9 (C), 71.8 (CH3;), 78.2 (C), 104.8 (C), 116.3 (C), 126.2
(CH), 1272 (CH), 127.8 (2CH), 127.8 (2CH), 127.9 (2CH), 128.0 (C), 128.5
(CH), 128.7 (2CH), 128.9 (2CH), 129.0 (CH), 129.0 (C), 134.0 (C), 143.1
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(C), 1512 (C); HRMS: ml/z caled for C,H;3N,O,: 438.2307; found:
438.2296; MS (70 eV): miz (%): 438 (7), 361 (46), 305 (100), 291 (22), 105
(92), 77 (30); elemental analysis calcd (%) for C,yH;N,O,: C 79.42, H 6.89,
N 6.39; found: C 79.09, H 7.02, N 6.53.

General procedure for the preparation of indazoles 13: Trimethylsilyldi-
azomethane (1.1 mmol, 2.0M in hexanes) was added dropwise over 10 min
to a solution of complex 1 (1 mmol) in dry THF (10 mL) under a nitrogen
atmosphere at 0°C. The resulting mixture was stirred at the same
temperature until TLC analysis revealed the formation of the correspond-
ing cycloadduct. At that point, isocyanide 6a (2 equiv) was added by
syringe and stirring was continued, at RT, until the dienyl complex was
totally consumed. For reactions arising from chromium complexes, removal
of THF under vacuum, addition of hexane (50 mL) and exposure to
sunlight and air for 12 h, followed by flash chromatography, afforded
compounds 13. For tungsten complexes, the residue was loaded directly
onto a silica gel column without exposure to light and air.

5-tert-Butylamino-3,6,7,8-tetrahydro-4-methoxycyclopenta[ eJindazole
(13a): Prepared from 1a or 1b according to the general procedure
described above to afford, after flash chromatography (hexane/ethyl
acetate 1:1), 13a in 73% yield as a light yellow solid. R;=0.40; m.p.
132-134°C; '"H NMR (200 MHz, CDCl;): 6 =1.30 (s, 9H), 2.00 (quint,
3J(HH) =74 Hz, 2H), 2.95 (t, *J(HH) =74 Hz, 2H), 3.12 (t, */(HH) =
74 Hz, 2H), 3.94 (s, 3H), 7.96 (brs, 1H); *C NMR (50.3 MHz, CDCl;): 6 =
25.3 (CH,), 30.6 (3CH,), 31.9 (CH,), 32.2 (CH,), 55.1 (C), 59.1 (CH3), 118.1
(C), 130.2 (C), 1333 (CH), 133.8 (C), 134.2 (C), 135.2 (C), 1359 (C);
HRMS: m/z caled for C;sH,N;0: 259.1685; found 259.1683; MS (70 eV):
m/z (%): 171 (100), 158 (38), 149 (36), 143 (65), 131 (40), 116 (62);
elemental analysis calcd (%) for C;sH,N;0: C 69.47, H 8.16, N 16.20;
found: C 69.20, H 8.26, N 16.35.

5-tert-Butylamino-3,6,7,8-tetrahydro-4-methoxypyran[2,3:e]indazole

(13b): Prepared from 1c¢ according to the general procedure described
above to afford, after flash chromatography (hexane: ethyl acetate 1:1),
13b in 78% yield as a light yellow solid. R;=0.28; m.p. 144-145°C;
'H NMR (300 MHz, CDCl;): 6=1.27 (s, 9H), 2.05 (tt, 3/(H,H)=6.3,
5.1 Hz,2H), 2.95 (t, *J(H,H) =6.3 Hz, 2H), 3.85 (s, 3H), 3.12 (t, *J(H,H) =
5.1 Hz,2H), 8.04 (s, 1H); *C NMR (75 MHz, CDCL;): 6 =22.5 (CH,), 22.5
(CH,), 30.7 (3CHj3), 55.0 (C), 59.1 (CH3), 65.8 (CH,), 109.2 (C), 112.9 (C),
131.6 (C), 132.4 (CH), 134.9 (C), 136.4 (C), 143.7 (C); LRMS (MALDI-tof):
m/z caled for C;sH,;N;0,: 275; found: 275; elemental analysis calcd (% ) for
CsHyN;O,: C 65.43, H 7.69, N 15.26; found: C 65.19, H 7.84, N 14.99.

General procedure for the reductive N—O bond cleavage of benzisoxazoles
7: An excess of Raney nickel (ca. 1 g of 50% slurry in water) was dried
under vacuum (0.1 mmHg) and suspended in dry methanol (20 mL), under
1 atmosphere of hydrogen. Compound 7 (0.5 mmol) dissolved in methanol
(5mL) was added by syringe and the mixture was stirred at RT. The
reactions were monitored by 'H NMR analysis every 12 h, and stopped
when all the starting material had been transformed into the product 14.
Filtration of the Raney nickel through a pad of Celite and flash
chromatography afforded the corresponding amino alcohols.

5-tert-Butylamino-7-(tert-butylaminophenylmethyl)-6-methoxychroman-
8-0l (14b): Prepared from 7b according to the general procedure described
above to afford, after flash chromatography (hexane/ethyl acetate 1:1), 14b
in 98% yield as a white solid. R;=0.27; m.p. 161-163°C; 'H NMR
(200 MHz, CDCl;): 6 =1.12 (s, 9H), 1.21 (s, 9H), 1.96-2.02 (m, 2H), 2.67
(t, 3/(H,H) =6.4 Hz, 2H), 3.30 (s, 3H), 4.20-4.28 (m, 2H), 5.56 (s, 1H),
7.22-742 (m,5H); *CNMR (75 MHz, CDCl;): 6 =22.3 (CH,), 22.7 (CH,),
28.5 (3CHs;), 30.5 (3CHs;), 52.6 (C), 54.6 (C), 56.5 (CH;), 59.1 (CH), 65.9
(CH,), 1178 (C), 118.8 (C), 1274 (CH), 127.8 (2CH), 128.2 (C), 128.9
(2CH), 139.9 (C), 143.8 (C), 143.9 (C), 145.6 (C); HRMS: m/z calcd for
C,sH36N,05: 412.2726; found: 412.2720; MS (70 eV): m/z (% ): 412 (5), 339
(27), 324 (20), 268 (100), 58 (30); elemental analysis calcd (%) for
C,sH3N,0;: C 72.78, H 8.80, N 6.79; found: C 72.94, H 8.45, N 6.92.

4-tert-Butylamino-2-(tert-butylaminophenylmethyl)-3-methoxy-5,6,7,8-tet-
rahydronaphtho-1-0l (14¢): Prepared from 7¢ according to the general
procedure described above to afford, after flash chromatography (hexane/
ethyl acetate 5:1), 14¢ in 95% yield as a white solid. Rx=0.45; m.p. 159 -
161°C; '"H NMR (300 MHz, CDCL;): 6 =1.13 (s, 9H), 1.20 (s, 9H), 1.76 -
1.78 (m, 4H), 2.60-2.61 (m, 2H), 2.71-2.73 (m, 2H), 3.35 (s, 3H), 5.59 (s,
1H), 719-732 (m, 3H), 7.38-741 (m, 2H); 3C NMR (75 MHz, CDCl,):
0=225 (CH,), 23.1 (CH,), 23.1 (CH,), 26.4 (CH,), 28.6 (3CH,), 30.6
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(3CH,), 52.4 (C), 54.3 (C), 56.3 (CH,), 58.6 (CH), 116.3 (C), 120.6 (C), 1272
(CH), 127.7 (2CH), 128.5 (C), 128.8 (2CH), 133.4 (C), 144.3 (C), 150.4 (C),
152.8 (C); HRMS: m/z caled for C,sH3sN,O,: 410.2933; found: 410.2947;
MS (70 eV): m/z (%): 410 (15), 337 (58), 281 (32), 266 (100), 238 (20), 83
(45); elemental analysis calcd (% ) for C,sH3sN,0,: C 70.06, H 9.33, N 6.82;
found: C 70.27, H 9.01, N 6.98.
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Density Functional Investigation of Reactive Intermediates Derived from
Alkyne - Co,(CO)4 Complexes

Anja Pfletschinger,'*! Wolfram Koch,™ and Hans-Giinther Schmalz*!?!

Abstract: By applying the hybrid den-
sity functional method B3LYP and a
flexible all-electron basis set, structures
and energies of reactive intermediates
derived from the 1-butyne complex of
Co,(CO), (1) were calculated. In partic-
ular, the geometry, electronic distribu-

complexed propargylic species were
studied. The calculations revealed that
the configurational barrier, that is, the
racemization barrier for the antarafacial

Keywords: cobalt - density func-
tional calculations - intermediates -

migration of the CHCHj; group, is low
(7.6 kcalmol™!) for the radical and is
similar to the experimental value for the
corresponding cation (ca. 10 kcalmol1).
However, a high racemization barrier
(23.7 kcalmol ') for the anionic inter-
mediate suggests the possibility of ster-

tion, and configurational stability of the

1k ligand
cationic, radical, and anionic Co,(CO)- alkyne ligands

Introduction

Alkyne — Co,(CO), complexes have received much interest in
recent years, particularly in the context of synthetic method-
ologies such as the Pauson-Khand reaction!'! and the
Nicholas reaction.’! In the latter, the Co,(CO), moiety
stabilizes the positive charge in the propargylic position.
Related effects are known for other transition metal =
complexes, such as ferrocenes,®! benzene—Cr(CO); com-
plexes,™ and diene —Fe(CO); complexes.’! The last two can
also stabilize negative charge or even radical centers adjacent
to the complexed m system. While the ability of the cobalt
moiety in alkyne — Co,(CO)s complexes to stabilize cationic
intermediates is well established as a key feature of Nicholas-
type reactions,? it was demonstrated only recently that
propargylic radicals are also stabilized by the Co,(CO);
unit.l’! However, the corresponding anionic analogues have
not yet been investigated.

We have exploited density functional methods as an
accurate and effective tool for characterizing the structure
and energy of reactive intermediates related to organometal-
lic & complexes. 71 Here we present the results of calculations
on cationic, radical, and anionic reactive intermediates
formally derived from neutral alkyne —Co,(CO)s complexes
of type 1 (see Scheme 1).

[a] H.-G. Schmalz, A. Pfletschinger
Institut fiir Organische Chemie, Universitéit zu Koln
Greinstrasse 4, 50939 Koln (Germany)
Fax: (+49)221-470-3064
E-mail: schmalz@uni-koeln.de

[b] W. Koch
Gesellschaft Deutscher Chemiker, Postfach 900440
60444 Frankfurt a.M. (Germany)
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eospecific reactions involving Co,(CO)-
complexed propargylic anions.

Methods of Calculation

The calculations were performed with the hybrid density functional method
B3LYP#! As in our previous calculations on transition metal tricarbonyl
complexes we used an all electron basis set consisting of a basis set
developed by Wachters!”! for the cobalt atom including f-functions, and the
split valence basis set D95* by Dunning!'”! for C, O, and H, as implemented
in Gaussian98.'"l The one-particle description for the cobalt atom is
(14s11p6d3f) — (8s6p4d1£)/[62111111/331211/3111/3]. The  stationary
points on the potential energy surface were determined as minima (only
positive frequencies) or maxima (one imaginary frequency; transition
state) by analytical gradient techniques. Information on the density
distribution in the complexes was obtained by the natural bond orbital
(NBO) analysis developed by Weinhold et al.l['?]

The program package Gaussian98,!'!l used throughout this study, was run
on the multiprocessor SGI and Sun workstations of the Regionales
Rechenzentrum der Universitadt zu Koln.

Results and Discussion

The neutral C;Hg;—Co,(CO)4 complex: The 1-butyne—Co,-
(CO)¢ complex 1 (Scheme 1) is the parent system for all
reactive intermediates presented here. As expected for a
neutral alkyne — Co,(CO), complex, the calculated structure
has a tetrahedral core formed by the acetylene carbon atoms

(CO)3Co—‘:éO(CO)3

(CO)sCof—Co(CO)s
1

Scheme 1. The parent alkyne —Co,(CO), complex 1 (R!'=H, R?>=CHj;)
and reactive intermediates derived therefrom.
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and the two cobalt centers.
Thus, the former triple bond is
perpendicular to the Co—Co
axis, and the substituents on
the acetylene carbon atom are
bent away from the metal
atoms. The carbonyl groups on
the two Co atoms are eclipsed
with respect to the Co—Co axis
(Figure 1).

To verify the accuracy of our
theoretical approach, we com-
pared the calculated bond
lengths with those obtained by
X-ray crystallography. A search 1
in the Cambridge Structural
Database revealed that no
X-ray crystallographic data are
available for complex 1. There-
fore, the di-tert-butylacetylene —Co,(CO)y complex 2, for
which very accurate crystal structure data have been reported,

2+0.033

% Co(CO)5: +0.16

HaC, FHs CHs
""'CH3
CH3

(CO)3CO ,—:-C:O(CO)g
2

was selected as a reference system.['® The bond lengths for the
calculated structures of 1 and 2 are listed in Table 1 together
with the experimental data for 2.

Agreement between the calculated and experimental
values for 2 is good, with a maximum deviation of 0.02 A
and an average deviation of less than 0.01 A. The perfect C,,
symmetry of the calculated structure of 2 is not found in any of
the crystal structures, probably due to packing effects.

The cationic C,H;-Co0,(CO)s** complex: Having demon-
strated the general reliability of the theoretical approach, we
turned our attention to the reactive intermediates derived
from 1.

As mentioned above, the most important transformation
exploiting cobalt-stabilized cationic intermediates 3 is the
Nicholas reaction, in which a substituted product is formed by
an Syl-type process starting, for instance, from a Co,(CO),-
complexed propargylic alcohol (Scheme 2). The structural
features of reactive intermediates of type 3 have been the
subject of several investiga-
tions, but it proved difficult to
determine the exact structure
of such species experimentally
(e.g., by X-ray crystallography).
Only for a compound in which a
carbenium center is stabilized
by two alkyne — Co,(CO); frag-
ments was an X-ray structure

OH
e R

(CO)5Co /" Coco)s

5326 ——

(05)= +0.088 -0.169(C & O

@ -0.206

2 +0.035

R HBF; Me0
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£ Co(CO)5: +0.16

Figure 1. Two representations of the calculated structure of the neutral 1-butyne — Co,(CO)4 complex 1. Partial
charges and atom numbers (left) and bond lengths (right) are indicated.

Table 1. Bond lengths of the calculated structures 1 and 2 in comparison
with the experimental data for 2.

Parameter 1 (caled) 2 (calcd) 2 (exptl)lt3)]
Col—Co2 2.480 2.461 2.462
Col—C1 1.783 1.779 1.796
Col—C2 1.822 1.816 1.819
Col-C3 1.820 1.821 1.828
Co2—C4 1.817 1.816 1.819
Co2—-C5 1.827 1.821 1.830
Co2—-C6 1.783 1.779 1.791
Col-C7 1.966 1.999 1.984
Col—C8 1.982 2.002 1.988
Co2—-C7 1.961 1.999 1.985
Co2—C8 1.985 2.002 1.983
C7-C8 1.345 1.343 1.349
C7-C9 - 1.522 1.519
C8—C13 1.499 1.522 1.516
C—O (av) 1.153 1.155 1.140
Cii—Cis (av) - 1.546 1.539

reported.' The structure of this cationic species is not
significantly distorted with respect to those of neutral
alkyne — Co,(CO), complexes. However, NMRI spectro-
scopic investigations and theoretical studies!'! revealed a
bent structure for cationic intermediates of type 3, in which
the carbenium center is bent towards one of the Co atoms.
This was additionally supported by extended Hiickel theory
(EHT) calculations.!'”)

As expected, the calculated structure of the cationic C,;Hs—
Co,(CO)¢" complex 3 (R=H, R'"=H, R”"=CH,) (Figure 2)
shows a distorted geometry, in which the cationic center C9 is
bent towards one of the cobalt atoms, and the C9—Col

. M-» g
(CO)3CoF—Co(CO)s (CO)3Co®—Co(CO);

3

Scheme 2. Mechanism of the Nicholas reaction.
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distance is shortened to 2.421 A
(3225 A in 1). Furthermore,
the C8—C9 bond length of
1392 A in 3 is significantly
shorter than that of 1.51 A in
the neutral parent system 1, and
this indicates a significant dou-
ble-bond character.

In the calculated structure of
3, the formal propargylic center
C9 carries a positive partial
charge of +0.086 e, which is
only slightly more positive than
C9 in the parent system 1
(+0.015 e). Thus, the additional
positive charge is almost com-
pletely delocalized over the
metal carbonyl moieties. While
each Co(CO); group in 3 ac-
cepts about + 0.5 e, the cobalt
atoms themselves remain near-
ly neutral, as in 1.

Studies on the fluxional be-
havior of related cationic com-
plexes by NMR spectrosco-
py!" revealed that the CR'R?
group easily migrates from one
cobalt tricarbonyl moiety to
the other. Two pathways were
postulated for this process: 1)
an antarafacial migration re-
sulting in enantiomerization
and 2) a suprafacial migration
of the CR!R? group without
rotation around the formal
Cakyne=C9 double bond with
retention of the stereochemis-
try at the propargylic center
(Scheme 3).

In accordance with the NMR
studies,™ two processes, in-
volving the transition states 4
(Figure 3) and 5 (Figure 4),
were identified by the calcula-
tions, which thus reflect the
proposed dynamic behavior of
cationic alkyne — Co,(CO);
complexes. Thus, the theoreti-
cal findings fully support the
picture drawn by Schreiber
et al. (Scheme 3).01>

Transition state 4, depicted in
Figure 3, has C; symmetry with

C7-C10 in the mirror plane. While C9 (4+0.291 e) and C10
(+0.115e) have an enhanced positive partial charge, the
majority of the charge is delocalized over the Co,(CO),

fragment, as in 3.

That 4 is indeed the transition state corresponding to
antarafacial migration of the alkylidene group (resulting in

Chem. Eur. J. 2001, 7, No. 24
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Z+0.124

Z Co(CO)5: +0.555 % Co(CO)5: H0.565

3

Figure 2. Two representations of the calculated minimum-energy structure of the cationic intermediate 3. Partial
charges (left) and bond lengths (right) are indicated.

X Co(CO)y: +0.545

4

Figure 3. Two representations of the Co-symmetric transition structure 4 of the cationic C;Hs—Co,(CO)s
complex. Partial charges (left) and bond lengths (right) are indicated.

£ Co(CO)y: +0.491

£ Co(CO)3: +0.508

5

Figure 4. Two representations of the calculated structure of the transition state 5 for suprafacial migration of the
CHCH; group from one Co center to the other (syn/anti isomerization). Partial charges (left) and bond lengths
(right) are indicated.

racemization) is indicated by a negative mode of 115 cm™!
associated with the rotation around the C8—C9 bond. The
calculated energy barrier for this rotation is 9.5 kcalmol.[*"]
This result is in line with the above-mentioned NMR
spectroscopic investigation, which gave an energy barrier of
10.5 kcalmol~! for a related system.
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H H
CH3
7 antarafacial migration N
® (enantiomerization)
(0C)3Co0—|—Co(CO); (OC)3Co—]—Co(CO);
RoRq
H H g R, Ry
suprafacial suprafacial
migration migration O O O
(syn-anti _ (syn-anti (0C)sCo|=Co(CO); (OC)sCo~|>Co(CO)s
isomerization) . isomerization) O O O O
rotation H H
(syn-anti
CHs isomerization) CHy TS TS
(antarafacial migration) (suprafacial migration)
H H
\ antarafacial migration 4
® (enantiomerization) ®
(OC)sCo—|—Co(CO); (OC)sCo—]—cCo(c0o);
H H

Scheme 3. Schematic representation of the possible fluxional processes in cationic complexes of type 3.1'*]

4
AE
in kcal
mol ™!
H CH,
9.5
L N
®
(OC)3Co—] —Co(CO)3 (OC)Co—]—Co(CO);
H
0.0 R

H®_CH;
A
AE 5
in kcal
molfl (OC)Co——Co(CO)3
H
11.9
CHy
N anti-3
[©]
(©C1Co—|—=corcon
H
0.0

reaction coordinate

v

reaction coordinate

Figure 5. Energy profiles for antarafacial (left) and suprafacial (right) migration of the alkylidene group in 3.

The transition state 5 (Figure 4) for suprafacial migration of
the CHCH; group in 3 is energetically disfavored by
2.5 kcalmol™! relative to 4; this corresponds to a rotational
barrier of 13 kcalmol~!. The calculations furthermore re-
vealed a transition mode with an imaginary frequency of
208 cm™!, which is indicative of the suprafacial interconver-
sion of the syn and anti diastereomers. Because the two
substituents at C9 (Me, H) are different, the symmetry of the
transition state 5 is C;. However, the acetylene —Co,(CO),
substructure is almost symmetrical with respect to the plane
defined by C7-C9. The energy profiles for both migration
processes, as well as the relative energies of the syn and anti
conformers are shown in Figure 5.

The calculations on the parent dicationic system 6 revealed
two minima: a cisoid structure in which both methylene
groups are bent towards the same cobalt atom (6a), and a
transoid structure in which each methylene group is bent
towards one of the Co atoms (6b). The transoid structure
6a is energetically favored by
9.5 kcalmol~! relative to 6b.

Interestingly, the Co,(CO), moiety
can compensate both cationic charg-
es, as indicated by the NBO analysis.
In both structures (Figure 6) the
Co,(CO), group carries a charge of

Co0,(CO)2L4
6 (L=CO)

5328
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about +2.0 e. Nevertheless, C9 still carries a small partial
charge of +0.2 e, in contrast to the monocationic complex 3,
in which C9 is nearly neutral.

The radical complex C;H;— Co,(CO);": Recent experimental
work suggestsl® that the dicobalt hexacarbonyl fragment can
stabilize not only cations but also radicals in the propargylic
position of alkyne —Co,(CO), complexes. An example of a
reaction involving such radical intermediates is outlined in
Scheme 4. In contrast to the cationic intermediates discussed
above, almost nothing is known about the structure, energy,
and electron distribution of the corresponding radical inter-

(0C)3Co—|——Co(CO); (0C)3Co—|——Co(CO)3

6a 6b
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2 Co,(CO)g: +1.037 2 Co,(CO)g: +0.883

6b

Figure 6. Two representations of the calculated geometry and partial charges of the dicationic complexes 6a and

6b. Partial charges (left) and bond lengths (right) are indicated.

EtsB
—_—

(c0)3Co;'éO(CO)3 (CO)3C0"60(CO)3

Scheme 4. Cyclization reaction via a Co,(CO),-stabilized radical intermediate.

- H CHs H H CHs 1
/ CH3
- - N, .
(0C)3Co—f—Co(CO)3 (OC)3Co—]—Co(CO)3 (OC)3Co—|——=Co(CO)3
L H H H i
Ta 7b 7c

Scheme 5. Possible mesomeric structures for the radical intermediate 7.

mediates. Especially the configurational stability of such
radicals has yet to be studied.

Formally, the radical can be located (Scheme 5) at the
propargylic center (7a) or at one of the cobalt atoms (7b, 7¢).
In the latter cases, the propargylic center would be part of a
double bond which could be coordinated (7b) to the radical-
bearing cobalt atom or not (7¢).

The calculated minimum-energy structure of 7 is depicted
in Figure 7. One Co atom is no longer bound to C8 (one of the
former acetylene centers), and all of the spin density is located
at this cobalt atom (NBO analysis). In addition, the C8—C9

Chem. Eur. J. 2001, 7, No. 24
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bond length is only 1.335A,
which indicates a double bond.
Thus, this radical is best repre-
sented by mesomer 7¢. In con-
trast to the eclipsed arrange-
ments of neutral complex 1 and
the cationic species 3, the car-
bonyl groups in 7 are arranged
in a staggered fashion along the
Co—Co axis.

As in the case of the cation 3,
four stereoisomers (two pairs of
enantiomers) are possible for
radical 7, and they may be
interconvertable in a related
dynamic system (cf. Scheme 3).
According to the calculations,
there are again two transition
states, corresponding to antara-
and suprafacial migration of the
alkylidene group from one co-
balt atom to the other.

The C,-symmetric transition
state 8 (Figure 8) for the antar-
afacial process has a very sim-
ilar geometry to 4: the CHCHj,
group stands upright in the
middle between the two Co-
(CO); fragments. The NBO
analysis shows that about half
of the spin density is still delo-
calized over the cobalt atoms,
while the other half is located at
C9. This indicates that only in
the distorted structure 7 is the
cobalt moiety able to fully ac-
commodate the unpaired elec-
tron. Interestingly, in the tran-
sition state 8 the carbonyl
groups are eclipsed with respect
to the cobalt—cobalt axis, in
contrast to the minimum-ener-
gy structure 7, in which the
carbonyl groups are staggered.

Although the participation of
the cobalt atoms in the deloc-
alization of the spin density is
much lower in 8 than in 7, the
energy barrier for the antarafacial migration is quite low and
amounts to only 7.6 kcalmol~'. Therefore, racemization of
such radicals is expected to occur even more rapidly than in
the corresponding cationic species (see above). This
means that reactions via cobalt-stabilized propargylic radicals
would not proceed in a stereospecific manner, in contrast
to reactions involving Cr(CO);-complexed benzylic radi-
cals.l!]

The transition state 9 for suprafacial isomerization (Fig-
ure 9) has C, symmetry and lies 7.4 kcalmol~! above 8, which
corresponds to a barrier of 15 kcalmol~". Its structure is best

(c0)3Co;'éO(CO)3
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Z Co(CO)3: +0.034 Z Co(CO);: +0.430

7

Figure 7. Two representations of the calculated structure of the radical intermediate 7. Partial charges (left)

and bond lengths (right) are indicated.

Z Co(CO)5: H.180 Z Co(CO)5: +0.189

8

Figure 8. Two representations of the transition state for the antarafacial migration of the CHCHj group in the
radical complex 7. Partial charges (left) and bond lengths (right) are indicated.

Z +0.031

Z Co(CO),: +0.175 Z Co(CO),: +0.173

9

Figure 9. Two representations of the transition state 9 for the suprafacial migration of the CHCH; group in the
radical complex. Partial charges (left) and bond lengths (right) are indicated.

described by resonance formula 7a, because the majority of
the spin density is now located at C9, and the C8—C9 bond
length of 1.411 A is indicative of a less pronounced double-
bond character (cf. 1.375 A in 8). The less pronounced
delocalization of the spin density over the cobalt moieties
may explain the higher energy of this transition state.

5330
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The anionic complex C/H;-
Co,(CO)¢: To the best of our
knowledge, no experiments in-
volving anionic cobalt complexed
intermediates have been report-
ed. Therefore, a theoretical inves-
tigation might give some ideas for
such chemistry.

Figure 10 shows the calculated
structure of the anionic C,Hs-
Co,(CO)4~ complex 10, formally
derived by abstraction of a prop-
argylic proton from 1. The geom-
etry of 10 has much in common
with that of the radical complex 9.
The tetrahedral core is distorted
in that the bond between Col and
the substituted acetylene carbon
atom C8 is elongated to 2.868 A
(Col—C8 in 1: 1.988 A). The
C8—C9 bond has again changed
from a single bond in 1 to a
double bond (1.336 A).

Whereas the positive charge in
3 and the spin density in 7 are
more or less completely delocal-
ized over the Co,(CO), fragment,
in 10 less than half of the negative
charge is delocalized over the
cobalt moieties. The remainder
of the charge is partitioned mainly
over the acetylenic carbon atoms;
the propargylic center C9 carries
only a small partial charge of
—0.076e.

The calculations further re-
vealed an unexpectedly high en-
ergy barrier (23.7 kcalmol~! ) for
the antarafacial migration of the
ethyl group from one cobalt atom
to the other via the Ci-symmetric
transition state 11 (Figure 11)
resulting in enantiomerization.
Therefore, it is possible that ster-
eospecific transformations involv-
ing such anionic intermediates
could be realized.

The other transition state 12
(Figure 11) is energetically disfa-
vored by 19.3 kcalmol ! relative
to the anionic minimum-energy
structure 10. Thus, in the anionic
intermediate the transition state
for antarafacial migration is higher in energy than that for
suprafacial migration, opposite to the situation in the cationic
and radical complexes. The NBO analysis for 12 showed that
the Co,(CO), fragment adopts a partial charge of —0.5 e, as in
10 and 11. Compared to 11, the propargylic position in 12 has a
slightly higher negative charge (—0.134 e).
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I Co(CO)y: 0.289 £ Co(CO);: -0.166

10

the antarafacial migration of the
propargylic center from one Co
atom to the other with enantio-
merization of the complex is
decisive for the feasibility of
stereospecific reactions. This bar-
rier is rather low for the cationic
(9.5 kcalmol!) and the radical
(7.6 kcalmol™!)  intermediates
(see Table 2), but is rather high
for the anionic intermediate
(23.7 kcalmol~'). We are confi-
dent that the results of this study
will be of value for experimental
chemists by assisting them in
evaluating potential applications

Figure 10. Two representations of the minimum-energy structure of the anionic intermediate 10. Partial in stereoselective synthesis.

charges (left) and bond lengths (right) are indicated.

£ Co(CO),: -0.24 2 Co(CO),: -0.25

12
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__/
T ° - \o
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3 9.5 kcalmol ! 11.9 kcal mol !
H
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—/CH3 \
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Metallophilic Interactions in Closed-Shell Copper(®) Compounds—

A Theoretical Study

Holger L. Hermann,*! Gernot Boche,”! and Peter Schwerdtfeger*!?!

Abstract: Cuprophilic interactions in
neutral perpendicular model dimers of
the type (CH;CuX), (X=OH,, NH;,
SH,, PH;, N,, CO, CS, CNH, CNLi)
were analyzed by ab initio quantum-
chemical methods. The basis set super-
position error for the weakly interacting
CH;CuX subunits is significant and is
discussed in detail. A new correlation-
consistent pseudopotential valence basis
set for Cu, derived at the second-order
Mgller - Plesset level suppresses consid-
erably the basis set superposition error
in Cu—Cu interactions compared to the

lence basis set. This allowed the first
accurate predictions of cuprophilicity,
which has been the subject of consider-
able debate in the past. The dependence
of the strength of cuprophilic interac-
tions on the nature of the ligand X was
addressed. The Cu—Cu interaction in-
creases with increasing o-donor and -
acceptor capability of the ligand and is
approximately one-third of the well-

Keywords: ab initio calculations -
closed-shell interactions - copper -
metal —metal interactions

documented aurophilic interactions. By
fitting our potential-energy data to the
Hershbach — Laurie equation, we deter-
mined a relation between the Cu—Cu
bond length and the Cu—Cu force con-
stant; this is important for future studies
on vibrational behaviour. The role of
relativistic effects on the structure and
the interaction energy is also discussed.
Finally we investigated cuprophilic in-
teractions in (CH;Cu), as a model spe-
cies for compounds isolated and charac-
terized by X-ray diffraction.

standard Hartree —Fock optimized va-

Introduction

Complexes of Group 11 metals in the +1 oxidation state have
a well-known tendency to form clusters, often with quite short
metal —metal bond lengths.! Such closed-shell interactions
(CSI) often result in unusual chemical and physical proper-
ties.’l Almost two decades ago, several crystallographic,
spectroscopic, and theoretical studies yielded the first evi-
dence for CSIs in Group 11 compounds, often termed d'*—d'°
interactions.?] The CSIs can range from extremely weak
dispersive-type interactions, as in He, (dissociation energy
E;=2 x 1072 kcalmol™?), to large charge-induced dipole in-
teractions, as in in the s’-s’> system AuBa~ (E,=
34 kcalmol ). Strong closed-shell interactions in inorganic
compounds were recently reviewed by Pyykks.[!

The unusually strong CSIs between gold atoms in Au'
compounds initiated a large number of experimental® and

[a] Prof. Dr. P. Schwerdtfeger, Dr. H. L. Hermann
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Philipps-Universitidt Marburg
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35032 Marburg (Germany)
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theoretical investigations.”-!!l Although CSIs are not compa-
rable in strength to normal covalent or ionic bonds, in Au'
compounds they can be as large as 7—12 kcalmol~!, which is
within the range of typical hydrogen bonds. The interplay
between correlation and relativistic effects is mainly respon-
sible for these aurophilic attractions,”'? although ionic
contributions cannot completely be neglected.'] Such auro-
philic interactions are also thought to be responsible for the
luminescent behavior of a number of gold compounds.['”

Here we draw attention to Cu!—Cu! CSIs, which have been
proposed but studied only little in the past.[!% 13-19 In the case
of Cul, early extended Hiickel (EHT) calculations support
hybridization effects between filled (n — 1)d orbitals and the
ns and np orbitals.'’l For example, Hollander and Coucouva-
nis!'¥ found little sensitivity of the copper - copper distance to
the nature of the ligands in a number of octameric copper
compounds and, hence, predicted the presence of Cu—Cu
interactions. However, others dispute the existence of such
interactions!"! and prefer the terminology of nonbonding
close Cu'-Cu! contacts.?! Previous theoretical studies on
cuprophilic interactions were plagued with rather large basis
set superposition errors due to the limited basis sets
used.[l(), 13, 21]

The debate on cuprophilic interactions is perhaps similar to
the discussion a decade ago on the existence of TI'-TI
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interactions in the solid state, postulated by Schumann et al.??!
and later supported by EHT calculations by Janiak and
Hoffmann, which predicted large overlap effects between TI
atoms.”?! However, s>—s? CSIs in TI' compounds proved to be
extremely weak when more accurate ab initio methods were
applied.¥

Nevertheless, there is mounting evidence for Cu'-Cu!
interactions from the short metal —metal distances (usually
between 260 and 350 pm)®! in several crystal structures. For
example, copper-containing organometallic compounds of the
type Cu,R,, (n=3-5),2 as shown in Figure 1,7*! have been
the subject of discussion ever since their discovery.

However, it is questionable whether the short Cu—Cu
contacts in these compounds are due to the constraints of the
ring or to metal —metal interactions. This is similar to the
ongoing dicussion on cuprite (Cu,O), which was studied in the
pastl?!l and was recently the subject of intense controversy.[*"!

Further evidence for cuprophilic interactions was recently
found by Boche etal., who crystallized cuprates such as
[(BuCu(CN)Li(Et,0),],. (4),*1 and [{[(Me;Si)CH,],CuLi},-
(Et,0)5] (5),B% (Figure 2). In both compounds the monomeric
cuprate units are nearly orthogonal to each other (6(C-Cu-
Cu-C) =94.9°in 4, 6(C-Cu-Cu-C) =93.7° in 5), and this allows
Cu—Cu interaction without steric repulsion of the ligands.
Compound 4 has a relatively short Cu—Cu distance of
r(Cu—Cu) =271.3 pm and a mean C-Cu-C bond angle of
a(C-Cu-C)=170.0°, while 5 has r(Cu—Cu)=283.8 pm and
a(C-Cu-C)=172.1°. In contrast to other structures in which
the Cu atoms are brought into close proximity by ligand
complexation, in 4 there is no obvious reason why the
monomeric units should bend towards each other. The
authors furthermore concluded that lithium cuprate dimers
of the lithium contact ion pair type, which are formed
especially in solvents that poorly solvate lithium ions,??! are
the reactive species in the addition of cuprates to enones.
Further structural and Raman spectroscopic evidence for
cuprophilicity was found recently by Che et al. in a lumines-

Figure 1. X-ray crystal structures of organocopper compounds of the type
[Cu,R,] (n=4, 5). Selected structural data for [Cu,(CH,SiMe,),]*" (1):
r(Cu—Cu)=241.8 pm, r(Cu—C)=198.0-204.0 pm, a(Cu-C-Cu)=73.4/
73.8°,  a(C-Cu-C)=163.4/163.7°; for [Cuy(2,4,6-iPr;CH,),]*! (2):
r(Cu—Cu) =244.5 pm, r(Cu—C)=195.8-201.8 pm, a(C-Cu-C)=169.8";
and for [Cus(2,4,6-Me;CeH,)s]?®  (3):  r(Cu—Cu) =244.0-255.0 pm,
r(Cu—C)=191.0-202.0 pm,  a(Cu-C-Cu)=78.0-80.0°, a(C-Cu-C)=
149.0-160.0°.

cent binuclear copper(t) complex.?Y For [Cu,(depm),]X, (X =
ClO,~, dcpm = bis(dicyclohexylphosphanyl)methane) with
r(Cu—Cu) =273.1 pm, Che etal. could assign the Raman

Figure 2. Solid-state structures of [{{BuCu(CN)Li(Et,0),}.]?" (4) and [{[(Me;Si)CH,],CuLi},(Et,0);]* (5). Selected bond lengths [pm], angles [°], and
dihedral angles [°] in 4: C1—Cul 187.8, C2—Cul 196.9, Cul—Cu2 271.3, C1-Cul-C2 170.0, C2-Cul-Cu2 103.4, C1-Cul-Cu2-C6 84.6; and in 5: Cul—Cu2 283.8,

C1-Cul-C5 172.9, C9-Cu2-C13 171.3, C1-Cul-Cu2-C9 93.7.

5334
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intensity to a single low-frequency mode, namely, that of the
Cu'—Cu' stretch (v(Cu,) =104 cm™).

To investigate CSIs in Cu—Cu contacts we performed ab
initio calculations on a wide variety of monomeric (CH;CuX)
(6) and dimeric Cu' compounds (CH;CuX), (7; X=OH,,
NH;, SH,, PH;, N,, CO, CS, CNH, CNLi) to model the solid
state. We also investigated the Cu—Cu interactions in the CH;-
bridged tetramer (CH;Cu), (8) as a model compound for 1 or 2.

Computational Methods

All calculations were performed with the Gaussian 98 program package.
The heteroatoms of all model compounds were treated with all-electron
standard basis sets,[*l while for copper either an energy-consistent scalar
relativistic or a nonrelativistic (NR) 19 valence electron (19-VE) small-
core pseudopotential (PP) of the Stuttgart group?” was used to replace the
inner core electrons.

Three different basis sets were applied to describe the copper valence
electron region (see Table 1). The originally published Hartree — Fock (HF)
optimized Cu basis set of the Stuttgart group?’l is denoted as basis 1a,
basis 1b is derived from la but augmented by two f-type polarization
functions,'”! and basis 2 is a large correlation-consistent Gaussian-type
basis set generated in our group (Table 2).

Basis 2a was obtained by numerically optimizing a (9s8p6d4f) subset of
exponents for the Cu atom at the second-order Mgller—Plesset level
(MP2). Furthermore, a (2s1p1d) set of diffuse functions was added which
we obtained from a numerical fit procedure at the MP2 level for the Cu~
anion to reproduce the experimentally known value for the electron
affinity £, of Cu at the coupled cluster [CCSD(T)] level of theory. The
calculated CCSD(T) ionization potential of 7.71 eV and electron affinity of
1.18 eV are in excellent agreement with the experimental values of 7.72 and
1.23 eV.®¥ Correlation-consistent basis sets optimized by this procedure

Table 1. Basis setsl? and calculated total electronic energies E [au] for the Cu atoms used in the present

have been repeatedly used? to successfully suppress what is known as the
basis set superposition error (BSSE).[*l Basis 2b is in principle of the same
size as basis 2a, except that a nonrelativistic (NR) pseudopotential®’! was
used for copper.

The structures of all monomeric compounds of type CH;CuX (6; X = OH,,
NH;, SH,, PH;, N,, CO, CS, CNH, CNLi) were fully optimized at the
pseudopotential (PP) MP2 level (Table 3), while keeping the orbital space
fully active.l*!l The geometries were proven to be minima by analyzing the
second derivative matrix (Hessian), at least for basis sets 1a and 1b. The
unchanged monomer geometries were used to build up the perpendicular
(Cy-symmetric) dimers (CH;CuX), (7; Figure 3).

The Cul—Cu! attraction in those dimers was then studied by varying the
Cu—Cu distance r(Cu—Cu). The attraction energies of the two interacting
closed-shell fragments were obtained with (AEq) and without (AE)
counterpoise (CP) corrections according to Equations (1) and (2). If not
otherwise stated, CP corrections to eliminate the BSSE were performed for
the monomers at the equilibrium distances of the dimers.

AE=EQ) EQ-EP M
AEqp=E" EQPEZY @

For the dimers 7 the Cu—Cu distance was varied to produce potential
energy curves and subsequently fitted to a Morse potential [Eq. (3)] to
correctly describe the dissociation limit into two closed-shell monomer
fragments CH;CuX 6. This gives both accurate Cu—Cu bond lengths and
force constants in agreement with values obtained by the more accurate
analytical optimization techniques used for the smaller basis sets.

V(rcw-co) = D(1 — exp 2y (3a)
key-co=2Da? (3b)
For the geometry optimization of (CH;Cu), (8) we used the less computer
extensive Los Alamos basis sets and pseudopotentials (LANL2DZ).53

The natural bond orbital (NBO) analysis of
Reed and Weinhold*! within the Gaussi-

work. an 98 program suite® was used to determine
tural atomic ch d bondi tri-
Case  Atom Basis E(HF) E(MP2) E(CCSD(T)) 9 IOMIE CHIEEs AR BORCing €onth
la HLi,CNOPS 631 +G(d) - - -
Cu (8s6p5d)/[6s5p3d] —196.16955 —196.54767 —196.49965
1b Cul*l (8s6p5d21)/[6sSp3d21] —19616955  —196.73788 —196.69156 Results and Discussion
2a H cc-pVDZ - - -
C,NIL.OPS -PVTZ - - - .
L 2?31 +(dp) B _ _ Monomers: Table 3 lists the geomet-
Culd (11s9p7d4£)/[9s7Tp5d3f]  — 196.20483 —197.10982 —197.02541  ric parameters for the monomers
(~196.20500)  (~197.13703)  (-197.05210) H,CCuX (6; X=OH,, NH;, SH,,
2b Cu NRU (11s9p7d41)/[9s7p5d3 1] —195.61745 —196.51414 —196.43161 PH,, N,, CO, CS, CNH, CNLi)

[a] Cu valence basis sets for the Stuttgart small-core pseudopotentials (PP) of the Stuttgart group.”l  together with the bond dissociation

[b] The f exponents are a;=0.24, 3.70.% [¢] In the case of X = CNH and CNLi the cc-pVDZ basis set was
used for N. [d] Energy values E in parentheses are for the uncontracted basis set. [e] NR indicates that a

nonrelativistic PP was used instead.’)

Table 2. Exponents and coefficients for the correlation-consistent Cu valence basis set.[!

energies for the reaction H;CCuX —
CH;Cu + X with (AEpyg) and with-
out (AE) correction for the zero-
point vibrational energy. All the

monomers were fully optimized at

s p d f . .

exp. coeff. exp. coeff. exp. coeff. exp. coeff. the MP2 level by using the basis
sets and pseudopotentials listed in

27.53091 —0.10565 79.14552 0.00247 50.18287 0.02203 11.60973 0.11427 Table 1
14.59263 0.29217 17.22254 —0.07389 15.66677 0.10969 4.67063 0.33370 aple L. .
6.15443 0.62754 7.69319 0.02583 5.69954 0.25889 1.85482 - The monomers 6 are in general
4.89927 - 4.00736 - 213198 - 058635 - linear (see Figure 3) with a(C-Cu-
. om0 paen - oD X180, except for X=OH, and
0.50889 _ 0.36183 ~ 005492 - B ~ SH,, for which they are slightly
0.26090 _ 0.12873 _ _ _ _ _ bent (G(C-CU-O) =179.2° and
0.12573 - 0.04036 - - - - - a(C-Cu-S) =178.1°).
0.06667 - - - - - - - The C—Cu bond length of 6 is
0.02409 - - - - - - -

sensitive to the nature of X (Fig-

[a] The basis set was numerically optimized at the scalar relativistic MP2 level of theory.
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Table 3. Optimized parameters for the H;CCuX monomers at the MP2 level of theory.l!
X Basis r(C—Cu) r(Cu—X) r(X=Y)! a(H-C-Cu) a(Cu-X-Y) AE AE pye
el la 186.8 - - 108.8 - - -
1b 184.8 - - 108.8 - - -
2a 182.4 - - 108.8 - - -
2b 185.0 - - 108.9 - - -
OH, la 186.4 195.3 97.7 110.6 112.7 25.5 23.1
1b 185.3 193.4 97.8 110.2 110.7 28.4 26.0
2a 183.2 190.8 97.2 111.2 111.4 30.6 -
2b 184.9 192.5 97.1 111.3 112.1 26.9 -
NH; la 187.4 193.6 102.2 111.3 111.9 383 35.6
1b 186.5 191.2 102.3 110.9 111.5 42,5 39.8
2a 184.5 189.4 102.1 110.9 111.5 43.1 -
2b 186.2 191.0 102.0 111.6 111.9 389 -
SH, la 188.1 219.7 1345 110.9 102.4 272 25.2
1b 187.0 2143 134.7 110.8 101.4 34.6 32.6
2a 185.6 212.1 135.0 111.3 103.2 324 -
2b 187.3 214.8 135.0 111.3 102.7 28.1 -
PH; la 189.4 216.5 140.7 111.3 118.8 335 335
1b 188.3 213.0 140.7 111.0 118.7 40.5 38.4
2a 186.8 210.0 141.2 111.5 119.4 40.0 -
2b 188.5 212.4 141.2 1115 1194 35.0 -
N, la 187.6 181.6 1135 111.0 180.0 19.6 18.0
1b 187.1 179.4 113.6 110.7 180.0 242 22.6
2a 185.1 176.9 111.7 111.3 180.0 27.6 -
2b 186.6 179.4 1115 111.3 180.0 22.7 -
CO la 189.2 177.1 115.7 111.3 180.0 343 324
1b 188.8 175.8 115.8 110.9 180.0 40.0 38.1
2a 186.9 172.6 1143 111.5 180.0 451 -
2b 188.4 1752 114.1 111.6 180.0 38.6 -
CS la 190.1 173.6 1543 111.4 180.0 51.8 50.1
1b 189.5 172.7 154.4 111.0 180.0 582 56.4
2a 187.6 169.4 154.4 111.6 180.0 62.2 -
2b 189.0 171.8 154.1 111.7 180.0 54.6 -
CNHW la 189.4 179.7 118.2 111.6 180.0 414 39.8
1b 188.9 178.1 118.3 1112 180.0 46.7 452
2a 187.0 175.0 1174 111.8 180.0 51.7 -
2b 188.5 177.5 117.2 111.8 180.0 45.7 -
CNL; la 190.0 182.1 119.2 111.8 180.0 52.0 50.1
1b 189.2 180.4 119.3 111.5 180.0 57.1 552
2a 187.4 177.7 118.3 112.0 180.0 614 -
2b 188.9 180.1 118.2 112.1 180.0 55.9 -

[a] Bond lengths r in picometers, angles « in degrees. The AE values [kcalmol™'] are given for the Cu—X bond
strength (dissociation into CuCHj; and X) with (AEpyg) and without (AE) ZPVE correction. [b] For bond lengths
of the unbound ligands X, see ref. [S0]. [c] An experimental bond length for CH;Cu is not available, but there are
numerous other ab initio calculations, for example, by Frenking,*- > Bauschlicher®! or Nakamura.? [d] N—H
bond lengths for basis sets 1la, 1b, 2a, and 2b are 100.4, 100.4, 100.6, and 100.6 pm, respectively. [e] N—Li bond
lengths for basis set 1a, 2b, 2a, and 2b are 179.5, 179.3, 182.1, and 182.4 pm, respectively.

Figure 3. Model monomers 6 and the perpendicular arrangement of two
monomers in the dimers 7. The C;-M;-M,-C, and X;-M;-M,-X, dihedral
angles are fixed at 90°.

182.3 pm (X = OH,) and 187.6 pm (X = CS) for basis 2a. One
usually expects an elongated C—Cu bond (weaker bonding of
CH,) if the Cu—X bond is strong, but comparing the AE values

5336 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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with the C—Cu bond lengths
shows that this is not the case. It
is likely that other bonding
contributions such as & bonding
between the ligand X and Cu
are important as well.

The C—Cu and Cu—X bond
lengths are sensitive to the basis
sets applied, that is, they con-
tract slightly on going from
basis 1a to basis 1b and further
to the largest basis set 2a. For
example, the influence of two
additional f functions at Cu
(basis 1b vs 1a) on r(C—Cu) is
about —1pm. For r(Cu—X),
these changes range from —0.9
(X=CS) to —-54pm (X=
SH,). Even more important
are the differences between
basis sets la and 2a. The
r(C—Cu) decrease in general
by more than 2 pm, while the
changes in r(Cu—X) are be-
tween —4.2 pm (X=NHj;, CS)
and —7.6 pm (X =SH,). Clear-
ly, variations in the geometry of
monomer 6 will influence
Cu'—Cu' interactions in 7, and
it is therefore important to use
sufficiently large basis sets.

It has been shown that rela-
tivistic effects cannot be ne-
glected in accurate calculations
of bond lengths and energies in
copper compounds.[**>#1 The
so-called Group 11 maximum
of relativistic effects also ap-
plies for Cu, although to a lesser
extent than for Ag or Au. A
comparison of r(C—Cu) and
r(Cu—X) calculated with the

* .
. o o
. i * 2 ¢t
0‘ : L] | ]
*« 2 A =
2 n
]
=

& basis 1a

T

T T T T

OH, NH, SH, PH; N, CO CS CNH CNLi
®basis 1b Wbasis 2a A basis 2b

Figure 4. Bond lengths of the monomers 6 calculated (MP2) with basis sets
1a, 1b, 2a, and 2b.
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same copper valence basis set but different copper pseudo-
potentials, namely, a scalar relativistic (basis 2a) and a non-
relativistic (basis 2b) pseudopotential, clearly shows that
C—Cu and Cu—X bonds contract by roughly 1.5 and 2.0 pm,
respectively, due to relativistic effects. The longer nonrelativ-
istic Cu—X bond lengths correlate to smaller bond dissociation
energies AFE at this level (see Table 3 and Figure 5).

n
60.0 [] :
t = e
= F ]
5 400 . . 2 ¢
g r ’ 2 ¢ .
g . | %
4 200 .
0.0 : : : :

OH, NH, SH, PH, N, CO CS CNH CNLi

#basis 1a @basis 1b M basis 2a Abasis 2b

Figure 5. Cu—X bond dissociation energies AE of the monomers 6
calculated (MP2) with basis sets 1a, 1b, 2a, and 2b.

Depending on the ligand X, the dissociation energies
calculated at the nonrelativistic level are smaller by
3.7kcalmol™! (121%) for X=OH, and 7.6 kcalmol!
(122%) for X=CS than the values calculated at the
relativistic level. This indicates that relativistic effects cannot
be neglected for the calculations on the dimeric compounds.

Table 4 summarizes the results of a natural bond orbital
analysis (NBO) on the monomers 6. The copper atoms bear
positive charges in the range from g(Cu) =+0.44 (X=O0H,)
to q(Cu)=+0.76 (X=CS), while the methyl groups are
negatively charged, with values between ¢(CH;)=-—0.53
(X=O0H,) and ¢q(CH;)=—0.65 (X=CNLi). The ligands X
carry a relatively small positive or negative charge due to their
donor or acceptor capabilities. The orbital occupations for the
copper n(4s), n(3d,), n(3d,), and n(3d,) orbitals are also given
in Table 4. The copper 4s orbital
is populated by n(4s) =0.74 (X =
CS) to n(4s)=0.83 (X=O0OH,)
electrons, while almost no occu-
pation is found for the 4p orbitals
(n(4p) < 0.1). For all monomers 6
the occupation of the 3d, orbitals
is essentially 3.92 electrons, while
the orbital populations in the 3d
orbitals with z contributions (3d,
and 3d,) vary between 1.70 and
1.95 electrons depending on the

4E [ keal mol”

Table 4. NBO charges for the H;CCuX (6) monomers calculated at the
MP2 level with basis set 2a. Cu orbital population for selected valence
orbitals.

X q(Cu)  q(CH;) q(X)  n(4s) n(d,) n(Bd,) n(3dy)
OH, 0.44 —0.53 0.09 0.83 1.70 3.90 3.92
NH; 0.45 —0.57 012 0.79 1.71 3.90 3.92
SH, 0.43 —0.58 015 078 1.79 3.86 3.92
PH; 0.45 —0.60 015  0.76 1.83 3.92 391
N, 0.58 —0.57 —-0.01 0.76 1.77 3.76 3.92
CO 0.61 —0.61 0.00 0.78 1.81 3.66 391
CS 0.76 —0.62 —-014 074 1.82 3.56 391
CNH 0.58 —0.63 0.05 077 1.80 3.72 3.92
CNLi 0.52 —0.65 013 0.79 1.78 3.78 3.92

numbers between n(3d)=9.52 (X=O0OH,) and n(3d)=9.57
(X=PH;) were determined for the 3d (and 4s) orbitals of o
donors such as X =OH,, NH;, SH,, and PH;.

Dimers: For the dimers 7 we chose the perpendicular
arrangement shown in Figure 3, because such an arrangement
minimizes the dipole—dipole interactions between the two
subunits 6, and the undisturbed metal —metal interaction can
therefore be studied. These structures are also more closely
related to crystal structures, as observed, for example, in the
case of 4 and 5. Therefore, the potential energy curves
(Figure 6) do not describe absolute minima on the potential
energy surface for the dimeric compounds (CH;CuX), (7),
since only the Cu—Cu distances were optimized at fixed
monomer geometries.

In Table 5 the calculated data for 7 are summarized. The
equilibrium Cu—Cu distances r.,(Cu—Cu) and the correspond-
ing interaction energies AE and AEp are given, as well as the
corresponding force constants k(Cu—Cu). In Figure 6 the
interaction potentials without counterpoise corrections (basi-
s 2a) are shown.[*] Note that all interaction potential curves
are attractive; this means cuprophilic attraction exists!
Furthermore, since all potential energy curves at the HF
level are repulsive, cuprophilic interactions can be explained
by electron correlation effects.

ligand X. m-Acceptor ligands
(e.g., X=CO, CS) withdraw elec-
tron density from the 3d (and 4s)

r(Cu-Cu) / pm

orbitals, as the small 3d, popula- -10
tions show, leading to smaller 200

g T T T 1
250 300 350 400

overall occupation numbers of m OH, ® NH, 4 SH, v PH & N, « CO » CS @ CNH * CONLi

n(3d)=939 (X=CO) and
n(3d)=9.30 (X=CS) show. In

comparison, higher occupation  corrections.
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Figure 6. Potential energy curves AE(r(Cu—Cu)) for the dimers 7. The energy differences AE [kcalmol~'] are
given relative to the energy of two monomers [Eq. (1)]. Note that these curves do not include counterpoise
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Table 5. Optimized MP2 parameters for the (H;CCuX), dimers.[?!

X Basis r(Cu—Cu) k(Cu—Cu) AE AEqp
OH, la 318.5 - —2.8 0.2
1b 287.2 9.45 —45 —-0.3
2a 313.9 5.51 —24 -1.0
NH; la 310.2 - —3.8 —-0.3
1b 283.3 11.32 —5.8 —-0.3
2a 304.3 791 —-34 —-1.8
SH, la 302.9 - —4.7 0.1
1b 277.6 12.44 —-6.8 0.3
2a 301.7 8.48 —4.0 —2.2
PH, 1a 280.6 - —64 08
1b 258.2 21.64 -95 -13
2a 273.5 17.54 —6.4 -39
N, 1a 292.1 - 48 —04
1b 268.8 17.83 -75 —0.6
2a 290.0 10.82 -39 -23
CO la 285.0 - —-52 -05
1b 261.1 21.09 —-82 —0.6
2a 280.4 13.20 —4.4 2.7
CS la 276.3 - -6.9 -0.7
1b 253.3 28.03 —10.6 —-0.9
2a 272.8 16.29 -58 —3.7
CNH la 287.9 - —48 —-0.1
1b 262.6 20.65 —-7.6 —-0.2
2a 280.4 13.09 —44 —22
CNLiM! la 301.3 - —-1.2 35
1b 270.0 5.66+4.62 —3.8 4.0
2a 295.3 5.24 -02 2.0

[a] Distances r(Cu—Cu) in picometers, force constants k(Cu—Cu) in
newtons per metre; the attraction energies of the dimers compared to
two monomers are given with (AEqp) and without (AE) CP correction at
r(Cu—Cu) according to Equations (1) and (2). [b] See ref. [45].

Most striking are the calculated Cu—Cu equilibrium dis-
tances 7.,(Cu—Cu) (Table5). First, they show a strong
dependency on the nature of the ligand X. Second, they are
highly sensitive to the basis set applied. While for X=0OH, a
large equilibrium distance of r,,(Cu—Cu) =313.9 pm is found
(basis 2a), we calculated a much shorter distance for X =CS
(req(Cu—Cu) =272.8 pm, Ar,,=41.1 pm). Such a large ligand
effect is not easy to understand. The data suggest that ligands
with good o-donor and m-acceptor capabilities such as X = CS
or X = CO result in shorter Cu—Cu bond lengths. It is possible
that the m-acceptor ligands are able to withdraw electron
density from the formally positively charged copper(i) centers
(Cu"), so that the Pauli repulsion is decreased and the
monomeric fragments move closer together. An NBO anal-
ysis supports this (Table 4). Here the CS ligand is more
negatively charged, and the Cu 3d orbital population is
smaller relative to, for example, the CO ligand due to
Cu(d,) — CS(p,) back donation.

As all the interaction potentials at the equilibrium distances
are very shallow (see Figure 6), large changes in the Cu—Cu
bond lengths do not necessarily cause the interaction energies
to change dramatically. As an example, for X=NH; the
energy change between r(Cu—Cu) =275 pm and r(Cu—Cu) =
350 pm (Ar=75 pm) amounts to only 0.5 kcal mol~L

Our calculations also reveal that the Cu—Cu distances are a
sensitive probe for slight (electronic) changes caused by
different basis sets (Table 5). For calculations with basis 1a,
relatively long Cu—Cu equilibrium distances are obtained.
Reoptimizing the Cu—Cu bond lengths by using two addi-
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tional f functions (basis 1b)!!% causes all Cu—Cu equilibrium
distances to decrease by more than 22 pm; for example, for
X =O0H, Ar(Cu—Cu)=31.3 pm is calculated. Applying the
large basis 2a causes the Cu—Cu bond lengths to decrease by
between 1.2 pm (X=SH,) and 7.5 pm (X=CNH) compared
to basis 1a, and to increase by 15.1 pm (X =PHj;) to 26.7 pm
(X =OH,) compared to basis 1b.

The variations in the Cu—Cu bond lengths due to the
different quality of the basis sets are also reflected in the
attraction energies between the monomers. When we origi-
nally started these calculations with basis set 1a, we realized
that the counterpoise (CP) correction for the BSSE to the
monomer energies almost completely cancelled the attraction
between the monomers in the supermolecule (compare AE
and AEqp at the r(Cu—Cu) distances of the CP-uncorrected
dimer in Table 5 and Figure 7). Furthermore, in some cases

E——
N
4, (&)

"

o

0
N
L O et

&
¢y

—
-
—
n

L S —Y

—
P —

AE / kcal mol”

75 S T -

-10 .

OH, NH, SH, PH, N, COo CS CNH  CNLi

+basis 1a mbasis 1b A basis 2a

Figure 7. Attraction energies AE for the dimers 7. The error bars show the
BSSE and the resulting AEqp values at the corresponding equilibrium
distances r.,(Cu—Cu).

(e.g., X=0H,, SH,, CNLi) we obtained purely repulsive
potential curves. According to Equations (1) and (2) the
ApAE values (difference between AE and AEp) are be-
tween ApAE=3.0kcalmol™! (X=OH,) and AGAE=
6.2 kcalmol~!' (X =CS), which is of the order of the actual
attraction energy; this is exactly the problem others
faced.['* 13211 Tn fact, the BSSE increases from basis set 1a to
the larger basis set 1b and is then in the range of AcpAE =
5.1 kcalmol™! (X=O0H,) and ApAE=9.6kcalmol™! (X=
CS). This suggests that the basis set is less than complete in
the spd part, or important higher angular momentum
functions are missing.

To analyze the BSSE in more detail we studied different
basis sets for different atoms. The BSSE increases on adding
two f functions to Cu, and this suggests that the basis set at the
copper center is mainly responsible for this error, as one
would expect. In fact calculations for X = CO indicate that the
BSSE decreases by only 3% if the basis set 1b on the
heteroatoms is extended from 6-31+ G(d) to the Dunning
cc-pVTZ basis.P On the other hand, if the monomer is
calculated by taking only the Gaussian basis functions at the
center of the second (ghost) copper atom (see Figure 8,
structure D) into account about 70% of the BSSE is
recovered (between 55 and 60 % for basis 1a).
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H3C——Cu—CNLi H3C——Cu—CNLi

HaC— Cu—CNLi HsC— Cu—CNLi 2:2—27—777

A B C

HsC—Cu—CNLi HsC——Z—CNLi

Z72—7—777

7 HsC——Z——CNLi
b E F
Z3Z—Cu—277

Cu Z3Z—Cu—277Z '
Z52—27—777
G H |
Figure 8. Schematic structures of calculated molecules to study the BSSE.
Z denotes the atoms which were treated as “ghost” atoms, that is, the
Gaussian basis functions at the corresponding atom position where taken
into account.

We therefore decided to optimize the copper basis set at the
correlated (MP2) level to suppress errors in the spdf part
before adding higher angular momentum functions,*! as
described in the computational section. This technique
eliminated most of the BSSE for the notoriously difficult
molecule Hg,.*"! Our systematic investigation on the BSSE
using this newly developed basis for copper (see Table 2) is
summarized in Table 6.

Table 6. The basis set superposition error for CH;CuCNLi.=?

Structure Basis setl’! E AE
A 6-31 + G(d)/Cuycc — 674.15472 -
B 6-31 + G(d)/Cuycc ~337.07678 -
C 6-31 + G(d)/Cuycc —337.08016 —212
D 6-31 + G(d)/Cuycc —337.07865 —117
E 6-31 + G(d)/Cuycc —139.74643 -
F 6-31 + G(d)/Cuycc —139.74885 —152
G 6-31 + G(d)/Cuycc —197.13703 -
H 6-31 + G(d)/Cuycc ~197.13914 —132
I 6-31 + G(d)/Cuycc ~197.13847 ~0.90
A cc-pVTZ/Cuyee — 67452230 -
B ce-pVTZ/Cuyee —337.26113 -
C cc-pVTZ/Cuyee —337.26299 —116

[a] The structure fragments A —I are shown in Figure 8. The total electronic
energies E for A-TI are given in au, and the relative energies AE in
kcalmol~. [b] All heteroatoms were calculated by using either the 6-31 +
G(d) or cc-pVTZ basis sets.’) Cuycc denotes that for copper the
uncontracted correlation-consistent basis set (see Table 2) was used.

The BSSE per monomer (X=CNLi) now drops from
AcpAE =3.9 kcalmol~! (basis 1b) to ApAE =2.2 kcalmol™!
(—44%) for the 6-31 + G(d) basis sets by applying the Cu
correlation-consistent basis set together with the heteroatoms.
To reduce the remaining error even further, a more detailed
study of the single fragments was necessary. For example,
comparison of structure D with C (Figure 8) reveals that
1.2 kcalmol™' (55%) of the remaining 2.2 kcalmol~! origi-
nated from the second copper atom only. However, compar-
ing structures F and E reveals that the ligand atoms are
responsible for 1.5 kcalmol~! (70 %) of the BSSE. This leads
to the conclusion that the BSSE arising from the ligand atoms
is now of the same magnitude as that resulting from the

Chem. Eur. J. 2001, 7, No. 24
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copper atom. Furthermore if the ligand basis is extended from
6-31+ G(d) to cc-pVTZ (Table 6) the BSSE again drops by
nearly 50 % (cf. B and C) to a final value of 1.2 kcalmol ! per
monomer fragment. In fact, from the error bars given for the
different ligands X in Figure 7 it is clear that basis 2a reduces
the BSSE in general by approximately 70% relative to
basis 1b, while the error compared to basis 2a is reduced by at
least 50 % for basis 1a.

Finally, for X=NH; and X =PH;, CP-corrected potential
curves (for X=PH;, see Figure 9) were calculated with
basis 1b and basis 2a to study the BSSE for the entire range
between r(Cu—Cu) =200 and 400 pm.

30
‘.
\
'\
204 N
N
\
..
10 N ® basis 1b (CP)
v v basis 2a (CP)
.. A basis 2a
. S m  basis 1b

-10- R EEE i

r(CuCu) | pm——
T

T T T T 1
200 2%0 300 350 400
Figure 9. Potential energy curves of [(CH;CuPH;),] calculated by using
basis sets 1b and 2a with and without counterpoise (CP) correction. The
AE [kcalmol™!] values are given relative to the energy of the two
monomers.

For basis 2a and X =PH;, the BSSE increases the Cu—Cu
equilibrium distance from r,,(Cu—Cu) =273.5 to r,o(CuCu) =
289.1 pm (Ar(Cu—Cu) =15.6 pm) and the cuprophilic attrac-
tion from AEep=—3.9 to —4.1 kcalmol~! compared to the
CP-corrected values at the original bond length. In the case of
X =NHj;, r(Cu—Cu) changes from 304.3 to 326.3 pm
(Ar(Cu—Cu)=220pm) and AEs, from -—18 to
—2.0 kcalmol~!. To summarize, correlation-consistent basis
sets for the copper atom and the ligands (e.g., basis 2a)
remove most of the BSSE and should therefore be preferred
over standard HF-optimized sets for weak metal—metal
interactions.

Various empirical relationships between metal —metal dis-
tances and force constants have been developed in the past.[*!
The Hershbach —Laurie rule®! has been used successfully to
describe dinuclear transition metal complexes (e.g., M =Cr,
Mo, Rh, Pd, Ag, W, Re, Ir, Pt, Au, Hg), as reviewed by
Harvey."™ We therefore applied the Hershbach-Laurie
equation [Eq. (4)] to fit the optimized equilibrium distance
req(Cu—Cu) [pm] of the dimers 7 to the logarithm of the
calculated force constant k<(Cu—Cu) [Nm™!] obtained from a
Morse fit, as shown in Table 5.

r(Cu—Cu) = a + b(In k/100) “

The results for basis sets 1b and 2a (from Table 5) are
plotted in Figure 10. Linear regression yields for basis 1b
(basis 2a) values of a=227.8 (a=227.6) and b=-23.0 (b=
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® basis 2a; r/pm=-28.3In[10°k/Nm"'] + 227.6 ; R = 0.97

200.0

is that the Cu—Cu bond of the
dimer is significantly shorter if
the monomers are bent, in
agreement with the findings of
Liu et al.® For example, for
X=CS with a(C-Cu-X)=
175.0° we calculate an equilib-
rium distance of r(Cu—Cu)=

300 -250 -200 -1.50 -1.00 -0.50

In[10%k / Nm"] ——»
Figure 10. Hershbach—Laurie fit for all calculated dimers (CH;CuX), and Cu, according to Table 5 and

Equation (4).

—28.3), which essentially differ only in the slope. Interest-
ingly, the b values are of the same magnitude as the published
values for Ag and Au (Table 7), and only the intercept
increases on going from Cu to Au.

Table 7. Hershbach—Laurie parameters for Group 11 elements according
to Equation (4).

M a [pm] b [pm] Ref.
Cu 228 -22.8 this work!?!
228 —283 this work!
Ag 250 ~300 [4]
253 —28.4 [48]
Au 268 ~290 [4]
289 ~20.6 [53]
325 ~290 [2b]

[a] Calculated with basis 1b. [b] Calculated with basis 2a.

To the best of our knowledge, no experimental parameters
a and b are available for the Cu, system. Hence, given the
Cu—Cu bond length, our formula allows the first crude
estimates of Cu—Cu stretching force constants k(Cu—Cu), or
vice versa, to be made; this is important for future vibrational
studies in solution or the solid state. For example, taking the
experimental Cu~Cu' stretching frequency (¥(Cu,)=
104 cm™!) of [Cu,(depm),]X,,3 we obtain the force constant
k(Cu—Cu) within the harmonic approximation. Substituting
the calculated value of k(Cu—Cu)=20.05Nm! into the
Hershbach - Laurie formula [Eq. (4)], together with the given
a and b values (basis2a), we obtain a bond length of
r(Cu—Cu) =273.1 pm, in perfect agreement with the exper-
imentally determined value of r(Cu—Cu) =273.1 pm.

Relativistic effects on the Cu—Cu bond lengths and
interactions were calculated to be rather small, at least for
X =NHj;. A slightly longer Cu—Cu bond length of 305.5 pm
and a essentially unchanged attraction of AE = 3.41 kcal mol ™!
were found in the nonrelativistic case, as compared to
304.3 pm and AE =3.43 kcalmol~! in the relativistic case.

We also studied the influence of bent monomer units 6 on
the Cu—Cu interaction in the dimers 7 (see Table 8). Dimers
with slightly bent monomer units (a(C-Cu-X) < 180°) are
more favourable than those with linear monomers (a(C-Cu-
X)=180°). For X=NH; (CS) we calculated an optimum
monomer angle of a(C-Cu-X) =178.8° (175.3°). Most striking

5340
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N 264.8 pm (Table 8), which is
e, 8 pm shorter than the equilibri-

" ; ) um distance of r(Cu—Cu)=
0.00 050 1.00 2728 pm  for a(C-Cu-X)=

180°. A similar result was found
for X=NH;. The calculated
effect on the attraction of two
monomers [Eq. (1)] is relatively
small (< 0.5 kcalmol~!) but not negligible. This suggests that
the copper—copper interactions, which increase on bending
the monomers, are responsible for the bent monomers in
crystals of compound such as 5 (a(C-Cu-C)=172.9 and
171.3°), although the bending is often discussed only as
consequence of lithium coordination. Note that the rBu-
Cu(CN)Li monomers in 4 are also bent (a(C-Cu-C)=170.0
and 168.0°), although 4 contains no bridging lithium atoms.

Table 8. The Cu—Cu attraction as a function of the angle a(C-Cu-X) [°].
The r(Cu—Cu) [pm] and AE [kcalmol~!] values are optimized for the
corresponding angle a.[?]

a X =NH, X=CS
r(Cu—Cu) AE r(Cu—Cu) AE
180 304.3 —3.43 272.8 —5.83
175 292.9 -3.21 264.8 —6.16
170 283.0 —-2.17 259.2 —5.74
165 275.9 —-0.32 255.1 —4.53

[a] A polynomial fit of the angle a to the interaction energy AE yields for
X =NHj; (CS) an optimal angle of a(C-Cu-X)=178.8° (175.3°), which
corresponds to a Cu—Cu bond length of r(Cu—Cu) =301.5 (265.1 pm).

Tetramer: To study whether the inward bending in com-
pounds like 1-3 is due to ring constraints or to cuprophilic
interactions we optimized the model compound (CH;Cu), (8)
at the HF and MP2 levels of theory (Figure 11). At both levels
of theory an inward-bent C-Cu-C arrangement is found. Since
we showed in the previous section that HF only produces
repulsive energy curves, we conclude that the bending also
occurs if cuprophilic interactions are absent. The question
then is to what extent cuprophilic interactions influence the
structure of such compounds.

To obtain some indication of cuprophilic interactions in this
tetrameric copper compound we performed the following
steps:

1) Starting with the HF-optimized structure we switched on
correlation effects (at the MP2 level) to see whether
cuprophilic interactions decrease the C-Cu-C bond angles
and Cu—Cu bond lengths. Since the C—Cu bond at the MP2
level is shorter than that at the HF level of theory, this
contraction in the C—Cu bond due to correlation effects
will counteract the cuprophilic interaction.
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Figure 11. Optimized MP2 structure of 8. HF values are given in
parentheses.

2) Starting with the MP2-optimized structure we switched
correlation effects off (HF level) to see if the absence of
cuprophilic interactions increases the C-Cu-C bond angles
and the Cu—Cu bond lengths. Since the C—Cu bond at the
HF level is longer than that at the MP2 level of theory, this
contribution will counteract the increase in the C-Cu-C
bond angle.

For case 1 the Cu—Cu bond length decreases by 8.0 pm, and
the C-Cu-C bond angle decreases by 3.0°. The stabilization
energy for this process is 1.3 kcalmol~!. For case 2 the Cu—Cu
bond length increases by 6.6 pm, and the C-Cu-C angle by
2.6°. The energy gain for this process is 4.4 kcalmol~.
Although LANL2DZ basis sets and pseudopotentials may
overestimate cuprophilic interactions, these changes clearly
indicate that cuprophilic interactions are partly responsible
for the short Cu—Cu bonds and C-Cu-C bending in structures
such as 1-3.

Conclusion

We have clearly established the existence of cuprophilic
interactions for a number of different compounds. By
successively eliminating the BSSE by applying correlation-
consistent valence basis sets together with a small core
pseudopotential for copper, the CSIs were found to be
attractive by up to 4 kcalmol! for a number of model
compounds. Cuprophilic interactions are therefore approx-
imately three times weaker than aurophilic interactions.
Although we modelled these interactions for compounds
known in the solid state, some of these cuprophilic inter-
actions may be large enough to exist in dimeric cuprates in
solution, as suggested by Boche et al.?l

Chem. Eur. J. 2001, 7, No. 24
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A New ! [Ni;] Cluster in LaNi,In, and Distorted bcc Indium Cubes in LaNiln,

Yaroslav M. Kalychak,” Vasyl' I. Zaremba,!! Yaroslav V. Galadzhun,™
Khrystyna Yu. Miliyanchuk,®' Rolf-Dieter Hoffmann,'*! and Rainer Pottgen*!?!

Abstract: LaNiln, and LaNi;In, were
prepared by reaction of the elements in
an arc melting furnace and subsequent
annealing at 870 K for five weeks. Both
compounds were investigated by X-ray
diffraction on powders and single crys-
tals and the structures were refined from
single-crystal data: Cmcm, a =448.2(1),

for LaNi;Ing. LaNiln, adopts the
YNiAl,-type structure. The nickel and
indium atoms form a three-dimensional
infinite [Niln,] polyanion in which the
lanthanum atoms fill distorted hexago-
nal channels. No Ni—Ni contacts occur.
The indium substructure consists of
distorted bcc-like indium cubes. La-

Ni;Ing crystallizes with a peculiar new
structure type. The nickel atoms build a
L.[Ni;] cluster unit with Ni—Ni distances
ranging from 249 to 269 pm. The cluster
units are enveloped by indium atoms.
These larger units show an orthorhom-
bic rod packing with the lanthanum
atoms filling the space between the rods.

b=1689.5(4), ¢=7221(1) pm, wR2=
0.0340, 472 F? values, 24 variables for
LaNiln,, and Ibam, a=806.6(2), b=
924.8(2), c¢=1246.5(2)pm, wR2=

] elucidation
0.0681, 726 F? values and 40 variables

Introduction

The ternary systems rare earth metal (RE)/nickel/indium
have been intensively investigated in the last 25 years.[!l So far,
more than 120 ternary intermetallic compounds RE,Ni,In,
have been synthesized. These intermetallics crystallize with 20
different structure types.[? Besides the large structural
variety, these compounds have attracted considerable interest
due to their peculiar magnetic and electrical properties. In this
context the representatives with cerium, europium, and
ytterbium have been studied most intensively. Several of
these compounds show valence instabilities or interesting
magnetic ordering phenomena. Remarkable compounds are
intermediate-valent CeNiln,B! the intermediate heavy-fer-
mion system CesNigln,;,[% 7] antiferromagnetic EuNiln,,® ° or
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Several nickel clusters in ternary rare
earth metal nickel indides and the struc-
tural relations of the LaNi,Ing structure
with the cubic NaZn,; type are dis-
cussed.

the valence-unstable ytterbium compounds YbNiJn and
YbNiln, .M

The highest magnetic ordering temperatures in such
systems occur for the gadolinium-based compounds. Recently
the 93.5 K ferromagnet GdNiln was reported.''! Such gado-
linium-based intermetallic compounds are of considerable
interest because of their potential use as magnetic refriger-
ation materials.'>'¥l Another interesting chemical property of
these intermetallic compounds is their hydrogen-storage
behavior. The indides LaNiln, CeNiln, and NdNiln can
reversibly absorb hydrogen at room temperature and pres-
sures up to 100 bar, resulting in the intermetallic hydrides
LaNilnH,,, CeNilnH, g, and NdNiInH,,.["¥l In contrast, the
RENiln indides with the heavier rare earth elements do not
form hydrides.

The formation of such indium compounds strongly depends
on the annealing temperatures. Thus, careful examination of
the phase diagrams is required to determine the phase
equilibria. During a systematic study of the lanthanum/
nickel/indium system, we have synthesized single crystals of
LaNiln,® and the new indide LaNi,In,. The crystal structures
of and chemical bonding in both compounds are reported
herein.

Experimental Section

Synthesis: Starting materials for the preparation of LaNiln, and LaNi;Ing
were ingots of lanthanum (Johnson Matthey), nickel wire (Johnson
Matthey), and indium tear drops (Johnson Matthey), all with stated
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purities better than 99.9 %. The large lanthanum ingots were cut into small
pieces under paraffin oil and subsequently washed with n-hexane. The
paraffin oil and n-hexane were dried over sodium wire. The compact
lanthanum pieces were stored in Schlenk tubes under argon prior to the
reactions. Argon was purified over titanium sponge (900 K), silica gel, and
molecular sieves.

In a first step the lanthanum pieces were arc-melted to buttons. This
premelting procedure minimizes shattering during the strongly exothermic
reactions with nickel and indium. The lanthanum buttons were subse-
quently mixed with the nickel wire and the indium pieces in the ideal 1:1:4
and 1:7:6 atomic ratios and arc-melted under an argon pressure of about
800 mbar. The resulting buttons were turned over and remelted at least
three times to achieve homogeneity. The total weight losses during the arc-
melting procedures were all less than 0.5 wt %. Finally, fragments of the
melted ingots were enclosed in evacuated silica tubes and annealed at
870 K for five weeks. The two indium compounds are stable in moist air for
months. They are light gray in polycrystalline form. The single crystals
exhibit metallic lustre.

X-ray investigations: The purity of the samples was checked through X-ray
powder patterns (Dron-3M powder diffractometer, Fey, radiation) using
5N silicon (a=543.07 pm) as an internal standard. The orthorhombic
lattice parameters (see Table 1) were obtained from least-squares fits of the
powder data. To ensure correct indexing the observed patterns were
compared with calculated ones,'! taking the atomic positions from the
structure refinements. In both cases the lattice parameters determined from
powder patterns and from single-crystal data agreed well. For LaNiln, we
observed also good agreement with the previously reported lattice
parameters.!*]

Besides the LaNi,Ins, sample, we also refined the lattice parameters
originating from two additional samples: a =804.7(5), b=925.6(4), c=
1246.1(6) pm, V=0.9281 nm® for the starting composition 7.2La:52.8-
Ni:401In and a =807.2(2), b =925.8(3), c = 1247.8(3) pm, V =0.9325 nm? for
the starting composition 10La:45Ni:45In. Within the combined standard
deviations the differences in the cell volumes are not significant despite the
fact that the single-crystal investigation indeed showed a mixed In/Ni
occupancy for one indium position. This reflects a very small range of
homogeneity.

Single-crystal intensity data of LaNiln, were collected at room temperature
by using a four-circle diffractometer (CAD4) with graphite-monochro-

Abstract in German: LaNiln, und LaNi,In, wurden durch
Reaktionen der Elemente in einem Lichtbogenofen und
anschlieflendes fiinfwochiges Tempern bei 870 K synthetisiert.
Beide Verbindungen wurden iiber Rontgen-Beugungsexperi-
mente an Pulvern und Einkristallen untersucht und die Struk-
turen anhand von Einkristall-Diffraktometerdaten verfeinert:
Cmem, a=448.2(1), b=1689.5(4), c=722.1(1) pm, wR2=
0.0340, 472 F?-Werte, 24 Variable fiir LaNiln, und Ibam, a =
806.6(2), b=924.8(2), c=1246.5(2) pm, wR2=10.0681, 726
F2-Werte und 40 Variable fiir LaNi,In,. LaNiln, kristallisiert
im YNiAl, Typ. Die Nickel- und Indiumatome bilden ein
dreidimensionales [Niln,J-Polyanion ohne Ni-Ni-Kontakte, in
dem die Lanthanatome verzerrte hexagonale Kandile besetzen.
Die Indium-Teilstruktur besteht aus verzerrten, bce-dhnlichen
Wiirfeln. LaNi,In, kristallisiert mit einem neuen Strukturtyp.
Die Nickelatome bilden ' [Ni,] Clusterstringe mit Ni-Ni-
Abstinden von 249 bis 269 pm. Diese Clusterstringe werden
von den Indiumatomen umhiillt und bilden eine orthorhom-
bische Stabpackung wobei die Lanthanatome den Platz
zwischen den Stiben einnehmen. Die unterschiedlichen Ni-
ckelcluster in terndren Seltenerdmetall-Nickel-Indiden und die
strukturelle Verwandtschaft der LaNi,Ins Struktur mit dem
kubischen NaZn;-Typ werden diskutiert.

5344 —

Table 1. Crystal data and structure refinements for LaNiln, and LaNi,Ing.

empirical formula LaNiln, LaNi,Ing
molar mass [gmol '] 656.90 1218.88
crystal system orthorhombic orthorhombic
lattice parameters

a [pm] 448.2(1) 806.6(2)

b [pm] 1689.5(4) 924.8(2)

¢ [pm] 722.1(1) 1246.5(2)

V [nm?] 0.5468 0.9298

space group
Pearson symbol

Cmcm (No. 63)
0C24

Ibam (No. 72)
ol56

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

V4 4 4

Peated [gem ™3] 7.98 8.71

crystal size [um?] 20 x 20 x 100 30 x 30 x 90
transmission ratio (max/min) 1.47 1.77

u [mm™] 274 32.6

F(000) 1124 2158
detector distance [mm] - 50
exposure time [min] - 4

@ range [°]; increment [°] - 0-180; 1.4
profile/pixel - 9-21

0 range for data collection [°] 2-30 2-31

range in hkl —6<h<4,4+23,+10 £11,+13, +16
total no. reflections 1512 4627

independent reflections
reflections with > 20([)

472 (R, = 0.0305)
423 (Rygmy = 0.0253)

726 (Ryy = 0.0603)
617 (Rygma = 0.0359)

data/parameters 472124 726/40
goodness-of-fit on F? 1.215 1.013

final R indices [I > 20(])]

R1 0.0192 0.0294

wR2 0.0328 0.0655

R indices (all data)

R1 0.0243 0.0385

wR2 0.0340 0.0681
extinction coefficient 0.00200(9) 0.00052(8)
largest diff. peak and hole [e A=] 0.85 and —1.73 2.01 and —3.04

mated Mo, radiation (0.71073 pm) and a scintillation counter with pulse
height discrimination. The scans were performed in the w/260 mode. An
empirical absorption correction was applied on the basis of psi-scan data.
Intensity data of LaNi;Ing were collected by use of a Stoe image plate
system (IPDS) with graphite-monochromated Moy, radiation in the
oscillation mode. A numerical absorption correction was applied to these
data. Crystallographic data and experimental details for both data
collections are listed in Table 1.

Electronic structure calculations: Three-dimensional semiempirical band
structure calculations for LaNi;In, were based on an extended Hiickel
Hamiltonian.['? '8 All exchange integrals, orbital exponents, and weighting
coefficients were taken from a previous work on La,Ni,In.l'” Charge
iterations have been carried out. The eigenvalue problem was solved in
reciprocal space at 64 k points within the irreducible wedge of the Brillouin
zone by using the YAeHMOP code."]

Results and Discussion

Structure refinements: Irregularly shaped single crystals of
LaNiln, and LaNi;Ing were isolated from the annealed
samples by mechanical fragmentation and were examined
by Buerger precession photographs to establish both symme-
try and suitability for intensity data collection. The isotypy of
LaNiln, with the YNiAl, typel! (space group Cmcm) was
already evident from the powder pattern. A careful exami-
nation of the LaNi,Ing data set revealed a body-centered
orthorhombic cell, and the extinction conditions were com-
patible with space group Ibam. Further crystallographic data
are listed in Table 1.
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The atomic parameters of EuNiln ! were taken as starting
values for LaNiln,, while those for LaNi;In; were deduced
from an automatic interpretation of data obtained by direct
methods with SHELXS-97.2%1 Both structures were success-
fully refined using SHELXL-97 (full-matrix least-squares on
F?) with anisotropic atomic displacement parameters for all
atoms. As a check for the correct composition, the occupancy
parameters were refined in a separate series of least-squares
cycles. Full occupancy within two standard deviations was
observed for most sites, except the In2 site in LaNi;Ins which
showed an occupancy of only 92.6(5) %. A similar occupancy
was also found for a second crystal of this compound. Such
homogeneity ranges are often observed in RE-Ni-In inter-
metallic compounds.!!l For the final least-squares cycles this
position was refined with a mixed In2/Ni4 occupancy which
revealed 82% indium and 18% nickel, resulting in a
composition LaNi;lnsg, for the investigated crystal. Final
difference Fourier syntheses revealed no significant residual
peaks (see Table 1). The positional parameters and intera-
tomic distances of the two refinements are listed in Tables 2
and 3. Further details on the crystal structure investigations
may be obtained from the Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on
quoting the depository numbers CSD-411746 (LaNiln,) and
CSD-411747 (LaNi,In).

Table 2. Atomic coordinates and isotropic displacement parameters [pm?]
for LaNiln, and LaNi;Ing. U, is defined as one third of the trace of the
orthogonalized Uj tensor.

Atom Occ. Wyckoff x y z Uy
position

LaNiln, (space group Cmcm)

La 4c 0 0.11786(3) 1/4 83(1)
Ni 4c 0 0.77329(6) 1/4 91(2)
Inl 8f 0 0.31135(2) 0.04940(6)  85(1)
In2 4c 0 0.92409(4) 1/4 112(1)
In3 4b 0 12 0 123(1)
LaNi,In4 (space group Ibam)

La 4a 0 0 1/4 123(2)
Nil 4d 0 12 0 75(4)
Ni2 8f 0.0758(1) 0.2388(1) 0 77(3)
Ni3 16k 0.6245(1)  0.08896(9) 0.17140(8)  69(2)
Inl 16k 0.17351(5) 0.69254(5) 0.13737(4)  92(2)
In2 0.820(5) 8§ 0.17391(8) 0.95635(7) 0 79(3)
Ni4 0.180(5) 8 0.17391(8) 0.95635(7) 0 79(3)

Crystal chemistry and chemical bonding: LaNiln, is the most
indium-rich compound in the ternary system lanthanum/
nickel/indium. Although X-ray powder data have been
reported earlier,®! we have now refined the structure on the
basis of single-crystal data.

LaNiln, adopts the YNiAl,-type structure.’!] Since the
crystal chemistry of these intermetallic compounds has al-
ready been discussed in detail from a geometrical point of
view,® %24 we focus here on chemical bonding in LaNiln,.
Figure 1 shows a view of the LaNiln, structure approximately
along the x axis. The nickel and indium atoms build a three-
dimensional [Niln,] polyanionic network with Ni—In distances
ranging from 255 to 275 pm. The average Ni—In distance of

Chem. Eur. J. 2001, 7, No. 24
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Table 3. Interatomic distances [pm], calculated with the lattice parameters
taken from X-ray powder data of LaNiln, and LaNi;Ins. All distances
within the first coordination sphere are listed. Standard deviations are all
equal or less than 0.2 pm. Note, the In2 position of LaNi;Ing has a mixed
occupancy of 82% In and 18 % Ni.

LaNiln, LaNi,In, LaNi;Ing
La: 1 1In2 3274 La: 4 Ni3 3288 1Inl: 1 Ni3 2599
4 1Inl 333.6 4 In2 3441 1 Ni3 2622
2 Ni 3452 4 Inl 346.6 1 Ni3 263.0
4 1In3 3499 4 Inl 3475 1 Ni3 266.7
2 Inl 357.6 4 Ni2 386.8 1 Ni2 2684
2 In2 3679 1 Ni2 2716
2 Ni 4052 Nil: 2 Ni2 2492 1 Nil 2839
2 La 4482 4 Ni3 250.0 1 In2 2981
2 In2 266.1 1 In2 303.6
Ni: 1 1In2 2548 4 Inl 2839 1 1Inl 3246
2 Inl 2592 1 1Inl 3425
4 Inl 2745 Ni2: 1 Nil 2492 1 La 346.6
2 La 3452 2 Inl 2684 1 La 3475
2 La 4052 2 Ni3 2694
1 In2 2704 1In2: 1 Nil 266.1
Inl: 1 Ni 2592 2 Inl 2716 1 Ni2 2704
2 Ni 2745 1 In2 2729 2 Ni3 2718
1 1Inl 289.7 1 In2 2850 1 Ni2 2729
2 Inl 3135 2 La 3868 1 Ni2 2850
1 In3 3207 1 In2 2919
2 In2 3279 Ni3: 1 Nil 250.0 2 Inl 298.1
2 La 333.6 1 Ni3 2559 2 Inl 303.6
1 La 3576 1 Ni3 259.6 2 La 3441
1 1Inl 2599
In2: 1 Ni 2548 1 Inl 2622
4 In3 3151 1 Inl 263.0
1 La 3274 1 1Inl 266.7
4 1Inl 3279 1 Ni2 2694
2 La 3679 1 In2 2718
1 Ni3 280.6
In3: 4 In2 3151 1 La 3288
2 Inl 320.7
4 La 3499
2 In3 361.1

Figure 1. Crystal structure of LaNiln, viewed along approximately the x
axis. The lanthanum, nickel, and indium atoms are drawn as gray, black, and
open circles, respectively. The three-dimensional [Niln,] polyanion is
emphasized. A bcc-like cube of indium atoms is outlined in the upper left-
hand corner of the unit cell.

267 pm is in good agreement with the sum of Pauling’s single
bond radii®! of 265 pm for nickel and indium. No Ni—Ni
contacts occur. The three crystallographically different in-
dium atoms build distorted bcc-like cubes. The various In—In
contacts within and between these cubes cover a large range
from 290 to 361 pm. Notably, the shortest In—In distance of
290 pm is significantly shorter than in tetragonal body-
centered indium (a=325.2, ¢c=494.7 pm),?°l in which each
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indium atom has four nearest neighbors at 325 pm and eight
further neighbors at 338 pm.

The common structural motif of such indium-rich ternary
intermetallics are distorted bcc-like indium cubes. The various
types of these cubes have been presented in two previous
papers.”? 2] Earlier, chemical bonding was investigated by
extended Hiickel calculations for CaPdIn,.””! These semi-
empirical calculations revealed a net Mulliken charge of
+1.69 for calcium and of —0.93 for palladium as a conse-
quence of d-band filling. The strongest bonding interactions
were found for the Pd—In and In—In contacts. In view of the
electropositive character of calcium and the strongly bonding
Pd—In and In—In interactions, the formulation Ca?*[PdIn,]>~
is adequate, emphasizing the essentially covalently bonded
[PdIn,] polyanion. Since lanthanum and nickel have electro-
negativities similar to calcium and palladium,? the model of
chemical bonding in CaPdIn, may safely be applied to
LaNiln,.

LaNi;Ing is the thirteenth indide with known crystal
structure in the system lanthanum/nickel/indium.™ Tt crystal-
lizes with a new structure type. Within the structure we find
three crystallographically different nickel sites with Ni—Ni
distances ranging from 249 to 269 pm with an average of
254 pm. In view of the Ni—Ni distance of 249 pm in fcc
nickel,”! we can assume a significant degree of Ni—Ni
bonding.

Together, the nickel atoms build a one-dimensional [Ni,]
cluster chain. A section of this cluster unit is presented in
Figure 2. This chain is composed of condensed distorted Ni,
tetrahedra and linear Ni; chains. To our knowledge, this is a
new motif in the crystal chemistry of such cluster compounds.
The one-dimensional [Ni,;] chains are surrounded by indium
atoms at Ni—In distances ranging from 260 to 285 pm. Also
the average Ni—In distance of 272 pm is in good agreement
with the sum of Pauling’s single bond radii®! (see above). The
clusters are arranged in the form of an orthorhombic rod,
packing as shown in Figure 3. The lanthanum atoms fill the
space between the rods. In view of Pauling’s electronegativ-
ities® of 1.1, 1.91, and 1.78, for lanthanum, nickel, and indium,
respectively, the lanthanum atoms have most likely trans-
ferred their valence electrons to the nickel and indium atoms.
In emphasizing the Ni—Ni and Ni—In bonding, the electron
counting can, to a first approximation, be written as
La*[Ni,Ing]*~. This structural arrangement is very similar to
that in oxomolybdates like NaMo,Og," where the sodium
atoms fill channels between the chains of edge-sharing
MosO,,-type clusters. One significant difference, however, is
that in LaNi;Ins also weak La—Ni and La—In contacts exist
and that the In2 position is partially occupied by nickel. This
seems to weaken the cluster concept, but is still tolerable in an
intermetallic compound.

Recent investigations of the ternary system Eu/Ni/In
revealed orthorhombic compounds EuNi,, Ing .. In con-
trast to the lanthanum compound, the europium indide shows
a pronounced homogeneity range approximately from 34 to
43 atom- % indium. Detailed studies of the structures and
properties of these samples are currently in progress.

Chemical bonding in LaNi;In, was investigated by semi-
empirical extended Hiickel calculations. The density-of-states
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3 [Ni] in CeNijIn

\/

VAV e

2 [Nig] in LaNi,ln

L,

1 [Nig] in Ce,Nizlng

e

?‘5&

1 [Ni7] in LaNiIng

Figure 2. Sections of the cluster units in the structures of CeNi,In, LaNi,In,
Ce,Ni;Ing, and LaNi,;Ing. Relevant interatomic distances are indicated in
pm.

Figure 3. Perspective view of the LaNi,Ing structure along the z axis. The
one-dimensional [Ni;] cluster chain is emphasized. The lanthanum and
indium atoms are drawn as gray and open circles, respectively.

(DOS) curve is presented in Figure 4. The nickel d-block stays
sharply localized at around — 18 eV and the broadened indium
states mix in from — 18 eV up to and beyond the Fermi level.
The gross Mulliken charges are La +1.81, Ni —0.94, and In
+0.80. It should be noted that the electronic structure
calculations were performed for the ideal composition
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Figure 4. Total and projected DOS curve for LaNi;Ing (upper left-hand
drawing). The indium contributions are emphasized in grey. Also the
COOP curves for the La-In, La—Ni, Ni—-Ni, Ni—-In, and In-In
interactions with the integrated values of the overlap populations are
shown.

LaNi;Ing. Since the homogeneity range is very small, this will
hardly affect the principle statement concerning the chemical
bonding.

Semiempirical crystal orbital overlap population (COOP)
allows a more quantitative bond analysis. The Ni—Ni COOP
curve (lower left-hand part of Figure 4) shows that both
Ni—Ni bonding and antibonding states are filled, a result
which is not unusual given that it is formally a closed-shell
interaction. This is also expressed in a relative low overlap
population (OP) value of +0.092. The various Ni—In (260 -
285 pm) and In—In (292-343 pm) contacts are significantly
bonding. The Ni—In (+0.223) and In—In (40.231) OP values
are the highest in the LaNi;In, structure. The La—Ni and
La—In bonding with OP +0.019 and +0.003, respectively, play
a very subordinate role (upper right-hand part of Figure 4).
The small OPs and the course of the Mulliken charges fully
justify the formulation La3*[Ni,Ing]*~ discussed above.

Turning now to the one-dimensional [Ni;] cluster chain.
Within the large series of rare earth metal nickel indides only
few show extended nickel clusters. Besides some structures
with Ni, pairs only the structures of CeNiuJn, LaNi,In,
Ce,Ni;Ing, and LaNi,Ins contain larger cluster units as
presented in Figure 2. The cluster with the highest symmetry
occurs in CeNi,In?? where the nickel atoms form a three-
dimensional network of corner-sharing tetrahedra with Ni—Ni
distances of 250 pm. In LaNi,In! the nickel cluster is two-
dimensional (Figure 2). Each nickel atom has six nickel
neighbors like in a close-packed layer. However, these layers
show strong puckering in LaNi,In. The Ni—Ni distances of 258
and 263 pm are slightly longer than those in CeNigln. The
nickel network is one-dimensional in Ce,Ni;Ing.’* It is
composed of Ni, chains (Ni—Ni distances 241 and 263 pm)
which are interconnected through further nickel atoms at
258 pm. The one-dimensional [Ni,] cluster chain in LaNi;In,,
however, is more complex. The cluster units presented in
Figure 2 are only sections of the respective structures. In most
cases they are surrounded by indium atoms and the rare earth
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atoms fill the space between the indium-enveloped cluster
units.

Finally we emphasize that the structure of LaNi;In, can be
considered as a ternary ordered derivative of the cubic NaZn,;
type (Pearson code cF112, space group Fm3c, a=
1228.36 pm).> From a geometrical point of view, the NaZn,;
structure is built up from a packing of sodium atoms and
isolated [Zn1Zn2,,] icosahedra in a CsCl-like manner (Fig-
ure 5).5% A very similar packing is found for the structures
of CeNigsSiys (¢I56, space group Il4/mcem, a=785.7, c=
1150.3 pm)P7 and LaNi,Ing (0I56, space group Ibam, a=
806.6, b=924.8, ¢=1246.5 pm). However, the icosahedra
are formed by nickel and silicon or nickel and indium atoms,
leading to significant structural distortions: the CeNigsSiys
structure is tetragonal and LaNi;Ing4 is orthorhombic.

Figure 5. The crystal structures of NaZn;, CeNigsSiys, LaNi;Ing, and
YNigIn,. The packing of alkali and rare earth metal atoms and the
icosahedral units are emphasized. Shaded atoms are Na, Ce, La, or Y. In
NaZn,;, CeNig;sSiy s, and LaNi;Ing the icosahedra are isolated, but they are
condensed along edges along the z axis in YNigIn,. For details see text.

The structures of NaZn,;, CeNigsSiss, and LaNi,In, are
directly related through a group-subgroup relation as
presented in the concise and compact Bérnighausen formal-
ismB ¥1 in Figure 6. The space group symmetry is lowered
from F4/m32/c to 14/m2/c2/m by a translationengleiche reduc-
tion of index 3 (t3). This way the 96-fold Zn2 position of
NaZn,; splits into three 16-fold positions in CeNigsSiys.
Further symmetry reduction (t2) to the orthorhombic space
group 12/b2/a2/m (LaNi,;Ing) results in a further splitting of a
16-fold position into two eightfold positions. Since both
symmetry reductions are translationengleich, multiple twin-
ning might occur, however, this was luckily not the case for
LaNi,Ing.

The degree of the distortions from cubic symmetry seems to
be closely related to the difference in size of the atoms which
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Figure 6. Group—subgroup relation in the Bérnighausen formalism® ¥
for the structures of NaZn,;, CeNigSi, s, and LaNi;Ing. The indices of the
translationengleiche (t) transitions, the unit cell transformations with origin
shifts and the evolution of the atomic parameters are given.

NaZn13 CeNi8.53i4_5

cF112 /56

a=1228.36 pm a=785.7 pm
¢ =1150.3 pm

©
|
I 112 ¢,
Figure 7. Projections of the cubic NaZn; type structure and its ternary derivatives: tetragonally distorted CeNigsSi,s and orthorhombically distorted
LaNi;In4. For comparison, also the YNiyIn, structure is shown. The Pearson code, the unit cell parameters and the heights of the atoms are indicated for each
structure. Large gray circles: Na, La, Ce, and Y; small gray circles: Zn and Ni atoms; small white circles: Si and In atoms; dark gray circles: mixed Ni/Si sites.
For details see text.
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occupy the two crystallographically different zinc sites. In
CeNig sSiy s nickel (115 pm) and silicon (117 pm) differ only
slighly in their metallic single bond radii.’®! Consequently we
observe only a small tetragonal distortion of the cubic cell
with a c/a ratio (1.464) close to /2. In contrast, the nickel
(115pm) and indium (150 pm) atoms in LaNi,Ins differ
significantly in size. Therefore clustering of the smaller nickel
atoms occurs, leading to ¢/b and c/a ratios of 1.348 and 1.545,
respectively, which significantly deviate from the ideal ratio of
V2.

CeNigsSi, 5 and LaNi;Ing are closely related to the Ce(Mn/
Ni),; structure.*] For the indium systems its superstructure
with ordered transition metal and indium positions, the
YNigln, type (tP24, P4/mbm, a=28222, ¢=482.7 pm) is
typical.*!l Tt contains similar icosahedral groups. These
icosahedra, however, are not isolated. They are condensed
through common edges along the z axis, leading to a change in
composition from 1:13 to 1:11.

Projections of the four structures are displayed in Figure 7.
The unit cell of the tetragonal (t) CeNigsSi,s structure is
derived from the cubic (c) NaZn,; type through the relation
a,~12a.—1/2b,, b;~1/2a.+1/2b., c;~c.. The c lattice pa-
rameter of the YNigIn, structure is approximately 1/2c..
CeNig sSiy 5 and LaNi,Ing consist of two YNigIn, cells along the

LaNisIng YNiglny
0156 P24

a = 805.89 pm a=8222pm
b =924.56 pm c=482.7 pm
c = 1246.37 pm

CyNigln,
~1/2 ¢,
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[001] direction. The change in composition from 1:11
(YNiyIn,) to 1:13 (CeNigsSiys and LaNi;Ing) is due to the
different site multiplicity of the 4g site in YNioIn, to the 16k
site in CeNigsSi, 5 and LaNi,Ing. The shift of the indium atoms
is emphasized by small arrows in the lower right-hand drawing
of Figure 7.

Pearson’s Handbook[* lists several aluminides and silicides
with compositions close to RET;Al; and RET;Sig with the
NaZn,; type structure. A description of these structures,
however, is only possible with statistically occupied 7/Al or
T/Si sites. An ordering of the transition metal and alumi-
nium(silicon) atoms is possible in the NaZn,; superstructures
CeNigsSi, s and LaNi;Ing. Nevertheless, careful examination
of the intensities and peak splitting due to possible twinning
should be considered for NaZn,;-related structures.

Summing up, we have refined the structures of LaNiln, and
LaNi;Ing, both with distincly different structural motifs.
Indium-rich LaNiln, contains distorted bcc-like indium cubes
and the nickel atoms in LaNi;Ins build a one-dimensional
[Ni,] cluster chain. Chemical bonding analyses are in agree-
ment with the formule La**[Niln,]*~ and La**[Ni;In¢]*~. The
lanthanum atoms are located in distorted hexagonal channels
in LaNiln,, while they separate one-dimensional [Ni,In¢] rods
in LaNi;Ing.
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Chemistry of Porphyrin-Appended Cellulose Strands with a Helical Structure:
Spectroscopy, Electrochemistry, and in situ Circular Dichroism

Spectroelectrochemistry

Franz X. Redl,®"! Michaela Lutz,®! and Jorg Daub*!?!

Abstract: Around 100 porphyrin units have been selectively linked at C(6)—O to a
cellulose (Avicel®). The properties of the metal-free and zincated porphyrin-

celluloses 2 and Zn-2 have been determined by optical and electrochemical methods.
Circular dichroism indicates a helical arrangement of the porphyrin units and reveals
intra-chain coupling reminiscent, in the broadest sense, of strands of nucleic acids.
Cyclic voltammetry and spectroelectrochemistry have been used to characterize the

Keywords: cellulose - circular di-
chroism - helical structures - in situ
spectroelectrochemistry - porphyri-
noids

radical ions and dianions. The electrochromism of the oxidation of cellulose 2 to
porphyrin radical cations of 2 has been employed for both molecular switching and
the transduction of an electrochemical input into chiroptical signal expression.

Introduction

Dye-functionalized cellulose!!l represents an interesting target
system for expressing the optical, electronic, and photophys-
ical properties of multichromophore assemblies organized
along a strictly regular chain of (1 -4)-linked p-anhydroglu-
copyranose units (AGU).l When, for example, the poly-
meric chain comprises around 200 AGUs, the length of a
single strand would be about 100 nm,!®! and if every other
AGU were functionalized, a total of about 100 dye units per
molecule would be bound. Here, we focus on porphyrin-
modified cellulose and make use of the porphyrin chromo-
phore as a photo- and electrosensitive unit.’!"

Porphyrin chemistry!? is important in various areas of
research, such as analytical chemistry,'*l synthetic chemis-
try,1419 medical applications,['’?"! biochemistry and biomi-
metics,?'23] materials science/! including molecular electron-
ics, 2% and molecular information storage.?”! Porphyrins are
involved in diverse functions, such as energy transfer, electron
transfer, oxygen transport, and catalysis.?! Porphyrins are
present in the antenna system of photosynthesis,*! as func-
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Dept. of Applied Physics and Applied Mathematics
Columbia University, New York (USA)

5350

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

tional entities in redox enzymes (such as cytochrome P450
monooxygenase),’" as well as in devices or supramolecular
units,?-% including light-emitting systems, molecular recep-
tors, and sensors.’7-#3 Electronic coupling between porphyrins
is a fundamental requirement for vectorial communication
and signal transduction. Studies on dimeric,*#I trimeric,[**-
and oligomerict*-* porphyrins and their intramolecular wtr-
interactions are well established.

Porphyrins per se are achiral, but they become chiral upon
stepwise symmetry breaking,* %! which may either be due to
a “chiral” environment or to chiral substituents.’¢1 As a
result, porphyrinoid systems become chiral if they are
threaded in either a clockwise or a counterclockwise twist.
This is, of course, reminiscent of DNA, in which the bases are
also ordered in a “spiral-staircase-type” fashion; this leads to
a chiral strand that self-assembles to double-stranded DNA. Is
there any evidence that helical arrays of porphyrins can be
assembled along a cellulose scaffold?

Natural cellulose adopts a nanoarchitecture of great com-
plexity and can be classified as cellulose I, I1, 111, or IV.[3 6 8]
Hydrogen bonding substantially reduces its solubility. With
the discovery of nonderivatizable solvent mixtures, such as
dimethyl acetamide/lithium chloride,®> %! soluble cellulose
became accessible, and thereafter cellulose derivatives with
good solubility could easily be obtained.!!:> 8 64 6]

Cellulose possesses chiral carbon centers and helical
chirality; furthermore, the helical strands are bundled in the
solid state as a result of a hydrogen-bonded molecular
architecture. The pitch of these helices amounts to about
10 A, which is equivalent to two glucose residues (2/1 helix).
Recently, work on azulene-modified cellulosel'! led us to
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postulate helically distorted azulene dimers. We now extend
these investigations to porphyrin-containing cellulose, since it
is well established that porphyrins are versatile reporter
groups for the stereochemistry of w—m interactions and thus
for chirality. Porphyrinic acid derivatives derived from 1a [5-
(4-carboxyphenyl)-10,15,20-triphenylporphyrin] were select-
ed as molecular probes, since they give rise to an intense
(emax = 400000) Soret band at about 420 nm; this enables the
study of exciton coupling® ¢ that results from the effective
transition moment B, (Scheme 1).13 %74 It is well established
that interchromophoric interactions up to about 50 A can be
observed.

B,
e] R
1a: R=0H;M=HH
Zn-1a: R=0H;,M=2Zn
1b: R=0OMe; M=H,H
Zn-1b: R =0OMe; M=2Zn
O/
| > 5 R=N iM=2Zn
O\

Scheme 1. Structures of the porphyrins.

Results and Discussion

The syntheses of the porphyrin-cellulose 2 and the corre-
sponding zinc(l) complex Zn-2 were accomplished in a
multistep sequence starting from Avicel®PH 101 (molecular
weight around 40 kDa, 230 AGU, average particle size =
50 um). Spectroscopic and electrochemical methods were
employed in order to specify structure and function, especially
with respect to porphyrin—porphyrin n-t interactions.

The syntheses of celluloses 2 and Zn-2 were carried out
according to the methodology that we used previously
(Scheme 2). 2,3-Di-O-methylcellulose 3 was prepared from
Avicel® according to a known protocol.® 7771 Zn-1a was

Abstract in German: Die regioselektive Synthese (Ausgangs-
material: Avicel®) liefert farbstoffmodifizierte Cellulose, deri-
vatisiert mit etwa hundert Porphyrineinheiten pro Cellulose-
strang. Die Porphyrin-Cellulose und Zink-Porphyrin-Cellulo-
se Konjugate werden mit optischen, elektrochemischen und
spektroelektrochemischen Methoden untersucht. Der Circular-
dichroismus belegt intramolekulares ,, Exciton Coupling®. Eine
linksgangige helikale Anordnung der Chromogene wird aus
dem Vorzeichen abgeleitet. Durch in-situ-Circulardichroismus-
Spektroelektrochemie wird gezeigt, dass Porphyrin-Cellulose 2
geeignet ist, elektrochemische Signaleingabe in chiroptische
Signalausgabe zu wandeln.
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2: M=HH Q

Zn-2: M =Zn

2
)

Scheme 2. Syntheses of porphyrin-celluloses 2 and Zn-2. i) EDC, DMAP,
THEF, CHCl;, pentafluorophenol, 1a or Zn-1a.

prepared by heating 1la in methanol/chloroform with
Zn(OAc),.”! Several esterification methods were tested.
Using a cocktail of EDC, DMAP, and pentafluorophenol in
THF/chloroform turned out to give the best results, furnishing
porphyrin-cellulose 2 and Zn-2 with a degree of substitution
(DS porphyrin) Of 0.4.5% Diverse experiments aimed at increas-
ing the DS value were unsuccessful; this indicates that steric
hindrance is likely to impede a higher degree of substitution.
Since, as outlined below, degradation of the cellulose is
negligible, around 100 porphyrin units are bound to one string
of cellulose. Celluloses 2 and Zn-2 were both found to be well
soluble in THF and chloroform.

Size-exclusion chromatography: Celluloses 2 and Zn-2 were
characterized by size-exclusion chromatography on an Ultra-
Styragel HR4 column (Waters) with THF as the eluent
(Figure 1).

The chromatograms clearly show that both 2 and Zn-2 are
polydisperse materials. In comparison with azulene-cellulose

™ polystyrene standards

absorbance

X

T T T
5.0 6.0 7.0 8.0 9.0
elution volume / mL

1(I).0 ‘I1I.0 12I.0
Figure 1. Gel-permeation chromatograms of porphyrin-cellulose 2 and
Zn-2; chromatogram 2* is from a fraction of 2 subjected to column
chromatography (SiO,, THF) beforehand; the polystyrene standards
correspond to molecular weights (M,,), from left to right, of 23000, 9600,
5520, 3700, and 2340.
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4 (DS, uene =0.6),1 the half-width of the elution peak is
smaller; this indicates a lower degree of aggregation(® of
celluloses 2 and Zn-2.

OH
OMe
@] MeO O
MeO 0%\
OMe n
0]
e

It is interesting to note that, compared with azulene-
cellulose 4, the porphyrin-cellulose 2 is more mobile upon
chromatography on silica gel (THF as eluent); this indicates a
stronger shielding of the cellulose backbone by the lipophilic
porphyrin subunits. Trace 2* in Figure 1 shows that chroma-
tography of 2 on silica gel leads to fractionation, as indicated
by the reduced fronting of the chromatogram due to the
removal of that fraction of porphyrin-cellulose 2 that has a
larger hydrodynamic volume. Assuming that porphyrin-cellu-
lose 2 has a DS, pnyin Of 0.4 and a DS,emony (at C(2)—O/
C(3)-0) of 1.93,7 81 an average molecular weight of
approximately 100 kDa seems to be reasonable.

H NMR spectroscopy: The 'H NMR spectrum of 2 shows
significant line broadening, as expected for a polymer (Fig-
ure 2). Based on a comparison of porphyrin-cellulose 2 and
bis(porphyrin) 5 with porphyrin esters 1b, we interpret the
'H NMR spectrum of 2 in terms of a porphyrin - porphyrin
stacking structure. The phenyl proton signals of bis(porphyr-
in) 5 and porphyrin derivative 2 show a greater range of shifts
than those of 1b and the 'H NMR spectra of 2 and
bis(porphyrin) 5 are rather similar. Thus, as the porphyrins

(@)
Figure 2. '"H NMR spectra of methyl ester 1b, cyclohexanediol derivative
5, and porphyrin-cellulose 2 (250 MHz, CDCl;, 24°C). For further assign-
ment of the signals, see Experimental Section.
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in 5§ are known to adopt also a staggered conformation, this
may also be the case for porphyrin-cellulose 2, as depicted in
Scheme 3.

(o]
(o]
(8]
(o]
(0]
HO,
(0]
o
=D
(o)
o
HO

Scheme 3. Schematic representation of porphyrin-cellulose conjugate 2,
assuming functionalization at alternate AGU units.

The 'H NMR spectra of the zinc(i)-porphyrin Zn-1b, the
porphyrin-celluloses 2 and Zn-2, and Zn-2/[Dg]pyridine are
shown in Figure 3. Line broadening is most pronounced in the

T OMe

Zn-1b

Zn-2

Zn-2
+20 equivalents
deuterated pyridine

H-3

©)
Figure 3. '"H NMR spectra of (from top to bottom): methyl ester Zn-1b,
zinc porphyrin Zn-2, Zn-2/[D¢]pyridine, and porphyrin-cellulose 2
(250 MHz, CDCl;, room temperature).

spectrum of Zn-2; this indicates inter- or intramolecular
association, which is further corroborated by the fact that the
line broadening in the '"H NMR spectrum of Zn-2 is reduced
on adding pyridine (third spectrum from top). It is also
noteworthy that the porphyrin protons in 2 and Zn-2/
[D¢]pyridine are shifted to higher field compared with those
of ester Zn-1b; this is again consistent with neighboring
porphyrin units being staggered.
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Electronic spectra: UV/Vis and circular dichroism (CD):
Electronic spectra obtained by using unpolarized or circularly
polarized light are found to be a critical tool for monitoring
the interaction of adjacent porphyrins. The UV/Vis spectrum
of 2 (Figure 4) consists of an intense absorption band at
approximately 420 nm, known as the Soret band, and five
satellite bands located in the visible region between 490 and
700 nm. Figure 5 depicts the CD and absorption spectra of 2
and Zn-2.

5x10°%

4x10° "

&/ L-mol'em™
Ny
X
o
)

460 500 540 580 620 660

300 400 500 600 700
wavelength / nm

Figure 4. UV/Vis spectra of porphyrin-cellulose 2 (solid line) and por-
phyrin methyl ester 1b (dashed line) (CHCl;, ¢ values are calculated per
chromophore). Inset: magnification of part of the spectrum.

200

Ag/Lmol' cm™
o

-200

absorbance

T T T T
380 400 420 440 460 480
wavelength / nm

Figure 5. CD (top) and UV/Vis (bottom) spectra of porphyrin-celluloses 2
and Zn-2 (in THF, A¢ is quoted per chromophoric unit) both recorded with
the CD spectrometer.

The UV/Vis spectra lead to the conclusion that the
porphyrin moieties in 2 interact such as to result in a slightly
larger half-band width of the Soret band and a reduced
extinction coefficient.*! The half-band widths in chloroform
and THF are given in Table 1. In principle, three conforma-

Table 1. Half-band widths [cm~'] of the Soret bands of compounds 1b, 5, 2,
Zn-2, and Zn-1b.

Solvent 1b 5 2 Zn-2 Zn-1b
CHCl, 740 850 910 950 760
THF 750 - 1060 780 560

Chem. Eur. J. 2001, 7, No. 24
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tions of the neighboring porphyrin units are conceivable
(Figure 6): a) an H-aggregate type (left), b) a tilted arrange-
ment C (middle), or c) a J-aggregate type (right). Conforma-
tion C is in best agreement with the line shapes of the UV/Vis

H J
Figure 6. Types of mutual arrangement of two interacting transition
moments.

and CD spectra. According to Equation 1, which describes
exciton splitting (AE)BY of two chromophores, and assuming
P~90° and a=zero, the resulting AE gives rise to line
broadening.

2P

r3

AE

(cosa —cos?B)=2V 1)

However, since AE is inversely proportional to 7, only a
small splitting is observed.

Intermolecular aggregation is evident from the UV/Vis
spectra of the zinc porphyrin-cellulose Zn-2 and the porphyr-
in-ester Zn-1b (Figure 7). Addition of methanol to Zn-2 in
CHCI; renders the solution turbid and leads to a significant
decrease in the absorbance of the Soret band whilst, in
contrast to Zn-1b, a new absorption appears at about 440 nm.
Similar spectral changes are observed upon addition of
methanol to porphyrin-cellulose 2 dissolved in CHCl; or THF.

0.9+ increasing
amount of methanol

2n-2 . .
increasing
amount of methanol

0.6 0.8
@ 2n-1b
3 < 06
5 £
g 2
2 ® 0.3
0
% 0.3
0.0

380 400 420 440 460
wavelength / nm

0.0

T T T T T
400 500 600
wavelength / nm

Figure 7. UV/Vis spectra of Zn-2 and Zn-1b (inset) in CHCl; containing
increasing amounts of methanol (the absorbencies of all the spectra of Zn-2
are normalized with respect to the Q(0,0) absorbance of Zn-2 in CHCl;; the
spectra of Zn-1b are not normalized).

The decrease in solubility on adding methanol and,
secondly, the changes that occur in the Soret band, give a
strong indication of intermolecular aggregation, which may be
described as an intermingling of cellulose strands comparable
to the interlocking of combs.

The CD spectrum supports the concept of intramolecularly
interacting porphyrins. The negative sign of the bisignate
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Cotton effect is in agreement with a left-handed helical
conformation (M) and a spatial arrangement of the adjacent
porphyrins as depicted in Figure 8. This assignment is further
supported by the fact that the degree of substitution is found
to be about 0.4; which indicates that the chromophores of
neighboring cellobioses interact as shown in Scheme 3 and
Figure 8.

BX’ view direction

Figure 8. Schematic representation of a counterclockwise arrangement of
the chromophores and the relevant transition moments of the Soret bands
of porphyrins bound to alternate AGUs (composed of mutually perpen-
dicular B, and B, transitions, oriented through the N-atoms).

The CD spectra (Figure 9) are also indicative of the
intermolecular self-assembly of the porphyrin-cellulose 2. If
a solution of 2 in THF is added to methanol, the maximum of
the band with positive sign is blue-shifted while the other is
red-shifted. The structural reorganization clearly strengthens
the intramolecular interaction between the porphyrin units,
thus leading to an increase in the exciton splitting. Both
signals are broadened; the overall shape of the couplet,
however, remains unchanged. CD spectroscopy would appear
to be a sensitive tool for the study of both intramolecular
coupling and intermolecular aggregation.

™, 2 in tetrahydrofuran

2 in methanol

T T T T 1
380 400 420 440 460
wavelength / nm
Figure 9. CD spectra of 2 in THF and in methanol/THF (prepared by

dropwise addition of a solution of 2 in THF to methanol); the spectra are
normalized so as to have equal absorbencies at 419 nm.
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Emission spectroscopy: Excitation of Zn-2 in THF at A, =
400 nm leads to two emission maxima at 609 and 652 nm.
Under the same conditions, with 4., =419 nm, the emission of
the zinc-free derivative 2 is red-shifted, appearing at 653 and
712 nm. The relative quantum yields of the cellulose deriva-
tives are given in Table 2; it can be seen that the quantum
yield of fluorescence of the zinc(i) complex Zn-2 is signifi-

Table 2. Relative fluorescence quantum yields ¢, of porphyrin com-
pounds la, 1b, 2, 5, Zn-1b, and Zn-2 (N,-saturated solution, c~
1077 molL').

Grat” Pra” Grel brel!
2 1.20 0.85 035 0.58
1b =1.00 =1.00 =1.00 =1.00
1a 0.97 - - -
5 1.01 - - -
Zn-1b - 0.48 0.46 0.41
Zn-2 - 0.48 0.44 0.41

[a] Ax =419 nm, CHCl;. [b]A.,=422nm, THF. [c]A,=400nm, THF.
[d] Aex =533 nm, THF.

cantly lower. Preliminary results from time-resolved measure-
ments on 2 (4,=34715nm) yielded relative fluorescence
quantum yields ¢r(H,TPP)/¢pr(2) =12 and a lifetime of the
excited singlet state of 2 of 7=7.8ns. On increasing the
intensity of the irradiation, the quantum yield of the
fluorescence and the lifetime 7 of the excited state were
found to decrease; this gives a strong indication of singlet-
singlet annihilation. The solvent dependency of ¢(2) com-
pared with that of ¢r(1b) is also remarkable. The emission of 2
in THF is clearly weaker and depends on the excitation
wavelength; this can be attributed to an enhanced interaction/
aggregation between the chromophores.

Electrochemistry and spectroelectrochemistry: The electro-
chemical properties of compounds 1b, Zn-1b, 2, and Zn-2
were examined by cyclic voltammetry in dry dichloromethane
and THF solutions (Table 3). Figure 10 shows the cyclic
voltammograms of porphyrin-cellulose 2 (in THF) and of
porphyrin ester 1b (in dichloromethane). A characteristic
feature of the two compounds is that two reduction and two
oxidation waves are observed in dichloromethane (Figure 10,
right side), whereas two reduction waves and only one
oxidation wave are seen in THF. By amperometry, it could
be ascertained that this one-wave oxidation in THF corre-
sponds to a two-electron process and is likely to be due to a
fast disproportionation of the radical cation formed in the first
step of the oxidation. The additional peak seen upon back-
scan reduction at —0.12 V (Figure 10, left side), as well as the
peak separations | E,. — E,, |, which amount to 120 mV and
140 mV, respectively, are indicative of the limited stability of
the dication. The two reduction waves of 2, both of which
correspond to one-electron processes, appear at E;, = —1.62
and —1.99 V versus Fc'/Fc. Thus, they appear at almost the
same potential as those of H,TPP (—1.67 V; —1.98 V vs. Fc*/
Fc in CH,CL,).l The zinc complex Zn-2 shows reduction
waves at —1.85 V and —2.29 V versus Fc*/Fc and two one-
electron oxidation waves at 0.44 V and 0.74 V. Due to the
higher electron density of the porphyrin ligand, the reduction
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Table 3. Half-wave potentials E,, [V] and peak potential separations AE,
[mV] (in brackets) determined by cyclic voltammetry (all potentials vs. Fct/Fc,

potential sweep rate 250 mV-s~!, 0.1m TBAHFP).

Table 4. Absorption maxima of the compounds formed during the first
reduction and oxidation processes as measured by in situ spectroelectro-
chemistry (0.1m TBAHFP, OTTLE).

Solvent  Com- Oxidation Reduction Com- Solvent Absorption maxima of the species generated [nm]
pound 1st 2nd st 2nd 3rd pound reduction oxidation
CH,Cl, 1bl 0.57 0.89 —1.67 —2.00 - 1b THF 882, 763, 687 867, 652, 43602
(68) (67) (71) (83) 446, 420
Slal 0.54 0.85 —1.68 —2.00 —2.22Mn CH,Cl, 880, 762, 668, -
(64) (66) (64) (98) 447, 421
2lalel 0.55 - —1.68 - - 5 CH,Cl, 873, 782, 690, 826, 725, 43612
(76) (50) 445, 415
THF 1bl®] 0.70 - —1.65 —1.98 —2.56 Zn-2 THF 616, 573, 434 860, 595, 510, 448
(120)8 (68) (62) (140 (sh), 405, 365
20l 0.73 - —-1.62 —-1.99 - Zn-1b CH,Cl, 606, 564, 428 -
(140)i (73) (81) DME 613, 570, 433 861, 673 (sh), 593,
—0.121 443 (sh),405
Zn-1b 0.42 0.74 —1.86 —2.26 - B
(65) (66) (54) (86)¢ [a] Not totally reversible.
—1.024
Zn-2" 0.44 0.74 —1.85 *2%? - oxidation of the zinc-free porphyrins 1b and 2 in dichloro-
(59) ©5) (66) (270(1).)06[‘” methane in the potential range 0.3-0.65V (vs. AgCl/Ag)
CH,Cl, H,TPP! 0.52 0.82 —1.67 198 _ leads to absorption bands in agreement with those of
CH,Cl, ZnTPPE 03 - -1.75 - - porphyrin radical cations (Table 4). Scanning the potential
THF - - —~1.965 - -

[a] Working electrode: Pt; [b] Working electrode: glassy carbon; [c] Not totally
reversible; [d] Peak due to secondary product; [e] A more extensive oxidation
or reduction scan was prohibited by the potential window of the solvent; [f] See

ref. [86]; [g] See refs.[30,105]; [h] Irreversible process.

-8r -
-30f
-6 2 ! 1b
-4 -20t
2 10}t
ob L
0.
2f L
< af < 0
= 6 = 20}
8y 3o}
1000 0 -1000  -2000 1000 0  -1000 -2000

E/mV vs. Fc'/Fc E/mV vs. Fc'IFc

Figure 10. Cyclic voltammograms of 2 (THF) and 1b (CH,Cl,, 0.1m
TBAHFP, scan speed 250 mVs™).

of Zn-2 occurs at a more negative potential relative to that of
the zinc-free porphyrin 2. The formation of the dianion of Zn-
2 at —2.29V appears to be accompanied by a secondary
reaction. The oxidation processes of the zinc derivatives Zn-
1b and Zn-2 give rise to waves at less positive potentials as
compared to those of 1b and 2. The zincated esters Zn-1b and
Zn-2 are both reduced at slightly greater negative potentials
compared with ZnTPP (Table 3). The substituent effect of the
ester group on the reduction is clearly negligible, and the
electroreduction process is localized on the porphyrin site as a
result of the minimal m-overlap between the aryl ring and the
porphyrin due to the large aryl-porphyrin dihedral angle.
The electronic absorption spectra of the species generated
electrochemically from 1b, Zn-1b, 2, and Zn-2 were recorded
by in situ spectroelectrochemistry with an optically trans-
parent thin-layer electrochemical cell equipped with a gold
minigrid electrode as the working electrode. Spectral data
obtained from these measurements are listed in Table 4. The

Chem. Eur. J. 2001, 7, No. 24
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range to 1.4 V (vs. AgCl/Ag) reveals new absorption bands,
which can be assigned to diprotonated porphyrin units
(H, TPP*) obtained by protonating the neutral porphyrin
ligands by the electrochemically generated porphyrin dica-
tions; the latter are known to be strong acids.[¥” 88

Oxidation of zinc porphyrin-cellulose Zn-2 in the range
0.75-1.0 V (vs. AgCl/Ag) produces the radical cation of Zn-2
(Figure 11), which has absorption bands at 405 and 860 nm
and isosbestic points at 409, 435, 539, and 565 nm.[*! The
formation of the radical cation is completely reversible.

1.2 0.2
0 -
4 @
2 02
@
2
L 0.8 1 Q
Q N
c 8 -06
g | k E
o
2 -1
c 04
300 400 500 600 700 800 900
R wavelength / nm

300 400 500 600 700 800 900 1000
wavelength / nm
Figure 11. UV/Vis/NIR spectroelectrochemistry of the oxidation of Zn-2
(THEF, 0.1m TBAHFP, potential raised from 750 to 1000 mV vs. AgCl/Ag);
inset: subtraction spectra.

On reduction of Zn-1b and Zn-2 in the range —0.9 to
—1.2V (vs. AgCl/Ag), the strong Soret absorption at 420 nm
is transformed into an intense band at 434 nm along with two
red-shifted Q-bands (Figure 12). On back-scanning to —0.9 V,
the original spectrum is not completely recovered. Complete
recovery can only be accomplished when the potential is
scanned up to 0.4 V. Absorption bands of the radical anions
(for example of Zn-1b~), which were expected to be present
at 455, 705, 720, and 890 nm, could not be detected, even by
diode-array spectroelectrochemistry.’™*? A comparison with
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Figure 12. UV/Vis spectroelectrochemistry of the reduction of Zn-2 (THEF,
0.1m TBAHFP, potential raised from —900 to — 1175 mV vs. AgCl/Ag);
inset: subtraction spectra.

literature data leads to the conclusion that reduction on the
spectroelectrochemistry time-scale leads directly to Zn-1b*-
or the porphyrin dianions of Zn-2. Evidently, the intermediate
radical anions are thermodynamically unstable, and the
dianions and the neutral compounds are formed by dispro-
portionation. Under the experimental conditions used, the
neutral form is reduced immediately.

Chiroptical signal expression by using circular dichroism
spectroelectrochemistry: CD spectroelectrochemistry is an
efficient method for measuring the expression of chiroptical
effects resulting from electrochemical switching.’>"l (for a
recent application, see also ref. [98]). Furthermore, CD
spectroelectrochemistry may be of importance in the realm
of information storage at the molecular level by virtue of its
distortionless read-out based on chiropticity, or in molecular
sensing.” Figure 13 depicts the redox switching monitored by
CD. As already indicated, compound 2 shows a strongly
negative CD peak in the neutral state (at E,=—02V vs.
AgCl/Ag) at 424 nm, which vanishes completely on oxidation
to the radical cation. Reduction of the radical cation restores

VN

[m]
3]
3
5
B O 2
(0]
ol F r— +1000_ mV . —_—
g1 ] o T
S | | | L.
154 -200 mV
T T T T
0 1 2 - 4
t/10% s

Figure 13. Probing stepwise oxidation/reduction cycling of porphyrin-
cellulose 2 with square-wave voltage treatment (lower trace) and the CD
band (top) or visible absorbance (middle) at 424 nm for monitoring;
switching occurs between radical cation 2** and the neutral form 2 (CH,Cl,,
0.1m TBAHFP; potential scan between +1000 mV and —200 mV vs. AgCl/

Ag).
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the original CD signal. The important finding is that, in
contrast to absorption spectroscopy, the CD signal disappears
completely on oxidation. In other words, circular dichroism
clearly represents a highly sensitive tool for probing redox
switching (Figure 13).

Conclusion

In summary, we have prepared functionalized cellulose with
multiple-porphyrin attachment at C(6)—O. Unlike most
synthetic polymers, cellulose is chiral and has a stiff backbone
with a strictly defined regiochemistry. 'H NMR, UV/Vis,
emission, and circular dichroism spectroscopy have been used
to study the properties and the intramolecular interactions of
the approximately 100 porphyrins per cellulose molecule. UV/
Vis and CD spectra are clearly indicative of electronic
coupling between adjacent chromophores (exciton-coupling).
The Soret band absorption is broadened and yields a bisignate
CD signal (CD couplet) of negative sign; this is in agreement
with an (M)-helical arrangement of the cellulose-bound
porphyrins. In methanol, intramolecular aggregation of the
polymer strands of porphyrin-cellulose 2 is evident from the
CD spectrum, which shows energetically shifted and broader
absorption bands. The fluorescence quantum yield of 2 (in
CHCl,) is slightly higher than that of porphyrin ester 1b.
Increasing the intensity of irradiation leads to a decrease in
the emission, which may be explained in terms of singlet-
singlet annihilation. In dichloromethane, the celluloses 2 and
Zn-2 are reversibly reduced and reversibly oxidized with the
formation of radical anions and radical cations, respectively.
The spectra of the radical cations can be obtained from
spectroelectrochemistry. Spectroelectrochemistry of the re-
duction of Zn-1b and Zn-2 is consistent with the generation of
the dianions expected to be formed by disproportionation.

We have also shown that polymer 2 permits electrochrom-
ism-based switching, which can be probed by absorption and
circular dichroism spectroscopy. The CD couplet of 2 vanishes
during the one-electron oxidation and is restored upon re-
reduction. Polymer 2, therefore, represents a chiral polymer
that allows chiroptical read-out of an electrochemically
induced information input.

Matching typical dye properties and typical natural poly-
mer-based materials furnishes precursor systems for nano-
scale materials with optoelectronic potential. In the present
work, a functional polymer approximately 0.1 um in size and
containing about 100 porphyrin chromophores has been
investigated. Cellulose per se has a typical carbohydrate-type
dipole moment, which, enforced by the regular polymeric
structure, gives rise to an internal electrical field of substantial
strength, having the positive pole at the C(4)-terminal end and
the negative pole at the C(1)-terminal end. This property can
be expected to give a basis for inducing anisotropy effects,
which may then be utilized in molecular assemblies and in a
vectorial information (signal) flux. The helical architecture of
the arrangement is expected to improve selectivity in the
intermolecular interactions and in the expression of physical
effects related to circularly polarized phenomena.
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Experimental Section

The cellulose used in this study was AVICEL® PH101 from Fluka. The
denoted DS values are average values determined by either 'H NMR
spectroscopy or elemental analysis.

UV/Vis/NIR: Perkin-Elmer Lambda 9 spectrophotometer. IR: BIO-RAD
FTS155. NMR: Bruker AC250 (24°C) and ARX 400 (21 °C) spectrometers
at 250/400 and 63/101 MHz for 'H and "*C, respectively. Chemical shifts ¢
(ppm) are quoted with respect to TMS ('H). Electrochemistry: An
undivided cell was used with a platinum disc as the working electrode, a
platinum counter electrode, and an AgCl/Ag pseudo reference electrode.
The electrochemical measurements were carried out by using a computer-
controlled electrochemical apparatus consisting of an Amel System 5000
(Amel, Milan, Italy).* 19-13] The reversible oxidation signal of ferroce-
nium/ferrocene (Fct/Fc) or AgCl/Ag was used as an internal reference. The
solvents and the supporting electrolyte (0.1m TBAHFP) were purified
according to standard procedures.'™ All measurements were carried out
under a nitrogen atmosphere. Spectroelectrochemistry: Solutions from the
CV experiments were transferred by means of a syringe to the spectroelec-
trochemical cell.’* 1911931 The spectra were recorded by using a Perkin-
Elmer Lambda9 spectrophotometer. CD spectroscopy: Jasco J-710 spec-
tropolarimeter; cell length 1, 0.2, 0.1 cm. Fluorescence spectroscopy:
Hitachi F4500 fluorescence spectrophotometer. Size-exclusion chroma-
tography: Instrumental set-up: Waters 717 equipped with autosampler and
an Ultra-Styragel HR4 column, a Waters 2410 refractive-index detector,
and a Waters 486 tunable absorbance detector. THF was used as eluent.

Preparation of porphyrin-cellulose 2 and Zn-2: General procedure: 2,3-di-
O-methylcellulose (200 mg, ca. 1.05 mmol,gy), 1.3 equivalents of acid (1a
or Zn-1al**l), and a fourfold excess of DMAP were suspended in anhydrous
THF (20 mL) under a nitrogen atmosphere, and an equimolar amount of
EDC was added at 0°C. The suspension was stirred for five days.
Thereafter, a slight excess (with respect to acid la or Zn-la) of
pentafluorophenol was added. The solution was diluted with an equivalent
volume of CHCl; and heated under reflux for four days. After 48 h, a
further 1.5 molar excess of EDC and pentafluorophenol was added. The
solution was subsequently stirred at ambient temperature for a further
week. The crude product was precipitated by the dropwise addition of
methanol, collected by centrifugation, and redissolved in CHCl;. The
resulting solution was filtered, and the product was precipitated by the
addition of methanol. This procedure was repeated several times.

2: Yield: 170 mg (0.33 mmol, 32%); fp: about 300°C; '"H NMR (CDCl;,
250 MHz, TMS): d=-2.79 (NH), 2.64 (2-HASY), 3.04 (3-HAGY), 3.59
(OMeASY, 4-HAGY 5-HAGY) 455 (6-HASY, 1-HAGY), 5.09 (6-HAY), 7.69
(Hperhyriny "8 16 (Hrorehyrin) - 8,33 (Hperehyrin) 879 (Hrorhyrin): TR (KBr): 7=
3319, 3126, 3109, 3057, 3028, 2965, 2902, 2838, 1726, 1604, 1563, 1547, 1472,
1443, 1402, 1374, 1349, 1268, 1180, 1096, 1073, 967, 801, 753, 730, 704 cm™;
elemental analysis found C 68.86, H 5.69, N 5.32; DS (calculated from the
'"H NMR spectrum): 0.5, DS (calculated from elemental analysis): 0.43, M
(average molecular weight per AGU, calculated from DSEA): 466, M
(average molecular weight per chromophoric unit, calculated from DSEA):
1085.

Zn-2: 70 mg (0.15 mmol, 28 % ); '"H NMR (CDCl;, 250 MHz, TMS, in the
presence of 20 equivalents of deuterated pyridine): d =2.66 (2-HASY), 2.95
(3-HAGY), 3.39, 3.56, 3.58, 3.92 (OMeACY, 4-HASY, 5.HACY) 436, 4.52, 4.67
(6-HASY, 1-HASY), 5.04 (6-HACY), 7.68 (Hporehvin) 814 (Hporwhyrin) 825
(Hporehyriny 8 36 (Hrorhyrin) 8,82 (HperPhyrin): TR (KBr): 7= 3451, 3125, 3104,
3058, 2966, 2929, 2833, 1723, 1656, 1602, 1524, 1485, 1457, 1443, 1404, 1378,
1339, 1263, 1203, 1094, 1029, 869, 802, 754, 700 cm~'; DS (calculated from
'"H NMR spectrum): 0.4, M (average molecular weight per chromophoric
unit): 1179; M (average molecular weight per AGU): 471.
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Total Synthesis of Colombiasin A and Determination of Its Absolute

Configuration

K. C. Nicolaou,* Georgios Vassilikogiannakis, Wolfgang Migerlein, and Remo Kranich!?!

Abstract: The total synthesis of the recently reported marine natural product
colombiasin A (1) and determination of its absolute configuration are reported. Two
Diels — Alder cycloadditions and a palladium-catalyzed rearrangement are employed

as key reactions to construct the tetracyclic framework of the target molecule. The
enantioselective synthesis of colombiasin A utilizes Mikami’s [(S)-BINOL-TiCl,]
catalyst to asymmetrically introduce the first chiral center during the initial Diels—

Keywords: absolute configuration -
cycloaddition - natural products -
polycycles - total synthesis

Alder reaction and, in conjunction with X-ray crystallographic analysis of a bromine
containing derivative, led to the assignment of the absolute configuration of the

natural product.

Introduction

Among the many recently discovered natural products,
colombiasin A (1, Figure 1) stands out for its aesthetically
pleasing and synthetically challenging molecular architecture.
Isolated by Rodriguez and Ramirez and reported in 2000,
this novel diterpene was found in biologically active extracts
(against Mycobacterium tuberculosis H37Rv) obtained from
the gorgonian octacoral Pseudopterogorgia elisabethae, col-
lected off San Andres Island, Colombia. Based on spectro-
scopic means, its structural elucidation revealed a tetracyclic
skeleton possessing unusual connectivities, and carrying two
conjugated carbonyl groups, two double bonds, one hydroxy
group and four methyl residues. Its six stereogenic centers
include two adjacent quaternary carbons, whose construction
may require special attention. An intriguing proposall!
relating to the possible biosynthesis of colombiasin A (1)
connected its structure with that of elisabethin A, another
diterpene isolated from Pseudopterogorgia elisabethae.?)
Despite the elegant structural studies by the isolation team,
however, the absolute stereochemistry of colombiasin A

[a] Prof. K. C. Nicolaou, Dr. G. Vassilikogiannakis,
Dr. W. Migerlein, Dr. R. Kranich
Department of Chemistry
and The Skaggs Institute for Chemical Biology
The Scripps Research Institute
10550 North Torrey Pines Road, La Jolla, CA 92037 (USA)
and
Department of Chemistry and Biochemistry
University of California San Diego
9500 Gilman Drive, La Jolla, CA 92093 (USA)
Fax: (+1) 858-784-2469
E-mail: ken@scripps.edu

Chem. Eur. J. 2001, 7, No. 24

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

1: colombiasin A
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OMe o
5 6 7

Figure 1. Retrosynthetic analysis of colombiasin A (1).

remained unknown. A recently published preliminary com-
munication®! from these laboratories reported the first total
synthesis of (+)-colombiasin A. In this article, we describe the
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full details of our investigations that led to the total synthesis
of both racemic and enantiomerically pure colombiasin A and
the determination of its absolute configuration.

Results and Discussion

Retrosynthetic analysis and strategy: Despite its mystique, the
structure of colombiasin A (1) reveals an intriguing clue as to
a possible retrosynthetic disconnection: The cyclohexene ring
fused onto a “semiquinone” leaves little doubt as to the
viability of the intramolecular Diels—Alder reaction as a
means to be used towards its construction. Thus, disconnec-
tion of the carbon—carbon bonds indicated in structure 1
(C,—Cy; and C,—C,, Figure 1) leads to diene-quinone 2 as a
possible precursor for 1. The presence of the superfluous
hydroxyl group in 2 was meant to be only temporary and its
introduction was for the purpose of facilitating this inter-
mediate’s construction. This handle, however, also offers an
opportunity for analogue generation. In addition to providing
a direct access to the entire skeletal framework of colombia-
sin A (1), this fruitful disassembly (1= 2) also accommodates
the construction of both quaternary carbons of the targeted
molecule. Continuing with the retrosynthesis, precursor 2 is
simplified by a retro-Wittig olefination reaction which, upon
further manipulation at Cs, leads to potential intermediate 3.
This simplification ensures possible pathways to reach ad-
vanced intermediate 2 from rather simple starting materials
and in relatively short order. Thus, the origins of 3 can be
traced back, by a Claisen-type rearrangement, to enol-
carbonate 4. The latter intermediate (4) is envisioned to arise
from ketone § by O-acylation. And finally, 5 can be connected
from diene 6 and quinone 7 through an intermolecular Diels —
Alder reaction, followed by an aromatization—methylation
sequence.

Following this retrosynthetic analysis, a strategy emerged
having a quinone moiety as the central cornerstone and the

Abstract in Greek:

Zmv ovykekpluévn epyocio mePLyploeTal 1 oAkn

olhvbeon Tou mpdoPaTo anopovepévoy Baidooion Puokol Tpoidvrog (-)-
koropPlocivng A ko o tpocdiopiopds TG £mg ofuepa AyvmoTng amdAuTig
otepeodopnic Tov. Mia dwpopwt) Diels-Alder kuxhompoobixm, o
kazahvtucr (PA°) orynatporuch petabeon, kol e evdopopiokyy Diels-Alder
KukAompooBikn eival T oTddwr KAEWd yix ™MV 01KOdOUNON  TOL
APYLTEKTOVIKG TOADTAOKOD TETPAKVKALKOD GKEASTOV TOV LOPIOU OTOYOL.
Mo Tov evavTioekAekTikd oynpoTiond tov TpdTov and T &1 yeipduopea
Kévipa g koropPlacivng A kot kat® enéktaon tn ovvbeon oL PLOIKOY
EVAVTIONEPODS NG, To ovumioko [(S)-BINOL-TICL,] ypnowonombnke wg
KatoAOTng g mpdTng (Srapopakig) Diels-Alder avridpaong. H amdhvn
oTePE0dOUN TOV PUOLKOD TPOiIdVTOG TPOGdopioTnKe avapupiBoro, HEcw Tng
KPLOTOALOYPAPIKNG AvAAVONG EVOG EVOLLUEGOD, KPVLGTOAAKOL Ppoduo-

TAPUYRYOV.
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Diels— Alder reaction as the main vehicle for constructing the
skeleton of colombiasin A. Thus, upon the initial, intermo-
lecular Diels— Alder reaction, the quinone moiety is masked
as an aromatic system until it is needed again at a later stage
for the second, this time intramolecular Diels— Alder reac-
tion, at which time it is regenerated to perform its function.
An advantage of this strategy was the opportunity it offered
for an enantioselective total synthesis, for it was considered
possible to induce significant asymmetric induction by calling
upon an enantiomerically pure Lewis acid to serve as a
catalyst for the first Diels— Alder reaction. The execution of
this plan proceeded with its share of intrigue as will be
described below.

First-generation approach towards colombiasin A—Arrival at
7-epi-colombiasin A: The first-generation strategy towards
colombiasin A involved racemic materials. Our journey to
racemic colombiasin A [(+)-1] had as its first destination the
AB system (+)-5 (Scheme 1). The aromatic ring of (+)-5
provides a masked form of a quinone moiety. The Diels—
Alder cycloaddition of diene 6 to quinone 7 proceeded

Me O
ﬁ OMe ., EtoH, 25 °C
+ —_—
TBSO™ X Me TBSO
o
6 7

b. K,CO3, Mel

Scheme 1. Construction of AB ring system (+)-5. a) EtOH, 25°C, 2 h;
b) K,CO; (5.0 equiv), Mel (20 equiv), acetone, reflux, 48 h; ¢) 2% TFA in
CH,Cl,, 25°C, 2h, 70% over three steps. TFA = trifluoroacetic acid;
TBS = tert-butyldimethylsilyl.

smoothly in EtOH at 25°C to afford exclusively the rather
labile endo-adduct (+)-8, which had the expected regiochem-
istry, based on the fact that one of the two carbonyl groups of
quinone 7 is part of a vinylogous ester. Quinone 7 was
obtained by ortho-methylation of 1,2 4-trimethoxybenzene,!
followed by oxidative demethylation using AgO/HNO;.[!
Since (+)-8 was easily oxidized to the bicyclic quinone (+)-9
during silica gel chromatographic purification, we decided to
proceed to the next stage of the synthesis without purification.
Thus, (£)-8 was isomerized to the corresponding quinol
derivative (£)-10 (K,CO;), which was methylated in situ
(Mel) to afford the corresponding dimethyl ether (£)-11.
Acidic hydrolysis (TFA) of the resulting TBS-enol ether (+)-
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11 gave rise to aromatic ketone (+)-5 in 70 % overall yield for
the three steps (for abbreviations of reagents and protecting
groups see legends in schemes).

Having established the foundation of the AB ring system of
colombiasin A, the next objective was the stereoselective
introduction of the requisite side chain at Cg of ketone (+)-5,
for the next planned intramolecular Diels— Alder reaction.
Not surprisingly, several attempts for direct alkylation of
ketone (£)-5 utilizing secondary halides (e.g. 3-bromo-1-
butene and 2-methyl-6-iodo-1,3-heptadiene) as alkylating
agents failed. We, therefore, set out to establish the requisite
C¢—C, bond by intramolecular Pd-catalyzed allylic alkyla-
tion.l This reaction is formally considered as a sigmatropic
rearrangement equivalent (Claisen rearrangement) based on
the nature of both the starting material and the final product
(Scheme 2). A major issue shadowing this proposition, how-
ever, was the relative configuration of the two newly formed
stereogenic centers in the anticipated product. The precursor
of this Pd-catalyzed alkylation was prepared in 94 % yield by
O-acylation of the enolate derived, regiospecifically, from
ketone (£)-5 (LHMDS) with crotyl chloroformate.l®! Upon
exposure of the resulting enol carbonate (+)-4 to catalytic
amounts of different palladium complexes and phosphorus
ligands (see Scheme 2 and Table 1), both a-allylated ketones

Me OMe

/“:OMe
NG

2 <

e} =

Igle OMe
: OMe 4 LHMDS,
e ——

(#)-12' (+)-12

Scheme 2. Introduction of the side chain at C; by Pd-mediated allylic
alkylation. a) LHMDS (1.2 equiv), THF, —78°C, 1 h; then crotyl chloro-
formate (1.4 equiv), —78 —25°C, 30 min, 94 %; b) see Table 1; LHMDS =
lithium bis(trimethylsilyl)amide.

(£)-12 and (+)-12" were obtained. These compounds could
not be separated chromatographically and their ratio was
determined by 'H NMR spectroscopy. Fine tuning of the
reaction led from an undesirable ratio of (+)-12:(+)-12'=1:4
{[Pd(OAc),], P(OiPr);} to the satisfactory ratio of 2.4:1
[Pd(PPh;),] (see Scheme 2 and Table 1). These observations
can be mechanistically rationalized by assuming an oxidative
addition of a PdL,” species (L = ligand) to the crotyl moiety of
enol carbonate (£)-4, leading to a cationic syn-[Pd(y’-
crotyl)L,] complex (see below, intermediate B, Scheme 5)
and an enolate anion after extrusion of CO,.”! The regiose-
lectivity of the attack of this enolate (nucleophile) on the
cationic crotyl Pd complex (substituted versus unsubstituted
terminus) determines the (+)-12:(£)-12' ratio. In general, the
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nucleophilic attack takes place predominantly at the less
sterically hindered, unsubstituted allyl terminus (especially in
the case of Pd complexes) with the linear olefin being formed
preferentially,l'”) as observed in the presence of the phosphite
ligand P(OiPr); (entry 1, Table 1). However, in the case of the
less basic (i.e., weaker o-electron donating)"! phenyl-sub-
stituted ligands 1,2-bis(diphenylphosphino)ethane (entry 2,
Table 1) and especially PPh; (entry 3, Table 1), electronic
factors may prevail by virtue of their ability to significantly
enhance the positive charge on the metal and the crotyl
ligand.['”l As a result, a nucleophilic attack at the alkyl-
substituted allyl terminus, where the positive charge is more
stabilized, is favored.

Table 1. Conditions and yields with different Pd catalysts, see Scheme 2.

Conditions Yield [%] 12:12

1 [Pd(OAC),] (0.08 equiv), P(OiPr); 74 1:4
(0.5 equiv), THF, 25°C, 30 min

2 [Pd(dba);] - CHCI, (0.05 equiv), DME, 78 1:1
(Ph,PCH,), (0.3 equiv), 25°C, 80 h

3 [Pd(PPh,),] (0.04 equiv), THF, 88 24:1
25°C, 15 min

DME = Dimethoxyethane; dba = trans,trans-dibenzylideneacetone.

Although both regioisomers of the alkylated product [(+)-
12 and (+)-12'] were formed as single diastereoisomers, it was
difficult at this stage to assign their relative stereochemistry. It
was decided, however, to push forward with the construction
of the diene side chain, hoping for full structural elucidation
upon rigidification of the structure through the anticipated
second [4+2] cycloaddition. Towards this end, the inseparable
mixture of (4)-12 and (+)-12’ was stereoselectively reduced
with NaBH, (96% yield), and the resulting secondary
alcohols were protected as TBS ethers (TBSOT{/Et;N, (+)-
13 and (£)-13, 95% combined yield). The stereoselectivity
observed in the reduction of those ketones is apparently
totally controlled by the bulkiness of the C, substituent
(Scheme 3). Hydroboration —oxidation (BH;:-THEF, NaOH/
H,0,, 82 % combined yield) of the resulting mixture of olefins
(£)-13 and (+)-13' afforded a separable mixture of the
primary alcohol (+)-14 [derived from (+)-13] and a set of
secondary alcohols [derived from (+)-13']. The pure desired
alcohol (+)-14 was then oxidized by PCC to the correspond-
ing aldehyde (£)-15 (91 % yield). Wittig olefination of the
latter compound with the ylide derived from 2-methyl-2-
propenyltriphenylphosphonium bromide and nBuLi then led
to diene (4)-16 as a mixture of two geometrical isomers (E:Z
ca. 3:1). It is interesting to note that, although the aldehyde
was rapidly consumed in this Wittig reaction (<30 min,
25°C), it was not until the reaction mixture was heated at
70°C for 8 h that the 93 % yield was realized; this suggests the
formation of a stable betaine as an intermediate.

With the side chain installed, the stage was now set to unveil
the quinone moiety in order to attempt the completion of the
colombiasin skeleton and to ascertain the stereochemistry at
Cs and C,. Several initial attempts for the demethylation
(AIBry/EtSH) and the oxidative demethylation (e.g. ammo-
nium cerium(1v) nitrate; K,S,0;) of the trimethoxy aromatic
ring failed. Finally, it was found that when a solution of (£)-16
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a. NaBH,

()13 [()-13']

¢. BH3*THF, | chromatog.
NaOH-H»0; | separation

()15
nBuLi  Me

M @
le')\lpphs < e

e
f. AgO, HNO,
—_—

(+)-16 ()17

Scheme 3. Construction of intramolecular Diels— Alder precursor (+)-17.
a) NaBH, (3.0 equiv), MeOH, 25°C, 30 min, 96%; b) Et;N (2.0 equiv),
TBSOTT (1.2 equiv), CH,Cl,, —78°C, 1 h, 95%; ¢) BH;- THF (3.0 equiv),
THEF, 25°C, 2 h; then 3m NaOH and 30% H,0,,25°C, 1 h, 82%; d) PCC
(1.5 equiv), CH,Cl,, 25°C, 1.5h, 91%; e) 2-methyl-2-propenyltriphenyl-
phosphonium bromide (1.5 equiv), nBuLi (1.5 equiv), THF, 0 — 25°C, 1 h;
then aldehyde (+)-15, 70°C, 8 h, 70 % plus 23 % Z isomer; f) 1,4-dioxane/
6M HNO; 10:1, 25°C, 2 h; then AgO (5.0 equiv), 25°C, 1 h, 27%. PCC=
pyridinium chlorochromate.

in 1,4-dioxane was treated with AgO/HNO,l! at ambient
temperature the coveted quinone (+)-17 was obtained, albeit
in only 27 % isolated yield (Scheme 3). From the numerous
unidentified by-products formed in this reaction, it was
evident that the diene system was interfering, presumably
due to the strong acidic conditions employed. Despite the low
yield in this step, however, we were encouraged to go forward
since we hoped to be able, at least then, to determine the
pending stereochemical issues of our intermediates.

Scheme 4 displays the final stages of this endeavor. Strik-
ingly, our initial attempts to thermally induce the desired
intramolecular [4+2] cycloaddition within structure (+)-17
(sealed tube, toluene, 120°C, 12h, ordinary room light)
resulted in the exclusive formation of the [2 + 2]-cycloadduct
(£)-18 in 80 % yield. Irradiation of (+)-17 with visible light
(sunlamp) in benzene at ambient temperature induced the
same reaction, furnishing within 15 min a 91 % yield of the
[2+2]-product (£)-18 (Scheme 4). This acceleration con-
firmed our suspicion that a photochemically-induced [2 + 2]
cycloaddition was responsible for the conversion of (£)-17 to
(£)-18. All attempts to catalytically induce the desired
intramolecular [4+2] cycloaddition (e.g. BF;:Et,0; EtAICL,)
of (£)-17 failed, leading to decomposition instead. To our
delight, however, when (4)-17 was heated in toluene solution
at 180°C in a sealed tube in the dark, the desired [4+2]-
cycloadduct (+)-19 was obtained in 89 % yield (endo:exo ratio
ca. 9:1). The 'H NMR spectrum of this cycloadduct [(£)-19]
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was similar to that of the natural product 1,1l except for the
chemical shift of Me,, (6 1.18 for (£)-19 versus 6 0.81 for
colombiasin A). This difference was indicative of the wrong
stereochemistry at C,. Further proof for this assignment was
the observed NOE between Me,y, and H;. The correct
stereochemistry at Cg was confirmed by observed NOEs for
Me,o/Hs and Hs/H, and the absence of a NOE between Mey
and Hg [see arrows in structure (£)-19, Scheme 4]. The
observed NOE between Me,s and H,,; confirmed the desired
relative stereochemistry at Cs.

OMe
a. hv
— -

Me

()17 Me

b. toluene,
180 °C

¢. NaH, CS,, Mel

—_——
d. AIBN, nBugSnH

(£)-20: R = Me
(11"t R = H= ] BBIs

Scheme 4. Synthesis of racemic 7-epi-colombiasin A [(+)-1']. a) Visible
light, benzene, 25 °C, 15 min, 91 %; b) toluene (sealed tube), in dark, 180°C,
5h, 89%, endo:exo ca. 9:1; c) NaH (5.0 equiv), THF/CS,/Mel 4:1:1, 50°C,
5h, 85%; d) AIBN (cat.), nBu;SnH (5.0 equiv), toluene, careful deoxyge-
nation, 110°C, 30 min, 88 %; e) BBr; (10 equiv), CH,Cl,, —78°C, 20 min,
40 %, plus 20 % of A'2-isomer (+)-1”. AIBN = 2,2"-azobisisobutyronitrile.

Having assembled the entire tetracyclic framework of
colombiasin A in intermediate (£)-19, and despite the
incorrect stereochemistry at C,;, we decided to continue our
drive towards 7-epi-colombiasin A [(+)-1'] with at least three
objectives in mind: first, to verify beyond any shadow of doubt
the incorrect stereochemistry at C,, second, to render the final
target available for biological evaluation, and third, to
prepare the ground for the arrival of the correct C,; epimer
and its final conversion to the natural product.

The short path remaining before arrival at 7-epi-colombia-
sin A [(£)-1'] required deoxygenation at Cs and cleavage of
the C;s methyl ether. In order to fulfill the first requirement,
alcohol (+)-19 was converted, in 85% yield, to the corre-
sponding xanthate ester!®! by exposure to NaH/CS,/Mel.
Efforts to convert the sterically hindered hydroxy group in
(£)-19 to the corresponding thionoimidazolide or other
activated esters for deoxygenation were unsuccessful. Treat-
ment of the xanthate ester with nBu;SnH and catalytic
amounts of AIBN as radical initiator (Barton deoxygena-
tion)[" in toluene at 110°C gave rise to racemic O-methyl
7-epi-colombiasin A [(+)-20]. The performance of this reduc-
tive cleavage varied, reaching 88 % yield on relatively small
scale (10 mg or less). The last task of the synthesis, namely the
cleavage of the C;s methyl ether, also proved capricious. Thus,
treatment of (4)-20 with excess of BCl; or AICl; (CH,Cl,,
—20—0°C) resulted in decomposition of the starting materi-
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al, whereas HCIO, (CH,Cl,, 25°C) gave no demethylation,
but migration of the double bond from the C,;—C;; to the
C,,—Cy, position. Finally, success was achieved by exposure of
(£)-20 to BBr; in CH,Cl, at —78°C (40 % yield). A second
demethylated product [(4)-1"], in which the C,,—C;; double
bond was shifted to the adjacent C;;—C,, position, was also
observed in this reaction in 20 % yield. Having traversed the
entire synthetic route to 7-epi-colombiasin A [(£)-1'] we felt
obliged to return to the main task at hand, that of accom-
plishing the total synthesis of colombiasin A itself.

Second generation approach towards colombiasin A—Arrival
at racemic colombiasin A: Our new plan to reach racemic
colombiasin A [(£)-1] focused on the inversion of the stereo-
chemistry at C,. We first attempted to establish the desired
stereochemistry at C; by utilizing the isomeric (Z)-crotyl enol
carbonate (4)-21 [prepared in a similar fashion to (+)-4] in
the intramolecular Pd-catalyzed allylic alkylation (Scheme 5).
To our disappointment, the same products (+)-12 and (+)-12’
were obtained in exactly the same ratio (ca. 2.4:1) upon
treatment of (£)-21 with catalytic amounts of [Pd(PPh,),],
giving further evidence that the reaction proceeds through the
same reactive intermediates (see above) regardless of the
geometry of the starting enol carbonate. A reasonable
mechanistic explanation for this observation is outlined in
Scheme 5. The anti-configured 73-crotyl Pd-complex A, which

Me OMe Me OMe
OMe . OMe
‘O 2 [Pd(PPhg)s] cat_
Me [OX Me
Me A
O:@ ’\r( OMe HR  ome
@-12:R=-2%"
(x)-21 Me
(£)-12: R =3~ Me
ooz/ ?
Me OMe Me OMe
- n—-0-m B
OMe Isomerization OMe
O T~
O Me O ) Me

Me OMe © /L OMe

i@ {
PhsP~ « —Pd
PPhy PhaP~5 PPh,
Me ﬂH
NNH PhsR * PPh, b\/\
- : PhaP._
@ Pd—PPhy = RI® = P: p%’ ) 2
PPhy S Me s

Scheme 5. Mechanistic rationale for the stereochemical outcome of the
Pd-catalyzed allylic alkylation of the enol carbonate (+)-21.

is initially formed from the (Z)-crotyl enol carbonate and
which would lead to the desired stereochemistry at C; upon
nucleophilic attack by the enolate, is rapidly equilibrated in a
7—0 -7 isomerization" to form the sterically more favored
syn-configured complex B. Since a single isomer at Cg and C;
is formed in this reaction, despite the equimolar presence of
both enantiomeric forms of the syn-r3-crotyl Pd-complex B in
this equilibrium, the chiral enolate nucleophile must discrim-
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inate between the two enantiotopic faces of the reactive
species.

Having failed to establish the desired stereochemistry at C,
by altering the geometry of the double bond in the precursor
of the intramolecular Pd-catalyzed allylation, we turned our
attention to an inversion tactic as a means for correcting the
C; stereochemistry. Thus, we returned to aldehyde (£)-15as a
precursor for such an attempt. Generation of the silylenol
ether (TMSOTT/Et;N) followed by addition of PhSeCl and
oxidation —syn-elimination (H,O,) of the resulting a-phenyl-
selenide, resulted in the formation of «,f-unsaturated alde-
hyde (£)-22 in a moderate overall yield (30%). This
procedure provided exclusively the E isomer of the a,f-
unsaturated aldehyde (+)-22, as determined by compelling
NOEs [see arrows in structure (£)-22, Scheme 6]. Regener-
ation of the C, stereocenter by catalytic hydrogenation of the

Me OMe
: OMe @ Eﬁgé&MSOTf
Me D-H202 TBSO
19(1\:1e ~
()15 (58%) c. Hp, Pd/IC
l(zs%)

Me OMe

Scheme 6. First attempted epimerization of C,. Arrival at the desired
aldehyde (+)-23. a) Et;N (2.0 equiv), TMSOTf (1.3 equiv), CH,Cl,,
—78°C, 3h; then PhSeCl (1.3 equiv), —78 —0°C, 2h, 38%; b)30%
H,0, (excess), THF, 45°C, 30 min, 78 %; c) H,, 10% Pd/C, EtOH, 25°C,
4 h, 83%. TMS = trimethylsilyl.

a,B-unsaturated aldehyde (+)-22 resulted in the formation of
a mixture of the starting aldehyde (+)-15 and the desired
epimer (£)-23 in a ratio of 7:3 in 83% total yield. This
discouraging ratio, together with the relatively low yield of the
preceding sequence (introduction of the double bond), led us
to abandon this path in favor of a new one involving a shorter
homologue of the aldehyde. This was accomplished by a two-
step oxidative cleavage (OsO,/NMO; NalO,)!' of the
terminal olefin (4)-13 [which is contaminated with its isomer,
disubstituted olefin (+)-13’, see above] to a chromatograph-
ically separable mixture of aldehyde (+)-24 and its 7-demeth-
yl analogue (+)-24' (Scheme 7). Treatment of aldehyde (+)-
24 with NaOMe in MeOH/THEF resulted in an equilibrium
mixture containing the starting (£)-24 and the epimerized
aldehyde (+)-25 in a thermodynamically controlled ratio (+)-
24:(+)-25 of 2:1. After chromatographic separation of the two
epimers, the correct isomer (+)-25 could be olefinated to the
terminal olefin, which has the desired stereochemistry at C,,
(£)-26 (Ph;P=CH,, 97 % yield) while the wrong isomer (=+)-
24 was recycled to afford further quantities of (+)-25. Olefin
(£)-26 was then converted to aldehyde (£)-23 (Scheme 7) by
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Scheme 7. Epimerization at C; and preparation of the desired pure
aldehyde (+)-23. a) OsO, (0.04 equiv), NMO (2.0 equiv), acetone/H,0O
10:1,25°C, 5 h; b) NalO, onsilica gel, CH,Cl,, 25°C, 30 min, 71 % over two
steps; ¢) NaOMe (4.0 equiv), MeOH/THF 2:1, 25°C, 12 h, 50 % of (£)-25
and 45% of (£)-24 after two cycles; d) methyltriphenylphosphonium
bromide (1.5 equiv), KOrBu (1.4 equiv), THF, 25°C, 1 h; then (£)-25, 25°C,
30 min, 97 %; e) BH;- THF (3.0 equiv), THF, 25°C, 1 h; then 3m NaOH
and 30% H,0,, 25°C, 1h, 81%; f) PCC (1.5 equiv), CH,Cl,, 25°C, 1h,
97 % . NMO = 4-methylmorpholine N-oxide.

the same hydroboration—oxidation procedure as described
above for the C, epimeric compound. This aldehyde was then
reacted with the conjugated phosphorane by the same
procedure as before to afford the desired aromatic diene
(£)-27 in 97 % yield (mixture of E:Z ca. 3:1, Scheme 8).
The oxidative demethylation of the aromatic ring of diene
(£)-27 was found to be more challenging than that of its
epimer (+)-16. Only traces of the requisite diene-quinone
were isolated under the same AgO/HNO; conditions em-
ployed to convert (+)-27 to the corresponding quinone. As
before, we suspected that the diene moiety was responsible
for the failure (many unidentified by-products lacking the
diene system were formed under the oxidative conditions),
and thus decided to protect it as a cyclic sulfonel'”! (Scheme 8).
Thus, dissolution of (£)-27 in liquid SO, in a sealed tube at
ambient temperature led to clean formation of sulfone (4)-28
(91 % yield, ca. 1.3:1 mixture of Cy epimers). Interestingly, and
to our delight, the AgO/HNO; oxidative demethylation of
these sulfones proceeded exceptionally well, furnishing a
chromatographically separable mixture of two diastereomeric
yellow quinones [(+)-29, ca. 1.3:1 ratio of C, epimers, 79 %
total yield]. Furthermore, when the individual quinone-
sulfones [(+)-29] or a mixture of both were heated at 180°C
in the dark for 20 min, the same endo adduct (+)-30 was
exclusively obtained in 89 % yield (Scheme 8). It was assumed
that, upon cheletropic extrusion of SO,, both sulfones gave
the same diene system (E geometry) which then led to a single
product as observed. The postulated stereoselective forma-
tion of the (E)-diene system was confirmed by subjecting the
mixture of aromatic sulfones (+)-28 to the above thermal
conditions and observing the exclusive formation of the
corresponding (E)-diene system after extrusion of SO,.
With intermediate (£)-30 in hand, arrival at colombiasin A
was considered imminent. Deoxygenation at Cs by the two-
step protocol already described for the 7-epi-colombiasin A
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Scheme 8. Completion of the synthesis of (+)-colombiasin A [(+)-1]. a) 2-
methyl-2-propenyltriphenylphosphonium bromide (1.5 equiv), nBuLi
(1.5 equiv), THF, 0°C — 25°C, 1 h; then aldehyde (+)-23, 70°C, 8 h, 97 %
(E:Z=3:1); b) SO,, sealed tube, 25°C, 30 min, 91 %; c) 1,4-dioxane/6 N
HNO; 10:1, 25°C, 2 h; then AgO (6.0 equiv), 25°C, 1 h, 79 %; d) toluene
(sealed tube), 180°C, 20 min, 89%; e) NaH (5.0 equiv), THF/CS,/Mel
4:1:1,50°C,3 h, 95 %; f) AIBN (cat.), nBu;SnH (5.0 equiv), toluene, careful
deoxygenation, 110°C, 30 min, 77 %; g) BBr; (10 equiv), cis-cyclooctene
(20 equiv), CH,Cl,, —78°C, 30 min, 43 % yield based on 70 % conversion;
h) BBr; (10 equiv), CH,Cl,, —78°C, 20 min, 30%, plus 20% of All12-
isomer (£)-1".

series led to O-methyl colombiasin A [(+)-31], whose rela-
tionship to the natural product was clearly apparent upon
spectroscopic comparisons. In an attempt to improve the final
deprotection step, (+)-31 was exposed to BBr; in the presence
of excess of cis-cyclooctene as a competitive olefin, in order to
suppress the previously observed, acid-induced migration of
the double bond. Indeed, under these conditions, only
colombiasin A [(£)-1] was formed after 30 min at —78°C
(43 % vyield based on 70% conversion). Under the original
conditions (BBr;, CH,Cl,, —78°C), the A!“2-isomer (+)-1"
of colombiasin A was formed in 20% yield in addition to
colombiasin A itself [(£)-1, 30%]. Synthetic colombiasin A
[(£)-1] was identical with natural colombiasin Al'8l (except
for the lack of optical rotation) by the usual criteria (TLC, IR,
'H and ®C NMR, HRMS).

Third-generation approach towards colombiasin A—Arrival
at natural colombiasin A and assignment of absolute config-
uration: With an expedient route to (+)-colombiasin A [(+)-
1], at hand the stage was now set for the development of an
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enantioselective total synthesis of this natural product and,
hopefully, the determination of its absolute configuration.
While induction of asymmetry in the first step (the intermo-
lecular Diels—Alder reaction between 6 and 7) would, in
principle, suffice to achieve an asymmetric synthesis, accom-
plishment of the second objective would require the prepa-
ration of a suitable crystalline derivative absolute configu-
ration which could be discernable from X-ray crystallographic
analysis.

Scheme 9 summarizes the asymmetric construction of the
first chiral building block of the colombiasin A sequence,
compound (—)-5. Thus, in order to fix the C; stereocenter, the
Diels — Alder cycloaddition of partners 6 and 7 was performed
in toluene at —60 — —10°C in the presence of the Mikami
catalyst and 30mol%  [(S)-BINOL-TiCl,], pre-
pared®™®! from stoichiometric amounts of (S)-BINOL and
[(iPrO),TiCl,]. The Diels— Alder reaction afforded adduct 8
together with its undesired regioisomer 8'. This mixture of the
rather labile [4+2] cycloadducts (8+8', ca. 85:15 ratio) was
further elaborated according to the previously described
procedure (i.e., aromatization—methylation—desilylation,
see above) to afford a mixture of regioisomeric ketones
[(—)-5 and 5] in 70 % overall yield for the three steps. Pure
(—)-5 was obtained by preparative TLC and its analysis by
HPLC (z,=6.1 and 6.7 min for the two enantiomers, 0 — 50 %
iPrOH in hexane over 35 min, 1.5 mLmin~!, Daicel CHIR-
ALCEL OD-H chiral column) revealed 94% ee ([a]y =
—140.0, c=1.0 in CHCl;). The same asymmetric induction
was also demonstrated in the opposite sense in the presence of
the enantiomeric Mikami catalyst [(R)-BINOL-TiCl,] under
the same conditions. To rationalize the observed regio- and
stereoselectivity of this catalytically induced asymmetric
Diels — Alder cycloaddition, the transition states TS, and TS,
(Scheme 9) are invoked. Thus, in transition state TS, (leading
to the minor regioisomer 8") the Lewis acid catalyst would
normally be expected to coordinate to the vinylogous ester
carbonyl oxygen due to the latter’s higher Lewis basicity as
compared to the other carbonyl oxygen. However, in this
instance the coordination of the catalyst to the less Lewis
basic carbonyl oxygen is apparently preferred due to the
presence of the adjacent methoxy group which allows a
bidentate arrangement as shown in TS, (Scheme 9). This
favorable bidentate coordination in the transition state
explains the observed 85:15 regioselectivity of the reaction
favoring the desired regioisomer 8. Based on the same
model,l* only the top face of the reactive double bond of
the quinone is exposed for endo cycloaddition with the diene
(see TS,), providing an explanation for the observed high
asymmetric induction (94 % ee) in this process. Attempts to
minimize the formation of the undesired regioisomer (8') by
carrying out the reaction using less catalyst led to a dramatic
loss in the enantiomeric induction. Thus the use of 5 mol %
catalyst led to the exclusive formation of the desired
regioisomer (—)-5 but only in 15 % ee, making this proposition
impractical.

Although the proposed transition state model (Scheme 9)
may be used to predict!!”! the chirality of the product, it was
considered prudent to confirm such a prediction by other
means. To this end, a suitable crystalline derivative was sought
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Scheme 9. Asymmetric construction of building block (—)—5. a) 30 mol %
[(S)-BINOL-TiCl,], toluene, —60——10°C, 7 h; b) K,CO; (5.0 equiv),
Mel (20 equiv), acetone, reflux, 48 h; ¢) 2% TFA in CH,Cl,, 25°C, 2 h,
70 % over three steps, 94 % ee.

;

and found in the enol bromobenzoate (—)-32 (Scheme 10)
which was readily prepared from (—)-5. Thus, regioselective
enolization (LHMDS) followed by acylation (4-bromobenzo-
yl chloride) afforded the desired enol bromobenzoate (—)-32
(82 % yield). The latter compound crystallized from pentane
in enantiomerically pure form, forming colorless, monoclinic,
parallelepiped-shaped crystals (m.p. 96—97°C, from pen-
tane). X-Ray crystallographic analysis of (—)-32 confirmed
the expected (S) absolute configuration at C; as shown in the
exhibited ORTEP drawing (see Scheme 10).

All that remained before declaring the absolute stereo-
chemistry of colombiasin A was to carry intermediate (—)-5
through the previously charted sequence and compare the
optical rotation of synthetic colombiasin A with that of the
naturally derived substance. This task was done, resulting in
the assignment of the shown 15253S,6R,75,9S absolute
configuration of (—)-colombiasin A [synthetic: [a]F = —61.0
(c=0.1, CHCly); natural: [a]y =—55.3 (¢=0.9, CHCL)].
Both the asymmetric total synthesis of colombiasin A and the
assignment of its absolute configuration were thus achieved.

Conclusion

The described chemistry resulted in a flexible and expedient
total synthesis of colombiasin A (1), reaching either the
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Me OMe

Me OMe :
OMe . |HwmDS,

E——

ORTEP drawing of (=)-32

Scheme 10. Preparation and ORTEP drawing of crystalline derivative
(—)-32. a) LHMDS (1.2 equiv), THF, —78°C, 1 h; then 4-bromobenzoyl
chloride (1.4 equiv), — 78 —25°C, 30 min, 82 %.

racemic or the naturally occurring form of the natural product
and allowing assignment of its absolute configuration. In
addition to providing laboratory access to this scarce marine
natural product, this chemical synthesis allows the construc-
tion of a variety of analogues for possible chemical biology
studies. Most significantly, these studies add considerably to
our knowledge of the scope and generality of the Diels—
Alder reaction as a means of complex molecule construction
and enhance our ability to exploit it for asymmetric synthesis
purposes.

Experimental Section

General techniques: Dry solvents were obtained by passing commercially
available, pre-dried, oxygen-free formulations through activated alumina
columns. Reagents were purchased at the highest commercial quality and
used without further purification, unless otherwise stated. Irradiation
experiments were performed with a sunlamp (300 W). Reactions were
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E.
Mereck silica gel glass plates (60F-254) using UV light as visualizing agent
and an acidic mixture of phosphomolybdic acid/cerium(v) sulfate as
developing agent. E. Merck silica gel (60, particle size 0.040-0.063 mm)
was used for flash column chromatography. Preparative thin-layer chro-
matography (PTLC) separations were carried out on 0.25, 0.50, or 1 mm E.
Mereck silica gel plates (60F-254).

NMR spectra were recorded on Bruker DRX-500 and DRX-600 instru-
ments and calibrated by using residual undeuterated solvent as an internal
reference. The following abbreviations were used to explain the multi-
plicities: s =singlet, d = doublet, t = triplet, q = quartet, sext =sextet, m =
multiplet, br =broad. IR spectra were recorded on a Perkin - Elmer 1600
series FT-IR spectrometer and are presented as: s (strong), m (medium), w
(weak), and br (broad). Electrospray ionization mass spectrometry
(ESIMS) experiments were performed on an API 100 Perkin-Elmer
SCIEX single quadrupole mass spectrometer at 4000 V emitter voltage.
High resolution mass spectra (HRMS) were recorded on a VG ZAB-ZSE
mass spectrometer under MALDI (matrix assisted laser desorption/
ionization) conditions with DHB as the matrix. Melting points (m.p.) are
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uncorrected and were recorded on a Thomas—Hoover Unimelt capillary
melting point apparatus.

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-165225.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

[(S)-BINOL-TiCl,]-Catalyzed and thermal intermolecular Diels— Alder
reaction: Under an argon atmosphere, 2-methoxy-3-methyl-p-quinonel* ¢!
(7, 410¢g, 270 mmol) and [(S)-BINOL-TiCL]!'**l (332 g, 8.2 mmol,
30 mol %) were dissolved in anhydrous toluene (40 mL). The deep red
solution was cooled to —60°C and a solution of (E)-2-(dimethyl-tert-
butylsilyloxy)penta-1,3-diene (6, 6.43 g, 32.0 mmol, 1.2 equiv) in anhydrous
toluene (17 mL) was added dropwise via syringe. The reaction mixture was
stirred for 2 h and then warmed to —10°C within ca. 2 h, the reaction
progress being followed by TLC. Upon completion (essentially after 3 h at
—10°C), the solvent was removed in vacuo and the crude material was
directly used for the following reaction in order to prevent loss of yield due
to the instability of the Diels— Alder adduct.

The thermal Diels— Alder reaction between 6 and 7 was run in EtOH
(50 mL, for the scale reported above), for 2h at 25°C. For NMR
characterization of this [4+2] adduct a small sample was purified by flash
column chromatography (silica gel, EtOAc/hexane 1:15) to give (£)-8 as a
slightly yellow oil. R;=0.55 (silica gel, EtOAc/hexane 1:2); 'H NMR
(500 MHz, CDCl;): 6 =4.84 (d, J=4.8 Hz, 1H), 3.96 (s, 3H), 3.16 (m, 2H),
2.66 (m, 2H), 2.13 (m, 1H), 1.92 (s, 3H), 0.91 (s, 9H), 0.89 (d, /=7.3 Hz,
3H), 0.15 (s, 3H), 0.13 (s, 3H); *C NMR (125 MHz, CDCl,): 6 =198.6,
196.6, 159.7, 147.4, 133.2, 108.6, 59.9, 49.6, 45.9, 32.0, 27.0, 25.6, 19.2, 18.0,
9.6, —4.5, —4.6.

When (+)-8 was purified by flash column chromatography, it was partially
oxidized to the bicyclic quinone (+)-9, which was isolated as a yellow oil.
R;=0.62 (silica gel, EtOAc/hexane 1:2); '"H NMR (500 MHz, CDCLy): 6 =
4.89 (m, 1H), 3.98 (s, 3H), 3.51 (m, 1 H), 3.02 (m, 2H), 1.94 (s, 3H), 1.17 (d,
J=70Hz,3H),0.93 (s, 9H), 0.16 (s,3H), 0.15 (s, 3H); *C NMR (125 MHz,
CDCly): 6 =1879, 182.6, 155.7, 146.3, 142.2, 138.3, 128.3, 106.8, 60.8, 30.5,
28.8, 25.6, 22.9, 18.0, 8.6, —4.5 (2C).

Aromatization —methylation and desilylation of Diels— Alder adduct 8—
Formation of ketone (—)-5: Acetone (110 mL), powdered K,CO; (18.60 g,
135 mmol), and iodomethane (76.70 g, 540 mmol) were added to the crude
product of the asymmetric Diels— Alder reaction (8) and this reaction
mixture was heated under reflux for 48 h. After cooling, the suspension was
concentrated under vacuum and the residue was thoroughly extracted with
hexane (100 mL). Insoluble Ti-compounds and excess K,CO; were
removed by filtration through a plug of celite. After removal of the
solvent, the resulting slightly reddish oil was purified by flash column
chromatography (silica gel, hexane — EtOAc/hexane 1:30) to give the
corresponding homochiral aromatic silyl enol ether 11 (7.76 g, 76 % over
two steps) as a slightly yellow oil. R;=0.68 (silica gel, EtOAc/hexane 1:2);
IR (film): 7,,,x = 2933 (m), 2859 (W), 1464 (m), 1411 (m), 1251 (m), 1202 (s),
1071 (m), 838 (s), 779 cm~! (m); 'H NMR (500 MHz, CDCL;): 6 =5.05 (d,
J=5.2Hz, 1H), 3.86 (s, 3H), 3.81 (s, 3H), 3.70 (s, 3H), 3.66 (m, 1H), 3.27
(m, 2H), 2.19 (s, 3H), 1.23 (d, J=6.6 Hz, 3H), 0.97 (s, 9H), 0.20 (s, 3H),
0.18 (s, 3H); C NMR (125 MHz, CDCl;): 6 =151.5, 149.9, 147.8, 146.8,
131.9, 123.3, 122.6, 108.0, 60.3, 59.9 (2C), 30.8, 29.0, 25.7, 24.1, 18.1, 9.3,
—4.3, —4.4; HRMS (MALDI): caled for C,H;50,Si: 379.2299 [M+H]*;
found 379.2313.

The homochiral aromatic silyl enol ether 11 (7.76 g, 20.5 mmol) was
dissolved in CH,Cl, (50 mL) and a solution of trifluoroacetic acid (2.43 g,
21.3 mmol) in CH,Cl, (40 mL) was slowly added at 25°C. After stirring for
3h, the reddish solution was washed with saturated, aqueous NaHCO;
solution (3 x 50 mL) and dried over MgSO,. The residue obtained after
evaporation was purified by flash column chromatography (silica gel,
EtOAc/hexane 1:8) to give ketone (—)-5 (4.98 g, 92%) as a pale-yellow
solid. R;=0.43 (silica gel, EtOAc/hexane 1:2); [a]y =—140.0 (c=1.0,
CHCL); IR (film): 7,,,, = 2954 (m), 2360 (w), 1717 (s) (C=0), 1462 (s), 1409
(m), 1339 (m), 1295 (m), 1227 (w), 1111 (m), 1072 (s), 1008 (m), 963 cm™!
(w); 'TH NMR (500 MHz, CDCl;): 6 =3.88 (s, 3H), 3.83 (s, 3H), 3.72 (m,
1H), 3.71 (d, J=22.0 Hz, 1H), 3.67 (s, 3H), 3.35 (d, J=22.0 Hz, 1H), 2.63
(dd, J, =152 Hz, J,=59 Hz, 1H), 2.51 (dd, J/, =15.2 Hz, J,=22 Hz, 1 H),
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2.19 (s, 3H), 1.16 (d, /=70 Hz, 3H); *C NMR (125 MHz, CDCL): 6 =
210.6, 152.0, 150.5, 146.3, 132.8, 123.8, 121.6, 60.8, 60.0 (2C), 46.1, 37.5, 28.7,
21.4, 9.3; HRMS (MALDI): caled for C;sH,O,: 264.1362 [M]*; found
264.1367.

HPLC analysis of (—)-5 using a chiral column (Daicel CHIRALCEL OD-
H, hexane — hexane/iPrOH 1:1 within 35 min, flow rate 1.5 mLmin~', 7,=
6.1 and 6.7 min for the two enantiomers) revealed 94 % ee.

(S)-Enol bromobenzoate (—)-32: Under an argon atmosphere, a solution of
LHMDS (1m in THEF, 460 pL, 0.46 mmol, 1.2 equiv) was diluted with dry
THF (3 mL). After cooling to —78°C, enantiomerically pure ketone (—)-5
(100 mg, 0.38 mmol), dissolved in dry THF (1 mL), was added dropwise
and the resulting greenish reaction mixture was stirred for 1h at this
temperature. To this mixture was added a solution of 4-bromobenzoyl
chloride (116 mg, 0.53 mmol, 1.4 equiv) in dry THF (2 mL) and the cooling
bath was removed. After reaching room temperature and stirring for an
additional 30 min, the reaction was quenched with saturated, aqueous
NH,Cl solution (5 mL), followed by extraction with Et,O (2 x 10 mL). The
combined organic extracts were dried (MgSO,) and concentrated in vacuo.
Purification of the crude product by flash column chromatography (silica
gel, EtOAc/hexane 1:10) furnished enol ester (—)-32 (139 mg, 82%) as a
colorless glass. Upon treatment with pentane, colorless crystals formed.
M.p. 96-97°C (pentane); R;=0.61 (silica gel, EtOAc/hexane 1:2); [a]y =
—8.8 (c=1.5,CHCL); IR (film): 7., = 2935 (m), 1734 (s) (C=0), 1589 (m),
1460 (m), 1405 (m), 1339 (m), 1312 (w), 1261 (s), 1144 (s), 1076 (s), 1010
(m), 966 (w), 750 cm~! (m); '"H NMR (500 MHz, CDCL;): 6=7.99 (d, J=
8.6 Hz,2H), 7.63 (d, /=8.6 Hz, 2H), 6.54 (d, J=3.0 Hz, 1 H), 3.88 (s, 3H),
3.83 (s,3H), 3.69 (s, 3H), 3.47 (m, 1H), 2.99 (m, 1H), 2.22 (m, 1 H), 2.18 (s,
3H), 1.24 (d, J=70Hz, 3H); *C NMR (125 MHz, CDCl;): 6 =164.2,
150.9, 150.7, 149.1, 148.7, 146.3, 131.9 (2C), 131.5 (2C), 130.2, 128.6, 123.3,
120.9, 108.6, 61.3, 60.7, 60.1, 33.2, 27.7,20.7, 9.2; HRMS (MALDI): calcd for
C,,H,;05Br: 446.0723 [M]"; found 446.0736.

O-Acylation of aromatic ketone (—)-5 to enol carbonate (—)-4: A solution
of LHMDS (1M in THF, 14.4 mL, 14.4 mmol, 1.2 equiv) was placed in a
flask under an argon atmosphere and diluted with dry THF (140 mL). After
cooling to —78°C, ketone (—)-5 (3.16 g, 12.0 mmol), dissolved in dry THF
(45 mL), was added dropwise and the resulting greenish reaction mixture
was stirred for 1h at this temperature. In another flask, a solution of
phosgene (1.9M in toluene, 11.1 mL, 21 mmol) was chilled to —35°C and
(E)-2-buten-1-ol (1.21 g, 16.8 mmol) was slowly added. After stirring for
30 min at —35°C and 1 h at 0°C, the excess of phosgene was removed by
thoroughly bubbling argon through the solution at room temperature. The
thus prepared (E)-2-buten-1-yl chloroformate reagent (ca. 1.3M in toluene,
16.8 mmol, 1.4 equiv) was added dropwise to the enolate solution (—78°C)
and the reaction mixture was allowed to reach ambient temperature. After
stirring for 30 min, the reaction was quenched with saturated, aqueous
NH,Cl solution (100 mL), followed by extraction with Et,O (2 x 150 mL).
The combined extracts were dried (MgSO,) and concentrated in vacuo.
Purification of the crude product by flash column chromatography (silica
gel, EtOAc/hexane 1:10) furnished (—)-4 (4.09 g, 94 %) as a colorless syrup.
R;=0.57 (silica gel, EtOAc/hexane 1:2); [a]f = —16.1 (c=2.7, CDCl;); IR
(film): ¥, =2937 (W), 1756 (m) (C=0), 1457 (w), 1407 (w), 1231 (s), 1078
(m), 966 cm™! (w); '"H NMR (500 MHz, CDCl;): 6 =6.50 (d, J=2.9 Hz,
1H), 5.89 (m, 1H), 5.66 (m, 1H), 4.62 (d,/=6.6 Hz,2H), 3.86 (s, 3H), 3.81
(s,3H), 3.67 (s, 3H), 3.43 (m, 1H), 2.88 (ddd, J, =169 Hz, /,=73 Hz, J;=
29Hz, 1H), 2.18 (m, 1H), 2.16 (s, 3H), 1.76 (dd, J, =6.6 Hz, J,=0.7 Hz,
3H), 1.18 (d, J=70Hz, 3H); *C NMR (125 MHz, CDCl;): 6 =152.9,
150.9, 150.8, 148.4, 146.2, 132.8, 130.1, 124.2, 123.3, 120.9, 108.1, 69.0, 61.3,
60.7,60.0, 32.7, 27.6, 20.6, 17.8, 9.1; HRMS (MALDI): calcd for C,yH,O4Na:
385.1621 [M+Na]*; found 385.1612.

Intramolecular Pd-mediated allylic alkylation of enol carbonate (—)-4 to
ketones 12 and 12": Enol carbonate (—)-4 (3.95 g, 10.9 mmol) was dissolved
in dry THF (120 mL) under an argon atmosphere and [Pd(PPh;),] (0.50 g,
0.43 mmol, 4.0 mol %) was added at 25°C. The mixture was stirred for
15 min and the solvent was evaporated. After purification of the residue by
flash column chromatography (silica gel, EtOAc/hexane 1:10), a mixture of
the a-allylated ketone 12 along with its regioisomer 12’ was isolated (total
yield: 3.05 g, 88 %, 12:12' =2.4:1) as a colorless oil. The analytical data for
the desired regioisomer 12 are given: R;=0.54 (silica gel, EtOAc/hexane
1:2); '"H NMR (500 MHz, CDCLy): 6 =5.53 (ddd, J, =174 Hz, J,=10.8 Hz,
J;=63Hz, 1H), 492 (dt, J,=10.8Hz, J,=1.7Hz, 1H), 4.81 (dt, J,=
174 Hz, J,=1.7 Hz, 1H), 3.88 (s, 3H), 3.82 (s, 3H), 3.68 (s, 3H), 3.50 (dd,
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J,=51Hz, J,=15Hz, 1H), 324 (m, 1H), 2.90 (dd, J,=12.8 Hz, J,=
70 Hz, 1H), 2.36 (m, 1H), 2.24 (d, J=12.8 Hz, 1H), 2.19 (s, 3H), 1.14 (d,
J=70Hz, 3H), 1.07 (d, J=74Hz, 3H); HRMS (MALDI): calcd for
CoH,;0,: 319.1904 [M+H]"; found 319.1897.

When the same procedure was applied to the isomeric (Z)-2-buten-1-yl
enol carbonate (21), the same mixture of the a-allylated ketones 12 and 12
was formed.

Reduction and silylation of the ketones 12 and 12’ to silyl ethers 13 and 13"
NaBH, (1.07 g, 28.2 mmol, 3.0 equiv) was added portionwise to a solution
of the a-allylated ketones (3.00 g, 9.4 mmol, mixture of 12 and 12') in
methanol (70 mL) and the reaction mixture was stirred for 30 min at room
temperature. It was diluted with Et,0 (200 mL), washed with saturated
aqueous NaHCO; solution (2 x40 mL) and brine (40 mL), dried over
MgSO,, and concentrated to yield the crude alcohols (mixture of two
regioisomers, total yield: 2.89 g, 96 %).

To a solution of the crude regioisomeric alcohols (2.70 g, 8.4 mmol) in dry
CH,Cl, (90 mL) under argon at —78°C was added triethylamine (1.70 g,
16.8 mmol, 2.0 equiv) and, subsequently, TBSOTf (2.67 g, 10.1 mmol,
1.2 equiv) dropwise. After stirring for 1 h, the cooling bath was removed
and the reaction mixture was extracted with saturated aqueous NaHCO;
solution (2 x 50 mL) and brine (40 mL), dried over MgSO,, and concen-
trated. Purification of the residue by flash column chromatography (silica
gel, EtOAc/hexane 1:20) furnished silyl ethers 13 and 13’ (mixture of
regioisomers, total yield: 3.47 g, 95 %) as a colorless oil. The analytical data
for the major regioisomer 13 are given: R;=0.70 (silica gel, EtOAc/hexane
1:2); '"H NMR (500 MHz, CDCl;): 6 =6.14 (ddd, J; =174 Hz, J,=10.6 Hz,
J;=177Hz, 1H), 490 (d, /=174 Hz, 1H), 4.83 (d, /=10.6 Hz, 1H), 4.25
(m, 1H),3.82 (s,3H), 3.80 (s, 3H), 3.66 (s, 3H), 3.21 (m, 1 H), 3.13 (m, 1 H),
2.77 (m, 1H), 2.18 (s, 3H), 2.08 (m, 1H), 1.50 (m, 1H), 1.27 (d, /=70 Hz,
3H), 0.94 (s, 9H), 0.56 (d, J=7.0 Hz, 3H), 0.11 (s, 3H), 0.10 (s, 3H); GC/
MS: caled for C,sH,,0,Si: 434 [M]*; found 434.

Oxidative cleavage of terminal olefin 13 to 7-epi-aldehyde (—)-24: A
mixture of the isomeric homochiral olefins 13 and 13’ (3.40 g, 7.8 mmol) was
dissolved in a mixture of acetone/water 10:1 (200 mL) and 4-methylmor-
pholine N-oxide (1.83 g, 15.6 mmol, 2.0 equiv) and OsO, (2.5 wt. % solution
in tBuOH, 3.9 mL, 4.0 mol %) were added subsequently. After stirring at
room temperature for 5 h, the reaction mixture was diluted with EtOAc
(200 mL) and washed with brine (3 x 50 mL). Drying over MgSO, and
removal of the solvent afforded a mixture of crude diols.

A solution of the latter compounds (3.15 g, 6.8 mmol) in CH,Cl, (30 mL)
was added dropwise to a suspension of silica gel supported NalO,!']
(14.5 g) in CH,Cl, (30 mL). The reaction mixture was stirred for 30 min
at room temperature. After filtration and evaporation of the solvent, the
resulting residue was carefully purified by flash column chromatography
(silica gel, EtOAc/hexane 1:20) in order to separate aldehyde (—)-24
(1.73 g, 51 % over two steps) from its 7-demethyl isomer 24’ (0.66 g, 20 %
over two steps). Analytical data are given only for the requisite isomer (—)-
24: colorless syrup. R;=0.52 (silica gel, EtOAc/hexane 1:2); [a]} = —16.3
(¢=1.9, CDClL); IR (film): #,,,=2936 (m), 1726 (m) (C=0), 1462 (m),
1405 (m), 1252 (w), 1109 (s), 1010 (w), 884 (m), 838 (s), 778 cm~! (m);
'H NMR (500 MHz, CDCl;): 6 =9.70 (s, 1H), 4.32 (ddd, J, =8.8 Hz, J,=
5.3 Hz, J;=3.5Hz, 1H), 3.83 (s, 3H), 3.78 (s, 3H), 3.61 (s, 3H), 3.59 (m,
1H), 3.24 (m, 1H), 2.91 (qd, J; =74 Hz, J,=3.0 Hz, 1H), 2.14 (s, 3H), 1.90
(td, J;=129 Hz, J,=6.4 Hz, 1H), 1.59 (m, 1H), 1.29 (d, /=7.0 Hz, 3H),
0.92 (s, 9H), 0.64 (d, /=74 Hz, 3H), 0.14 (s, 3H), 0.13 (s, 3H); *C NMR
(125 MHz, CDCl,): 6 =205.2, 152.6, 150.5, 147.5, 133.3, 124.8, 122.9, 67.0,
60.4, 59.9, 59.6, 43.8, 39.5, 35.5, 29.2, 25.9, 23.5, 182, 12.2, 9.5, —4.7 (2C);
HRMS (MALDI): caled for C,;H,O;SiNa: 459.2537 [M+Na]*; found
459.2554.

Epimerization of 7-epi-aldehyde (—)-24 to the desired aldehyde (—)-25:
NaOMe (0.75 g, 14.0 mmol, 4.0 equiv) was added to a solution of (—)-24
(1.54 g, 3.5 mmol) in a MeOH/THF mixture 2:1 (60 mL) and the reaction
mixture was stirred for 12 h. After Et,0 (100 mL) was added and the
mixture was washed with water (2 x 40 mL) it was dried over MgSO,. The
solvent was removed and the resulting residue was carefully purified by
flash column chromatography (silica gel, EtOAc/hexane 1:20) in order to
separate aldehyde (—)-25 (0.51 g, 33%) from unreacted (—)-24 (0.98 g,
64 %). The recovered starting material was employed in a second reaction
cycle to furnish a second charge of (—)-25 [yield after two cycles: 0.77 g,
50% of (—)-25 plus 0.69g, 45% of (—)-24]. (—)-25: colorless syrup.
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R;=0.50 (silica gel, EtOAc/hexane 1:2); [a]® = —10.5 (¢ =1.0, CDCL); IR
(film): 74 = 2935 (s), 1723 (m) (C=0), 1461 (m), 1404 (m), 1331 (w), 1253
(m), 1105 (s), 1071 (s), 1009 (m), 880 (m), 837 (s), 777 cm~! (m); 'H NMR
(500 MHz, CDCl;): 6 =9.50 (d, /=1.1 Hz, 1H), 4.31 (ddd, J, =9.9 Hz, J, =
6.2 Hz, J,=4.0 Hz, 1H), 3.83 (s, 3H), 3.79 (s, 3H), 3.73 (s, 3H), 3.62 (brdd,
J,=62Hz,J,=3.3 Hz, 1H),3.29 (m, 1 H),2.89 (qd,J; =7.0 Hz, J,=3.1 Hz,
1H), 2.16 (s, 3H), 2.11 (td, J,=12.9 Hz, J,=62 Hz, 1H), 1.60 (dd, J, =
12.8 Hz, J,=4.0 Hz, 1H), 1.24 (d, J =7.0 Hz, 3H), 1.10 (d, J = 7.0 Hz, 3H),
0.92 (s, 9H), 0.11 (s, 6H); 3C NMR (125 MHz, CDCl,): 6 =204.7, 152.2,
150.5, 147.2, 133.6, 125.2, 123.5, 67.6, 60.4, 60.3, 59.9, 47.9, 42.1, 35.5, 29.1,
259, 234, 182, 13.6, 9.5, —4.5, —4.8; HRMS (MALDI): caled for
C,,H,O5SiNa: 459.2537 [M+Na]*; found 459.2554.

Wittig olefination of the desired aldehyde (—)-25 to the terminal alkene
(—)-26: A flask was charged with methyltriphenylphosphonium bromide
(0.70 g, 2.0 mmol, 1.5 equiv) which was suspended in dry THF (10 mL)
under an argon atmosphere. A solution of KOBu (1M in THF, 1.80 mL,
1.8 mmol, 1.4 equiv) was added dropwise at room temperature and the
mixture was stirred for 1h. Thereafter, a solution of the homochiral
aldehyde (—)-25 (0.57 g, 1.3 mmol) in dry THF (10 mL) was added
dropwise. After stirring for 30 min at the same temperature, most of the
solvent was removed in vacuo and the resulting material was purified by
flash column chromatography (silica gel, EtOAc/hexane 1:20) to afford
(—)-26 (0.55 g, 97 %) as a colorless oil. R;=0.70 (silica gel, EtOAc/hexane
1:2); [a]y = —7.5 (¢ =4.0, CDCL); IR (film): 7, =2935 (s), 1461 (m), 1405
(m), 1330 (w), 1252 (m), 1108 (s), 1010 (m), 965 (w), 887 (m), 838 (m),
776 cm™! (m); '"H NMR (500 MHz, CDCl;): 6 =5.20 (m, 1H), 4.71 (dd, J, =
16.9 Hz, J,=2.2 Hz, 1H), 4.50 (dd, J, =10.3 Hz, J,=2.2 Hz, 1H), 4.23 (m,
1H), 3.79 (s, 6H), 3.68 (s, 3H), 3.15 (m, 1H), 3.04 (m, 1H), 2.77 (m, 1H),
2.18 (s, 3H), 2.18 (m, 1H), 1.45 (m, 1H), 1.24 (d, /=70 Hz, 3H), 1.25 (d,
J=170Hz, 3H), 0.95 (s, 9H), 0.13 (s, 6H); *C NMR (125 MHz, CDCl,):
0=152.7,149.9, 1474, 144.6, 132.9, 1274, 122.6, 111.7, 68.3, 60.4, 60.0, 59.7,
46.0,38.0,34.5,29.4,26.0,23.9,23.5,18.3,9.5, — 4.5, — 4.6; GC/MS: calcd for
C,sH,,0,Si: 434 [M]*; found 434.

Hydroboration - oxidation of the terminal alkene (—)-26 and subsequent
PCC oxidation to aldehyde (+)-23: BH;:-THF (1m in THF, 3.9 mL,
3.9 mmol, 3.0 equiv) was added to a solution of (—)-26 (0.55 g, 1.3 mmol) in
dry THF (15 mL) at room temperature and the mixture was stirred for 2 h.
Thereafter, an aqueous solution of NaOH (3m, 3mL) was slowly
introduced into the flask and the mixture was stirred for 30 min, before
aqueous H,O, (30%, 3 mL) was added dropwise. After stirring for an
additional 30 min, the reaction mixture was diluted with Et,O (30 mL) and
washed with water (2 x 20 mL) and brine (20 mL). The organic phase was
dried over MgSO, and concentrated and the resulting residue was purified
by flash column chromatography (silica gel, EtOAc/hexane 1:5) to yield the
primary (—)-alcohol (0.48 g, 81 %) as a colorless glass. R;=0.19 (silica gel,
EtOAc/hexane 1:4); [a]d =—8.8 (c=1.7, CDCly); IR (film): 7,,,=3425
(brw) (OH), 2936 (s), 1461 (m), 1405 (m), 1329 (w), 1251 (m), 1106 (s), 1067
(s), 1011 (m), 886 (w), 837 (m), 776 cm~' (w); 'H NMR (500 MHz, CDCl,):
0=4.23(ddd,J,=8.7Hz,J,=52Hz,J;=3.3 Hz, 1H), 3.81 (s, 3H), 3.78 (s,
3H), 3.67 (s, 3H), 3.55 (m, 1H), 3.45 (m, 1H), 3.20 (m, 1H), 3.00 (m, 1H),
2.17 (s, 3H), 2.06 (m, 2H), 1.58 (brs, 1H), 1.48 (m, 1H), 1.25 (d, /=7.0 Hz,
3H),1.14 (d,J=7.0 Hz,3H), 1.06 (m,2H), 0.93 (s, 9H), 0.11 (s, 3H), 0.11 (s,
3H); ¥C NMR (125 MHz, CDCL): 6 =152.6, 149.9, 147.3, 133.1, 1277,
122.8, 68.4, 61.8, 60.3, 59.8, 59.6, 45.0, 38.0, 34.9, 29.6, 29.4, 25.9, 23.6, 22.4,
18.2,9.5, —4.6, —4.8; HRMS (MALDI): calcd for C,sH,,0O5SiNa: 475.2850
[M+Na]*; found 475.2860.

To a solution of the intermediate primary (—)-alcohol (0.33 g, 0.73 mmol)
in dry CH,Cl, (15mL) was added pyridinium chlorochromate (0.24 g,
1.11 mmol, 1.5 equiv) and the resulting mixture was stirred for 1 h. Then,
celite was added until the reaction mixture became rather thick. This was
directly purified by flash column chromatography (silica gel, EtOAc/
hexane 1:10) to furnish aldehyde (+)-23 (0.32 g, 97 %) as a colorless syrup.
R;=0.43 (silica gel, EtOAc/hexane 1:4); [a]y =+ 1.6 (c=3.2, CDCL); IR
(film): 7, = 2935 (m), 2360 (m), 1724 (m) (C=0), 1461 (m), 1405 (m), 1251
(m), 1106 (s), 1059 (s), 1012 (m), 838 (m), 776 cm~' (m); 'H NMR
(500 MHz, CDCly): 6 =9.31 (t,J =22 Hz, 1H), 4.25 (ddd, J, =8.7Hz, J, =
5.2 Hz, J;=33Hz, 1H), 3.80 (s, 3H), 3.78 (s, 3H), 3.67 (s, 3H), 3.17 (m,
1H), 2.97 (m, 1H), 2.63 (m, 1H), 2.18 (s, 3H), 2.08 (td, /;,=12.8 Hz, J, =
6.6 Hz, 1H), 1.88 (m, 2H), 1.53 (m, 1H), 1.25 (d, /=7.0 Hz, 3H), 1.23 (d,
J=170Hz, 3H), 0.95 (s, 9H), 0.12 (s, 6H); 3C NMR (125 MHz, CDCl,):
0=203.7, 152.6, 150.4, 147.6, 133.0, 127.2, 123.3, 68.0, 60.3, 59.9, 59.5, 49.3,
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45.0, 347, 293, 28.6, 26.0, 23.8, 23.6, 183, 9.5, —4.6, —4.7; HRMS
(MALDI): caled for C,sH,,0SiNa: 473.2694 [M-+Na]*; found 473.2710.

The same procedure (hydroboration —oxidation, see above) was applied to
convert the 7-epi-olefin (+)-13 [mixture with the regioisomer (£)-13'] into
the respective 7-epi-alcohol (+)-14. At this stage, the desired primary
alcohol (+)-14 could be separated and was obtained as a colorless glass.
R;=0.25 (silica gel, EtOAc/hexane 1:4); IR (film): 7,,,, = 3442 (brw) (OH),
2935 (s), 1461 (m), 1405 (m), 1329 (w), 1252 (m), 1108 (s), 1067 (s), 1010
(m), 882 (w), 837 (m), 777 cm~! (w); '"H NMR (500 MHz, CDCl;): 6 =4.23
(m,1H),3.84-3.77 (m,2H), 3.81 (s,3H), 3.79 (s, 3H), 3.66 (s, 3H), 3.21 (m,
1H), 3.12 (m, 1H), 2.18 (s, 3H), 2.16 (m, 1H), 2.04 (td, J,=12.7 Hz, J,=
6.6 Hz, 1H), 1.91 (m, 1H), 1.74 (sext, J=7.0 Hz, 1H), 1.69 (brs, 1H), 1.53
(m, 1H), 1.28 (d, /=70 Hz, 3H), 0.96 (s, 9H), 0.36 (d, /=74 Hz, 3H), 0.16
(s, 3H), 0.15 (s, 3H); *C NMR (125 MHz, CDCl,): 6 =152.8, 150.0, 1474,
133.0,127.2,122.6, 69.2, 61.0, 60.3, 59.9, 59.8, 42.6, 41.8, 34.6, 29.6, 27.5, 26 .2,
23.8,19.3,18.5,9.5, —4.2, —4.6; HRMS (MALDI): calcd for C,sH,,05SiNa:
4752850 [M+Na]"; found 475.2862.

The same procedure (PCC oxidation, see above) was applied to convert
7-epi-primary alcohol (4)-14 into the respective 7-epi-aldehyde (+)-15:
colorless syrup. R;=0.44 (silica gel, EtOAc/hexane 1:4); IR (film): 7,,,,=
2935 (s), 2361 (m), 1723 (m) (C=0), 1461 (m), 1405 (m), 1252 (m), 1107 (s),
1067 (s), 1010 (m), 838 (m), 776 (m); '"H NMR (500 MHz, CDCl;): 6 =9.76
(t,J=2.6Hz,1H),4.22 (m,1H),3.81 (s,3H),3.78 (s,3H), 3.64 (s,3H), 3.21
(m, 1H), 2.95 (m, 1H), 2.71 (m, 2H), 2.58 (m, 1H), 2.17 (s, 3H), 2.03 (td,
Jy=12.7Hz,J,=6.6 Hz, 1H), 1.52 (m, 1 H), 1.26 (d, /=70 Hz, 3H), 0.92 (s,
9H), 044 (d, J=70Hz, 3H), 0.11 (s, 3H), 0.10 (s, 3H); “C NMR
(125 MHz, CDCl;): 6 =204.3, 152.9, 150.2, 147.5, 133.0, 126.5, 122.8, 68.2,
60.4, 59.9, 59.6, 53.6, 43.9, 34.7, 29.4, 26.7, 26.0, 23.7, 18.8, 18.2, 9.5, —4.5,
—4.8; HRMS (MALDI): caled for C,sH,,OsSiNa: 473.2694 [M+Na]*;
found 473.2712.

a,f-Unsaturated aldehyde (+)-22: A solution of the aldehyde (+)-15
(50 mg, 0.11 mmol) in anhydrous CH,Cl, (2 mL) was chilled to —78°C
under an argon atmosphere and Et;N (22 mg, 0.22 mmol, 2.0 equiv) and
TMSOTT (31 mg, 0.14 mmol, 1.3 equiv) were added. The reaction mixture
was stirred for 3 h at this temperature, before a solution of PhSeCl (27 mg,
0.14 mmol, 1.3 equiv) in anhydrous CH,Cl, (0.3 mL) was added dropwise.
The reaction mixture was then allowed to warm to 0°C and stirred for 2 h.
After diluting with CH,Cl, (5 mL) and washing with saturated aqueous
NaHCO; solution (5mL), the organic phase was dried (MgSO,) and
concentrated. The resulting residue was purified by flash column chroma-
tography (silica gel, EtOAc/hexane 1:20) to afford the respective (+)-a-
selenoaldehyde (25 mg, 38 %).

The (+)-a-selenoaldehyde (18 mg, 30 umol) was dissolved in THF (1 mL)
and an excess of aqueous H,0, solution (30 %, ca. four drops) was added.
This mixture was heated to 45°C and stirred for 30 min. After cooling to
room temperature, Et,0 (5 mL) was added and the mixture was washed
with water (5 mL). The organic phase was dried (MgSO,) and concentrated
and the resulting residue was purified by flash column chromatography
(silica gel, EtOAc/hexane 1:20) to give the a,f-unsaturated aldehyde (+)-
22 (10.5 mg, 78 %) as a colorless syrup. R;=0.44 (silica gel, EtOAc/hexane
1:4); '"H NMR (500 MHz, CDCl;): 6 =10.00 (d, /=83 Hz, 1H), 5.26 (d,
J=83Hz 1H),4.39 (m, 1H),3.93 (d,/=6.4 Hz, 1H), 3.85 (s, 3H), 3.80 (s,
3H), 3.64 (s, 3H), 3.25 (m, 1H), 2.46 (d, /=1.4 Hz, 3H), 2.13 (s, 3H), 2.06
(m, 1H), 1.50 (m, 1H), 1.27 (d, /=6.9 Hz, 3H), 0.93 (s, 9H), 0.15 (s, 3H),
0.13 (s, 3H); C NMR (125 MHz, CDCl;): 6 =191.3, 168.3, 151.9, 150.9,
147.0, 133.1, 130.4, 125.9, 123.3, 68.0, 60.4, 60.1, 59.9, 49.6, 33.8, 29.3, 26.0,
23.0,22.0, 18.3, 9.8, —4.5, —4.7. Assignment of the E geometry of the C=C
double bond was aided by NOE experiments: irradiation of the signal at
0 =2.46 (allylic CHj;) effects the signals at 0 =10.00 (1.1 %, -CHO) and 3.93
(0.7%).

Hydrogenation of the a,f-unsaturated aldehyde (+)-22 to aldehydes (+)-
15 and (£)-23: Under an argon atmosphere, the racemic a,f3-unsaturated
aldehyde (+)-22 (10 mg, 22 umol) was dissolved in EtOH (2 mL) and Pd/C
(10 wt. %, 4.6 mg, 20mol% Pd) was added at room temperature. A
hydrogen atmosphere was established in the reaction flask and the mixture
was stirred for 4 h. Thereafter, the Pd catalyst was removed by filtration
and the solvent was evaporated. Purification of the resulting residue by
flash column chromatography (silica gel, EtOAc/hexane 1:20) yielded
aldehydes (4)-15 (5.8 mg, 58 %) and (+)-23 (2.5 mg, 25%). For analytical
data of those compounds, see above.
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Wittig olefination of aldehyde (+)-23 to homochiral diene 27: Under an
argon atmosphere, nBuLi (1.6M in hexane, 590 puL, 0.95 mmol, 1.5 equiv)
was added to a suspension of 2-methyl-2-propenyltriphenylphosphonium
bromide (378 mg, 0.95 mmol, 1.5 equiv) in dry THF (8 mL) at 0°C. The
reaction mixture was allowed to warm to ambient temperature and stirred
for 1 h before a solution of aldehyde (+)-23 (285 mg, 0.63 mmol) in dry
THF (2mL) was added dropwise. The mixture was then heated under
reflux for 8 h. After cooling to room temperature, most of the solvent was
evaporated and the resulting residue was purified by flash column
chromatography (silica gel, EtOAc/hexane 1:20) to afford homochiral
diene 27 (300 mg, 97 %) as a mixture of the F and Z isomer (E:Z=3:1).
Only the data of the major E isomer are given; colorless syrup. R;=0.71
(silica gel, EtOAc/hexane 1:2); IR (film): 7,,,, =2933 (s), 1460 (m), 1405
(m), 1251 (m), 1106 (s), 1067 (s), 1011 (m), 965 (m), 883 (m), 837 (m),
775 cm~! (m); '"H NMR (500 MHz, CDCl;): 6 =5.89 (d, J=15.8 Hz, 1H),
5.43 (m, 1H), 4.77 (s, 1H), 4.75 (s, 1H), 422 (m, 1H), 3.82 (s, 3H), 3.78 (s,
3H), 3.68 (s, 3H), 3.19 (m, 1H), 3.01 (m, 1H), 2.19 (s, 3H), 2.18 (m, 1H),
2.05 (m, 2H), 1.76 (s, 3H), 1.51 (m, 2H), 1.28 (d, /=70 Hz, 3H), 1.16 (d,
J=170Hz, 3H), 0.95 (s, 9H), 0.12 (s, 6H); 3C NMR (125 MHz, CDCl,):
0=163.1, 152.8, 149.9, 1474, 142.3, 133.0, 131.6, 1277, 122.8, 113.5, 68.4,
60.4, 59.9, 59.5, 45.6, 38.5, 34.9, 32.9, 29.5, 26.0, 23.6, 23.0, 18.7, 18.3, 9.6,
—4.5, —4.7; ESIMS (C,0H,50,S1): m/z (%): 511 (10) [M+Na]*.

The same procedure was applied to convert 7-epi-aldehyde (+)-15 into the
respective 7-epi-diene (£)-16: colorless syrup. R;=0.71 (silica gel, EtOAc/
hexane 1:2); IR (film): 7, =2927 (s), 1460 (s), 1406 (m), 1252 (m), 1107
(s), 1073 (s), 1015 (m), 965 (w), 880 (m), 836 (m), 776 cm~' (w); 'H NMR
(500 MHz, CDCl;): 6 =6.19 (d, /=15.4 Hz, 1H), 5.70 (dt, J, = 15.4 Hz, J, =
7.5 Hz, 1H), 4.85 (s, 1H), 4.84 (s, 1H), 422 (m, 1H), 3.82 (s, 3H), 3.80 (s,
3H), 3.66 (s, 3H), 3.20 (m, 1H), 2.99 (m, 1H), 2.47 (m, 1H), 2.32 (m, 1H),
2.19 (s, 3H), 2.16 (m, 1H), 2.03 (td, J;=12.7 Hz, J,= 6.6 Hz, 1H), 1.85 (s,
3H), 1.50 (m, 1H), 1.28 (d, J=7.0 Hz, 3H), 0.96 (s, 9H), 0.34 (d, /= 7.4 Hz,
3H), 0.13 (s, 6H); *C NMR (125 MHz, CDCL,): 6 =153.0, 149.9, 1474,
142.5,133.5,133.1, 131.2, 1275, 122.6, 113.7, 68.3, 60.4, 59.9, 59.7, 44.3, 43.0,
34.8, 32.1, 29.5, 26.0, 23.9, 188, 18.3, 179, 9.5, —4.5, —4.8; ESIMS
(CyHO,S1): miz (%): 511 (10) [M+Na]*.

Oxidative demethylation of aromatic diene (£)-16 to diene-quinone (+)-
17: Aqueous HNO; (6 M, 100 pL, 0.6 mmol, 10 equiv) was added at room
temperature to a solution of racemic aromatic diene (4)-16 (30 mg,
0.06 mmol) in 1,4-dioxane (1 mL) and the mixture was stirred for 2 h. The
flask was wrapped with aluminium foil (exclusion of light) before AgO
(37 mg, 0.3 mmol, 5.0 equiv) was added portionwise. After stirring for 1 h,
the red reaction mixture was diluted with Et,0O (5 mL) and washed with
water (3 x 3 mL). The organic phase was dried (MgSO,) and concentrated
and the resulting red residue was purified by flash column chromatography
(silica gel, EtOAc/hexane 1:15 — 1:4) to afford (+)-17 (5.6 mg, 27 %) as a
yellow glass. R;=0.34 (silica gel, EtOAc/hexane 1:2); IR (film): 7,,,, = 3490
(w) (OH), 2956 (m), 2360 (s), 1645 (m) (C=0), 1478 (m), 1345 (m),
1142 cm~' (m); '"H NMR (500 MHz, CDCl,): 6 =6.29 (d, J=15.8 Hz, 1H),
5.71(dt,J, =15.8 Hz,J,=7.7 Hz, 1H), 4.91 (s, 2H), 4.04 (brm, 1H), 3.99 (s,
3H),3.11 (m,2H), 2.61 (m, 1H), 2.44 (m, 1 H), 2.22 (m, 1H), 2.08 (m, 1H),
1.96 (s,3H), 1.59 (m, 1H), 1.54 (s, 3H), 1.19 (d,/=7.0 Hz, 3H), 0.64 (d, J =
7.0 Hz, 3H); HRMS (MALDI): caled for C,HyO,: 3452060 [M+H]*;
found 345.2068.

Intramolecular [2 + 2] photocycloaddition of (+)-17—Formation of cyclo-
adduct (£)-18: A yellow solution of (+)-17 (8 mg, 23 pmol) in benzene
(3mL) was irradiated with a sunlamp for 15 min at room temperature.
During the course of the reaction the yellow color of the starting solution
faded. After evaporation of the solvent and purification of the resulting
residue by flash column chromatography (silica gel, EtOAc/hexane 1:6),
the [2+ 2]-cycloadduct (+)-18 (7.3 mg, 91 %) was obtained as a colorless
glass. R;=0.39 (silica gel, EtOAc/hexane 1:2); IR (film): ¥,,,, = 3448 (W)
(OH), 2924 (s), 1728 (w), 1662 (s) (C=0), 1456 (m), 1373 (w), 1296 (m),
1263 (m), 1119 (m), 1019 (m), 803 cm~! (m); 'H NMR (600 MHz, CDCL,):
0=4.84 (d,J=0.9 Hz, 1H), 4.60 (brs, 1H), 4.21 (m, 1H), 3.91 (s, 3H), 3.50
(dd, J;,=9.9 Hz, J,=6.6 Hz, 1H), 3.47 (d, /=9.9 Hz, 1H), 2.84 (m, 1H),
2.81 (m, 1H), 2.56 (m, 1H), 2.27 (ddd, J,=15.8 Hz, J,=109 Hz, J;=
4.9 Hz, 1H), 2.00 (ddd, J,=13.5Hz, J,=9.3 Hz, J;=6.9 Hz, 1H), 1.94 (s,
3H), 1.84 (s,3H), 1.47 (d, J=7.5 Hz, 3H), 1.46 (m, 1 H), 1.39 (m, 1H), 0.78
(d, J=75Hz, 3H); C NMR (125 MHz, CDCL;): 6 =199.6, 195.7, 160.1,
144.6,133.3,110.5, 66.2, 60.3, 58.0, 54.7, 49.6, 49.1, 43.7, 38.6, 38.2, 36.3, 34.7,
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235, 19.7, 177, 10.3; HRMS (MALDI): caled for CyHyO,: 345.2060
[M+H]*; found 345.2059.

Intramolecular [442] cycloaddition of (+)-17—Formation of Diels— Alder
adduct (+)-19: A yellow solution of (+)-17 (5.6 mg, 16 umol) in dry toluene
(2 mL) was heated in a sealed tube at 180 °C (oil bath temperature) for 5 h
in the dark. The reaction mixture was allowed to cool down to room
temperature, the solvent was removed in vacuo, and the resulting residue
was purified by flash column chromatography (silica gel, EtOAc/hexane
1:6) to obtain (+)-19 (5.0 mg, 89 % ) as a colorless glass. R; = 0.38 (silica gel,
EtOAc/hexane 1:2); IR (film): 7, =3507 (brm) (OH), 2931 (s), 1666 (s)
(C=0), 1625 (m), 1443 (m), 1378 (w), 1296 (w), 1126 cm~! (m); 'H NMR
(500 MHz, CDCl,): 6 =5.72 (brs, 1H), 4.15 (brs, 1H), 3.87 (s, 3H), 3.53
(brm, 1H), 2.49 (m, 1H), 2.42 (brd, J=18.6 Hz, 1H), 2.21 (m, 2H), 2.01
(brd, J=18.6 Hz, 1H), 1.90 (m, 1H), 1.83 (s, 3H), 1.76 (m, 1H), 1.68 (m,
1H), 1.55 (brs, 3H), 1.54 (m, 1H), 1.36 (d, /=70 Hz, 3H), 1.30 (brs, 1H),
1.18 (d, J=6.6 Hz, 3H); 3C NMR (125 MHz, CDCl;): 6 =201.8, 198.8,
156.5,130.1,128.7,127.2,66.5 (2 C), 59.7, 52.0, 48.0, 39.8, 39.1, 36.9, 35.0, 34.1,
28.4,22.8,171,15.5,10.1; HRMS (MALDI): calcd for C,;H,,0,: 345.2060
[M+H]"; found 345.2059. NOE experiments: irradiation of the signal at
0=4.15 (H;) effects the signals at 6 =1.90 (1.8%, Hy) and 1.18 (0.75 %,
Me,y); irradiation of the signal at 0 =1.36 (Meys) effects the signal at =
2.42 (0.8%, Hyp).

Cyclic sulfone 28 from homochiral diene 27: A sealable tube was charged
with homochiral diene 27 (295 mg, 0.60 mmol) and cooled to —78 °C. Then,
SO, (ca. 4 mL) was condensed into the tube which was then sealed. The
reaction mixture was allowed to reach room temperature and stirred for
30 min. Thereafter, the tube was cooled to —20°C before it was opened to
allow evaporation of the SO,. The resulting residue was purified by flash
column chromatography (silica gel, EtOAc/hexane 1:5) to afford chiral
sulfone 28 (301 mg, 91 %) as a colorless oil. The compound is a mixture of
two diastereoisomers at C, (ratio 1.3:1). R;=0.31 (silica gel, EtOAc/hexane
1:4); IR (film): ¥,,,, =2929 (s), 1461 (m), 1408 (m), 1307 (m), 1249 (w), 1110
(m), 1067 (m), 1014 (w), 838 (m), 779 cm~! (w); 'H NMR (500 MHz,
CDCly): 6 =5.41 (m, 1H, major), 5.30 (m, 1 H, minor), 4.23 (m, 1 H, major,
1H, minor), 3.81 (s, 3H, major), 3.80 (s, 3H, major), 3.79 (s, 3H, minor),
3.78 (s, 3H, minor), 3.68 (s, 3 H, major), 3.67 (s, 3H, minor), 3.54 (m, 2H,
major, 1 H, minor), 3.45 (m, 1 H, major, 1 H, minor), 3.29 (brm, 1 H, minor),
3.23 (m, 1 H, major, 1 H, minor), 3.01 (m, 1 H, major, 1 H, minor), 2.26 (brm,
1H, major), 2.19 (s, 3H, major, 3H, minor), 2.18 (m, 2H, minor), 2.05 (m,
1H, major), 1.75 (s, 3H, major, 3 H, minor), 1.55-1.41 (m, 2H, major, 2H,
minor), 1.26 (d, J=7.0 Hz, 6 H, major), 1.24 (d, J =70 Hz, 3H, minor), 1.20
(d,J=7.0Hz, 3H, minor), 1.15 (m, 1 H, minor), 1.00 (m, 1 H, major), 0.94 (2
s, 9H, major, 9H, minor), 0.12 (s, 6H, major), 0.11 (2s, 6H, minor);
BC NMR (125 MHz, CDCl;): ¢ =152.8 (minor), 152.6 (major), 150.3
(minor), 150.2 (major), 147.6 (major), 147.5 (minor), 133.5 (major), 133.2
(minor), 131.7 (minor), 131.6 (major), 126.9 (major), 126.8 (minor), 125.1
(major), 124.0 (minor), 123.2 (minor), 122.9 (major), 68.2 (major), 68.1
(minor), 65.1 (minor), 64.6 (major), 60.4 (2C, major, minor), 60.0 (2C,
major, minor), 59.6 (2C, major, minor), 59.0 (major), 58.7 (minor), 45.6
(major), 45.5 (minor), 34.9 (minor), 34.7 (major), 33.9 (major), 33.7
(minor), 30.6 (minor), 30.4 (major), 29.3 (2 C, major, minor), 26.0 (major,
minor), 23.8 (minor), 23.6 (major), 23.0 (minor), 22.9 (major), 18.8 (2C,
minor, major), 18.3 (2C, major, minor), 9.6 (2 C, major, minor), —4.5 (2C,
major, minor), —4.7 (2C, major, minor); HRMS (MALDI): calcd for
C,0H,30,SSiNa: 575.2833 [M+Na]*; found 575.2834.

Oxidative demethylation of chiral aromatic sulfone 28 to chiral sulfone-
quinone 29: Aqueous HNO; (6M, 1 mL, 6.0 mmol, 12 equiv) was added at
room temperature to a solution of the chiral aromatic sulfone 28 (275 mg,
0.50 mmol) in 1,4-dioxane (9 mL) and the mixture was stirred for 2 h. The
flask was wrapped with aluminium foil (exclusion of light), before AgO
(371 mg, 3.0 mmol, 6.0 equiv) was added portionwise. After stirring for 1 h,
the red reaction mixture was diluted with Et,0 (30 mL) and washed with
water (3 x 10 mL). The organic phase was dried (MgSO,) and concen-
trated, and the resulting red residue was purified by flash column
chromatography (silica gel, EtOAc/hexane 1:2 — 1:1) to afford two
diastereomers of chiral sulfone-quinone 29 (161 mg, 79%). More polar
diastereomer: yellow syrup. R;=0.23 (silica gel, EtOAc/hexane 1:1);
[a]y =—12 (c=1.1, CHCL); IR (film): 7,,,=3512 (w) (OH), 2936 (m),
1723 (w), 1649 (m) (C=0), 1608 (m), 1448 (m), 1301 (s), 1222 (m), 1111 (m),
911 (m), 732 cm~! (m); '"H NMR (500 MHz, CDCl;): 6 =5.71 (m, 1H), 4.13
(m, 1H), 3.98 (s, 3H), 3.69-3.56 (m, 3H), 3.12 (m, 2H), 2.09 (m, 1H), 1.94
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(s, 3H), 1.85 (s, 3H), 1.75 (m, 2H), 1.60 (m, 1H), 1.47 (m, 1H), 1.17 (d, J =
70 Hz, 3H), 1.16 (d, J=70Hz, 3H); C NMR (125 MHz, CDCl,): 6 =
188.3,182.8, 155.7,144.8, 142.1, 132.8, 128.8, 123.2, 66.7, 64.8, 60.9, 58.7, 42.7,
34.3, 30.8, 28.3, 21.9, 20.4, 19.0, 14.2, 9.0; HRMS (MALDI): calcd for
C,1H,504S:408.1601 [M]*; found 408.1600. Less polar diastereomer: yellow
syrup. R;=0.34 (silica gel, EtOAc/hexane 1:1); [a]d =+99.8 (c=1.0,
CHCL,); 'H NMR (500 MHz, CDCl,): 6 =5.51 (m, 1H), 4.10 (m, 1H), 3.99
(s, 3H), 3.59 (m, 2H), 3.49 (m, 1H), 3.15 (m, 2H), 2.17 (m, 1H), 1.92 (s,
3H), 1.81 (brs, 3H), 1.74 (m, 2H), 1.60 (m, 1H), 1.50 (m, 1H), 1.21 (d, J =
70 Hz, 3H), 1.15 (d, J=74 Hz, 3H); 3C NMR (125 MHz, CDCL,): 6 =
188.6,182.9,155.7,145.4,142.2,132.0, 128.3, 124.7,66.8, 64.9, 60.8, 59.4, 41.4,
35.0, 33.8, 31.7, 28.4, 21.9, 20.8, 18.8, 9.5.

Formation of the skeleton of colombiasin A starting from chiral sulfone-
quinone 29—Diels - Alder adduct (—)-30: A yellow solution of chiral
sulfone-quinone 29 (mixture of the two diastereomers, 120 mg, 0.29 mmol)
in dry toluene (20 mL) was heated in a sealed tube protected from light
(aluminum foil) at 180 °C (oil bath temperature) for 20 min. As the reaction
progressed, the yellow solution became lighter. The reaction mixture was
allowed to cool down to room temperature, the solvent was removed in
vacuo and the resulting residue was purified by flash column chromatog-
raphy (silica gel, EtOAc/hexane 1:6) to furnish exclusively (—)-30 (89 mg,
89%) as a colorless glass. R;=0.37 (silica gel, EtOAc/hexane 1:2); [a]F =
—164.4 (c=3.2, CDCl); IR (film): #,,,, = 3488 (brw) (OH), 2930 (m), 1672
(s) (C=0), 1628 (m), 1446 (m), 1294 (m), 1115cm~' (m); 'H NMR
(500 MHz, CDCl,): 6 =5.67 (brs, 1H), 3.98 (brm, 1H), 3.87 (s, 3H), 3.10
(brm, 1H), 2.38 (brd, J=18.4 Hz, 1H), 2.34 (m, 2H), 2.06 (m, 1H), 1.95
(brd, /=184 Hz, 1H), 1.93 (dd, J; =5.5 Hz, J,=2.6 Hz, 1 H), 1.86 (s, 3H),
1.83-1.74 (m, 2H), 1.65 (brs, 1 H), 1.62 (m, 1 H), 1.55 (brs, 3H), 1.33 (d,/ =
73 Hz, 3H), 0.91 (d, /=73 Hz, 3H); *C NMR (125 MHz, CDCl;): 6 =
202.3, 198.5, 155.7, 131.5, 129.4, 124.9, 67.2, 63.7, 59.7, 52.7, 51.4, 41.3, 38.2,
370, 34.7, 33.4, 28.7, 22.7, 22.4, 177, 10.3; HRMS (MALDI): calcd for
C,Hy0,: 345.2060 [M+H]*; found: 345.2058.

Formation of the xanthate ester of alcohol (—)-30: Under an argon
atmosphere, (—)-30 (32 mg, 93 umol) was dissolved in dry THF (1.5 mL)
and NaH (60 % suspension in mineral oil, 19 mg, 0.47 mmol, 5.0 equiv) was
added at room temperature. The reaction mixture was stirred for 30 min
before CS, (0.47 g, 6.2 mmol, 67 equiv) was introduced into the flask and
stirring was continued for another 30 min. Then, Mel (0.85 g, 6.0 mmol,
65 equiv) was added and the reaction mixture was heated to 50°C for 2 h.
After cooling to ambient temperature, the reaction mixture was filtered
and concentrated and the resulting residue was purified by flash column
chromatography (silica gel, EtOAc/hexane 1:20) to afford the (—)-xanthate
ester (38 mg, 95 %) as a colorless syrup. R; = 0.60 (silica gel, EtOAc/hexane
1:2); [a]5 =—90.3 (c=3.6, CDCL); IR (film): #,,,=2931 (m), 1675 (s)
(C=0), 1626 (m), 1451 (m), 1368 (w), 1294 (m), 1208 (s), 1136 (m),
1054 cm™! (s); 'H NMR (500 MHz, CDCl;): 6 =5.98 (m, 1H), 5.72 (brs,
1H), 3.90 (s, 3H), 3.09 (brm, 1 H), 2.56 (s, 3H), 2.43 (brd, /=183 Hz, 1 H),
2.22 (m, 2H), 2.11 (m, 2H), 2.01 (m, 2H), 1.88 (s, 3H), 1.83 (m, 1H), 1.66
(ddd, J,=15.0 Hz, J,=11.7 Hz, J;=3.3 Hz, 1H), 1.58 (brs, 3H), 1.34 (d,
J=74Hz,3H), 0.88 (d,/=6.6 Hz, 3H); *C NMR (125 MHz, CDCL,): 0 =
215.6,201.6, 197.8, 155.9, 131.3, 129.6, 124.6, 80.1, 63.5, 59.8, 51.2 (2 C), 41.1,
36.9, 34.6, 34.1, 34.0, 29.6, 22.7,22.2, 18.9, 174, 10.3.

The same procedure was applied to convert the 7-epi-[4+2]-alcohol (£)-19
into the respective (+)-7-epi-[4+2]-xanthate ester: colorless syrup. R;=
0.58 (silica gel, EtOAc/hexane 1:2); 'H NMR (500 MHz, CDCl;): 6 =5.85
(m, 1H), 5.78 (brs, 1H), 3.89 (s, 3H), 3.41 (m, 1H), 2.59 (s, 3H), 2.43 (brd,
J=182Hz, 1H),2.31-2.20 (m, 3H), 2.19-2.05 (m, 3H), 1.85 (s, 3H), 1.73
(m, 1H), 1.59 (m, 1H), 1.58 (brs, 3H), 1.34 (d, /=7.0 Hz, 3H), 0.91 (d, /=
7.0 Hz, 3H).

Radical deoxygenation—O-Methyl colombiasin A [(—)-31]: AIBN
(0.2 mg, 1.4 umol, 0.1 equiv) and nBu;SnH (20 mg, 70 umol, 5.0 equiv)
were sequentially added under an argon atmosphere at room temperature
to a solution of the homochiral xanthate ester derived from alcohol (—)-30
(6.0 mg, 14 pmol) in dry toluene (1 mL). The mixture was carefully
deoxygenated by bubbling argon through it for 30 min. The reaction flask
was then immersed into a preheated oil bath (110°C) and the mixture was
stirred at this temperature for 30 min. After cooling to ambient temper-
ature, the solvent was evaporated and the resulting residue was purified by
flash column chromatography (silica gel, hexane — EtOAc/hexane 1:20).
The nonpolar tin compounds were removed by pure hexane as an eluent,
whereas product (—)-31 was eluted by slightly increasing the polarity of the
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eluent. Thus, (—)-31 (3.5 mg, 77 %) was obtained as a colorless glass. R;=
0.65 (silica gel, EtOAc/hexane 1:2); [a]¥ =—168.2 (c=1.1, CDCly); IR
(film): 70 =2925 (s), 1728 (w), 1675 (s) (C=0), 1629 (m), 1453 (m), 1268
(m), 1139 (m), 1108 cm™! (m); 'H NMR (500 MHz, CDCl;): 6 =5.66 (brs,
1H), 3.88 (s, 3H), 3.01 (brm, 1H), 241 (brd, J=19.0 Hz, 1H), 2.12 (m,
1H), 1.91 (brd,/=19.0 Hz, 1H), 1.89 (s, 3H), 1.89 - 1.78 (m, 5SH), 1.57 (brs,
3H), 1.36-1.29 (m, 3H), 1.32 (d, /=7.0 Hz, 3H), 0.82 (d, /=70 Hz, 3H);
BC NMR (125 MHz, CDCly): 6 =203.1, 198.7, 155.1, 131.5, 129.5, 123.5,
63.5, 59.8, 51.6, 48.3, 39.6, 39.0, 36.6, 34.1, 33.6, 31.9, 31.1, 22.8, 22.2, 17.8,
10.4; HRMS (MALDI): caled for C,H,,0;: 329.2111 [M+H]*; found
329.2105.

The same procedure was applied to convert the (+)-7-epi-[4+2]-xanthate
ester obtained from alcohol (£)-19 into O-methyl 7-epi-colombiasin A
[(£)-20]: colorless glass. R;=0.65 (silica gel, EtOAc/hexane 1:2); IR (film):
Tmax = 2929 (s), 2355 (m), 1673 (s) (C=0), 1625 (w), 1448 (m), 1373 (w),
1290 (m), 1142 (m), 1114 (m), 1008 cm~* (w); 'H NMR (500 MHz, CDCl;):
0=5.66 (brs, 1H), 3.87 (s, 3H), 3.15 (brm, 1H), 2.37 (brd, /J=18.1 Hz,
1H),2.27 (m, 1H),2.07 (m, 1H), 1.99 (brd, J=18.1 Hz, 1H), 2.00—-1.90 (m,
2H), 1.85 (s,3H), 1.67 (m, 1 H), 1.59 (m, 1H), 1.55 (brs, 3H), 1.47-1.35 (m,
2H), 1.34 (d, J=70Hz, 3H), 1.28 (m, 1H), 0.90 (d, /=73 Hz, 3H);
13C NMR (125 MHz, CDCly): 6 =202.1, 198.7, 156.2, 129.7, 129.2, 125.2,
66.8,59.7,51.7,43.8, 36.7, 36.6, 34.2, 34.1, 33.3, 30.7,24.3, 22.8, 17.3, 15.7,9.9;
HRMS (MALDI): caled for Cy H,O5: 329.2111 [M+H]*; found 329.2103.

Colombiasin A [(—)-1], A™'2-colombiasin A [(—)-1""], and 7-epi-colom-
biasin A [(£)-1']: (Z)-Cyclooctene (40 mg, 0.36 mmol, 20 equiv) was added
under an argon atmosphere to a solution of O-methyl colombiasin A [(—)-
31] (6 mg, 18 umol) in dry CH,Cl, (1 mL). The reaction mixture was then
cooled to —78°C, before a solution of BBr; (Im in CH,Cl,, 0.18 mL,
0.18 mmol, 10 equiv) was added dropwise. The reddish reaction mixture
was stirred for 30 min (— 78 °C) and was then quenched by adding saturated
aqueous NaHCOj; solution (1 mL). Longer reaction times led to an
increased formation of by-products. The cooling bath was removed and the
mixture was stirred at room temperature for another 30 min. The mixture
was diluted with CH,Cl, (3 mL) and the organic phase was washed with
brine (1 mL), dried over MgSO,, and concentrated. Purification of the
resulting residue via preparative TLC (silica gel, EtOAc/hexane 1:8)
recovered unreacted (—)-31 (1.8 mg, 30%) and furnished (—)-colombia-
sin A (1) (1.7 mg, 43% based on 70% conversion) as a colorless powder.
R;=0.62 (silica gel, EtOAc/hexane 1:2); [a]y = —61.0 (¢ =0.1, CHCl;); IR
(film): 7,,,, =3373 (w) (OH), 2925 (s), 2860 (m), 1665 (s) (C=0), 1452 (w),
1383 (m), 1350 (w), 1262 (w), 1089 (s), 1023 (s), 803 cm™! (m); 'H NMR
(500 MHz, CDCl;): 6 =6.90 (s, 1H), 5.68 (brs, 1H), 3.05 (brm, 1H), 2.41
(brd, J=19.1 Hz, 1H), 2.13 (m, 1H), 1.96-1.88 (m, 3H), 1.90 (s, 3H),
1.87-1.76 (m, 3H), 1.59 (m, 1H), 1.57 (brs, 3H), 1.37 (d, J=7.0 Hz, 3H),
1.35-1.22 (m, 2H), 0.81 (d, /=73 Hz, 3H); *C NMR (125 MHz, CDCl;):
0=202.6, 199.6, 149.5, 128.9, 123.8, 120.3, 64.0, 51.6, 48.2, 39.5, 38.7, 36.3,
33.6, 33.5, 31.8, 31.1, 22.8, 22.1, 17.7, 9.7, HRMS (MALDI): calcd for
CyH0;: 315.1955 [M+H]"; found 315.1961.

When the same procedure was used, however without (Z)-cyclooctene,
colombiasin A [(—)-1] was formed in 30% yield, along with Al12-
colombiasin A [(—)-1""] (1.1 mg, 20%). (—)-1"": colorless powder. R;=
0.63 (silica gel, EtOAc/hexane 1:2); [a]y =—62.8 (¢=0.1, CHCL); IR
(film): 7., = 3378 (w) (OH), 2926 (s), 2849 (m), 1661 (s) (C=0), 1455 (m),
1380 (m), 1356 (m), 1259 (w), 1155 (m), 1099 cm™' (m); 'H NMR
(500 MHz, CDClLy): 6 =6.96 (s, 1H), 5.34 (brs, 1H), 2.61-2.49 (m, 2H),
2.13 (m, 1H), 2.03 (m, 1H), 1.92-1.81 (m, 4H), 1.89 (s, 3H), 1.66 (s, 3H),
1.56 (m, 1H), 1.44 (m, 1H), 1.33 (d,/=7.0 Hz,3H), 1.32-1.24 (m, 2H), 0.88
(d, /=70Hz, 3H); *C NMR (125 MHz, CDCl,;): 6 =202.9, 198.9, 150.5,
139.9,123.5,121.4, 60.4, 54.8, 48.9, 40.4, 40.1, 37.7, 35.8, 33.4,32.1, 30.8, 23.8,
22.3,17.8, 9.8; ESIMS (negative) (C,H,0;): m/z (%): 313 (50) [M —H]*.

The same procedure, however without (Z)-cyclooctene, was applied to
convert O-methyl 7-epi-colombiasin A [(£)-20] into 7-epi-colombiasin A
[(£)-1']: colorless powder. R;=0.62 (silica gel, EtOAc/hexane 1:2); IR
(film): #,,,, = 3373 (w) (OH), 2927 (s), 2861 (m), 1659 (s) (C=0), 1451 (m),
1381 (m), 1349 (m), 1099 cm~! (m); '"H NMR (500 MHz, CDCL;): 6 =6.95
(s,1H),5.68 (brs,1H),3.16 (brm, 1H),2.41 (brd,/=17.6 Hz, 1H),2.31 (m,
1H),2.11-1.92 (m, 4H), 1.88 (s, 3H), 1.71 (m, 1 H), 1.60 (m, 1 H), 1.55 (brs,
3H), 1.40 (m, 1H), 1.39 (d, /= 7.0 Hz, 3H), 1.35-1.23 (m, 2H), 0.89 (d, J =
6.3 Hz, 3H); HRMS (MALDI): caled for C,yH,;O5: 315.1955 [M+H]";
found 315.1964.
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Trimerization of Alkali Dicyanamides M[N(CN),] and Formation of
Tricyanomelaminates M;[C;No] (M =K, Rb) in the Melt: Crystal Structure
Determination of Three Polymorphs of K[N(CN),], Two of Rb[N(CN),], and
One of K;[C;Ny] and Rb;[C;Ny] from X-ray Powder Diffractometry

Elisabeth Irran, Barbara Jiirgens, and Wolfgang Schnick*!?!

Abstract: The alkali dicyanamides
M[N(CN),] (M=K, Rb) were synthe-
sized through ion exchange, and the
corresponding tricyanomelaminates
M;[C¢Ng] were obtained by heating the
respective dicyanamides. The thermal
behavior of the dicyanamides and their
reaction to form the tricyanomelami-
nates were investigated by temperature-
dependent X-ray powder diffractometry
and thermoanalytical measurements.
Potassium dicyanamide K[N(CN),] was
found to undergo four phase transitions:
At 136°C the low-temperature modifi-
cation a-K[N(CN),] transforms to (-
K[N(CN),], and at 187°C the latter
transforms to the high-temperature
modification y-K[N(CN),], which melts
at232°C. Above 310°C the dicyanamide
ions [N(CN),]~ trimerize and the result-
ing tricyanomelaminate K;[C¢N,] solidi-
fies. Two modifications of rubidium
dicyanamide have been identified: Even

at —25°C, the a form slowly transforms
to  B-RD[N(CN),] within  weeks.
RDb[N(CN),] has a melting point of
190°C. Above 260°C the dicyanamide
ions [N(CN),]~ of the rubidium salt
trimerize in the melt and the tricyano-
melaminate Rb;[C¢Ny| solidifies. The
crystal structures of all phases were
determined by powder diffraction meth-
ods and were refined by the Rietveld
method. a-K[N(CN),] (Pbcm, a=
836.52(1), b=646.90(1), c=721.27(1) pm,

Z=4), vy-K[N(CN),] (Pnma, a=
855.40(3), b=1387.80(1), c=
1252.73(4) pm, Z=4), and -

RDB[N(CN),] (C2/c, a=1381.56(2), b=
1000.02(1), ¢=144328Q2) pm, f=
116.8963(6)°, Z=16) represent new

Keywords: dicyanamides - nitrides
- phase transitions - structure eluci-
dation - tricyanomelaminates

structure types. The crystal structure of
B-K[N(CN),] (P2,/n, a=726.92(1), b=
1596.34(2), ¢=387.037(5) pm, f=
111.8782(6)°, Z=4) is similar but not
isotypic to the structure of a-
Na[N(CN),]. a-Rb[N(CN),] (Pbcm,
a=3856.09(1), b=661711(7), c=
765.067(9) pm, Z=4) is isotypic with
a-K[N(CN),]. The alkali dicyanamides
contain the bent planar anion [N(CN),]~
of approximate symmetry C,, (average
bond lengths: C—Nygee 133, CNim
113 pm; average angles N-C-N 170°,
C-N-C 120°). K;[CeNy] (P2j/c, a=
373.82(1), b=1192.48(5), c=
2500.4(1) pm, B=101.406(3)°, Z=4)
and Rb;[CiNg] (P2//c, a=389.93(2),
b=1226.06(6), c=25475(1) pm, p=
98.741(5)°, Z=4) are isotypic and they
contain the planar cyclic anion [C¢N]*~.
Although structurally related, Nas[CNy]
is not isotypic with the tricyanomelami-
nates M;[C¢Ny] (M =K, RD).

Introduction

The interest in carbon nitride chemistry has increased
continuously during the last few years, although the existence
of carbon nitride C;N, as well as the material properties of this
binary nitride are still under controversial discussion.l!l Simple
alkali or alkaline earth salts like the cyanamides (e.g.,
MU[CN,])? or the dicyanamides (e.g., M![N(CN),] or
MU[N(CN),],)?>4 may be understood as simple and less
condensed ternary nitridocarbonates(iv) derived from the

[a] Prof. Dr. W. Schnick, Mag. E. Irran, Dipl.-Chem. B. Jiirgens
Department Chemie, Ludwig-Maximilians-Universitét
Butenandtstrasse 5-13 (Haus D), 81377 Miinchen (Germany)
Fax: (+49) 89-2180-7440
E-mail: wsc@cup.uni-muenchen.de
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binary parent compound C;N,. These compounds have been
discussed already as be suitable as starting materials for the
synthesis of C;N,. For example, the reaction of alkali
dicyanamides with cyanuric chloride (C;N;Cl;) may lead to
the formation of carbon nitrideP [cf. Eq. (1)].

3MIN(CN),] + C:NsCl; — 3MICl+3 CN, )

Although sodium dicyanamide Na[N(CN),] is commercial-
ly available, detailed information about its crystal structure
and thermal properties have not been available until recent-
ly.?l Early investigationsl® gave evidence for a thermally
induced trimerization of Na[N(CN),] to form sodium tricya-
nomelaminate, Na;[C¢Ny] [cf. Eq. (2)]. The latter contains the
s-triazine ring system (C;N;). Similar behaviour has been
observed for Li[N(CN),] Pl
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The s-triazine ring system (C;N;) is a structural feature of
many heterocycles, for example, 2.4,6-triamino-s-triazine
(melamine), C;N3(NH,);, and 2,4,6-trichloro-s-triazine (cya-
nuric chloride), C;N;Cl;. Furthermore, there is evidence that
C;N; rings are a basic structural feature of the so-called
compounds melam, HyC¢N;, and melon, (HC,N;),, as well as
the graphitic form of carbon nitride, g-C;N,."! For these

Abstract in German: Die Alkalidicyanamide M[N(CN),]
(M=K, Rb) wurden durch lonenaustausch synthetisiert, die
Tricyanomelaminate M;[C¢No] durch Erhitzen des jeweiligen
Dicyanamids. Das Temperaturverhalten der Dicyanamide und
ihre Reaktion zu den Tricyanomelaminaten wurden durch
temperaturabhdngige Rontgen-Pulverdiffraktometrie und ther-
moanalytische Messungen untersucht. Fiir Kaliumdicyanamid
K/N(CN),] wurden vier Phaseniiberginge beobachtet: Bei
136°C geht die Tieftemperaturmodifikation a-K[N(CN),] in (3-
K[N(CN),] iiber, bei 187°C wandelt sich B-K[{N(CN),] in die
Hochtemperaturmodifikation y-K[N(CN),] um, welches bei
232°C schmilzt. Oberhalb 310°C trimerisieren die Dicyana-
mid-Ionen [N(CN),]~, und die Schmelze erstarrt unter Bildung
von K;[CsNy]. Von Rubidiumdicyanamid gibt es zwei Modi-
fikationen: Die a-Form wandelt sich selbst bei —25°C inner-
halb von Wochen zu -Rb[N(CN),] um. Rb[N(CN),] schmilzt
bei 190°C und wird oberhalb von 260°C zu Rb;[C4;N,], wobei
die Schmelze erstarrt. Die Kristallstrukturen aller Phasen
wurden mit Pulverbeugungsmethoden bestimmt und mit
der Rietveld-Methode verfeinert. Die Kristallstruktur von o-

K[/N(CN),] (Pbcm, a=836,52(1), b=0646,90(1), c=
721,27(1) pm, Z=4) und y-K[N(CN),] (Pnma, a=855,40(3),
b=38780(1), c=1252,73(4) pm, Z=4) sowie von [-

Rb[N(CN),] (C2/c, a=1381,56(2), b=1000,02(1), c=
1443,28(2) pm, p=116,8963(6)°, Z=16) stellen neue Struk-
turtypen dar. Die Kristallstruktur von 3-K{N(CN),] (P2/n,
a=72692(1), b=1596,34(2), ¢=387037(5)pm, p=
111,8782(6)°, Z=4) dhnelt der Struktur von a-Na[N(CN),],
beide sind aber nicht isotyp. a-Rb[N(CN),] (Pbcm, a=
856,09(1), b=0661,711(7), c=765,067(9) pm, Z =4) ist isotyp
zu a-K[N(CN),]. Die Alkalidicyanamide enthalten das gewin-
kelte Anion [N(CN),]~ mit annihernder Punktsymmetrie C,,
(durchschnittliche Abstinde C—N,.pickena 133 P, C—N opminai
113 pm; durchschnittliche Winkel N-C-N 170°, C-N-C 120°).
K;[C,Ny]  (P2/c, a=373,82(1), b=1192,48(5), c=
2500,4(1) pm, f=101,406(3)°, Z=4) und Rb;[C;N,] (P2/c,
a=2389,93(2), b=1226,06(6), c=25475(1) pm, 5 =98,741(5)°,
Z =4) sind isotyp und enthalten planare cyclische Anionen
[C,NoJ?~. Ihre Kristallstrukturen sind mit der von Na;[CsNyJ
verwandlt, aber nicht isotyp dazu.
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compounds synthetic procedures have been reported; how-
ever, their true nature is still unknown.['™'2l Therefore de-
tailed knowledge about the C;Nj; ring formation is of special
interest.

Recently, the existence of two polymorphs of sodium
dicyanamide, a- and [-Na|[N(CN),], and details of the
formation of Nas[C4Ny] have been reported.’! Thermoanalyt-
ical investigations (differential thermal analysis and differ-
ential scanning calorimetry) and temperature dependant
X-ray diffraction studies gave evidence that the trimerization
of Na[N(CN),] to form Na;[C4Ny] occurs in the solid phase
and that there is no preorientation of the dicyanamide ions in
the crystal before their transformation to tricyanomelaminate
ions.B!

Very recently, potassium tricyanomelaminate, K;[C¢No],
was synthesized by the reaction of melamine with KSCN, and
K5[C¢Ng] has been used for the synthesis of graphite-like
carbon nitrides.[¥] However, details concerning the formation
and crystal structure of K;[C¢Ny] are not available as yet.

Herein we report on the synthesis and the crystal structures
of polymorphic K[N(CN),] and Rb[N(CN),], and the trimer-
ization of their anions [N(CN),]~ to form [C¢No]*~. To our
knowledge these are the first examples in which simple
inorganic anions trimerize in the melt.

Experimental Section

General techniques: The tricyanomelaminates M;[C4Ny] (M =K, Rb) are
hygroscopic and form the monohydrates M;[C¢Ny]-H,O. Thus the syn-
theses of M;[C¢N,] were carried out under an atmosphere of dried argon.

Potassium and rubidium dicyanamide were prepared by ion exchange: A
column filled with a resin (Merck, Ionenaustauscher I, Art. 4765) was filled
with an aqueous solution of KCl (Merck, p. A.) or RbCl (Alfa Aesar,
99 % ), respectively. The column was washed with water until the eluate was
free of Cl~ ions. An aqueous solution of sodium dicyanamide Na[N(CN),]
(Fluka, > 96 %) was poured onto the column. The eluate was collected and,
after drying at 8°C, the low-temperature phase a-K[N(CN),] was isolated,
whereas evaporation of the water at 20°C led to the formation of f-
K[N(CN),]. The high-temperature modification y-K[N(CN),] was ob-
tained during heating of K[N(CN),] to 200°C. The high-temperature
polymorph y-K[N(CN),] was quenched to room temperature without re-
transformation. By drying a solution of rubidium dicyanamide at 20°C both
a- and B-Rb[N(CN),] were obtained. After a period of several days at
ambient conditions the X-ray diffraction peaks of a-Rb[N(CN),| disap-
peared, indicating that single-phase J-Rb[N(CN),] had formed.
RbB[N(CN),] exhibited a melting point of 190°C. Rapid quenching
(100°Cmin™!) of the melt to 0°C led to the formation of single-phase a-
RbB[N(CN),].

The tricyanomelaminates K;[CNg] and Rbs;[CyNy] were obtained by
heating the respective dicyanamides M[N(CN),] (M =K, Rb) in sealed
duran ampoules under argon up to 380°C (K;[C¢Ny]) and 400°C
(Rb;[C¢Ny]), respectively. The thermally induced process was checked
visually: The colorless dicyanamide powders first transform to light brown
melts and solidify with further heating. After cooling to room temperature,
the M;[C4Ny] salts were obtained as microcrystalline, light gray powders.
Samples of Rbs;[C¢No] were synthesized with better crystallinity by ion
exchange, starting from Na;[C¢No]. A solution of Na;[C4N,] was poured
onto a column filled with an ion-exchange resin that had been loaded with
Rb* ions. The eluate was collected and dried at room temperature leading
to the triclinic monohydrate Rb;[C¢No]-H,O, which has been structurally
characterized by X-ray synchrotron powder diffraction.') Anhydrous
Rb;[C4Ny] was obtained as a white microcrystalline powder by heating
Rb;[CNy]-H,0 to 350°C (heating rate: 5°Cmin~') under vacuum
(1072 mbar). K;[C¢Ny] was also synthesized by dehydrating the monohy-
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drate, which is isotypic with Rb;[C¢Ny]
H,O. However, the crystallinity of the
samples obtained by thermal trimeriza- 1 A Exo
tion was better than that of the product P
obtained by using this procedure. 0 mW - \ / \ /- \\
Thermal analysis: Differential scan- \ / |

ning calorimetry (DSC) curves of \ \ /
K[N(CN),] and Rb[N(CN),] were re- \ L/

Heat Flow

corded with a Mettler DSC25.
a-K[N(CN),] was heated from 0 to
500°C (heating rate: 10°Cmin~"!, sam-
ple weight: 34.9 mg) (Figure 1). The
insert of Figure 1 shows the enlarged
thermal effects between 90 and 220°C.
A DSC curve of S-Rb[N(CN),] was
recorded up to 500°C (heating rate:
10°Cmin~!, sample weight: 41.5 mg)
(Figure 2).

X-ray diffraction: X-ray powder dif-
fraction data were used for the crystal
structure determination. The diffrac-
tion investigations were carried out on
a conventional powder diffractometer —>

(STOE Stadi P, Cuy, radiation) in  Fijgyre 1. DSC curve of K[N(CN),]: melting of K[N(CN),] and trimerization to Ki[CsN]. Insert: phase

Debye —Scherrer geometry. The dif-  transitions of a-K[N(CN),] to B-K[N(CN),] and to y-K[N(CN),].
fraction patterns were indexed by the

program ITO,'S! the space groups Heat Flow
determined by using systematic ex- 'T‘ M Exo
tinction rules and confirmed by
the successful structure refinement
(Tables 1 and 2).

The crystal structures of a-
KIN(CN),], y-K[N(CN),], and p-
RD[N(CN),] were solved by direct 50 mW
methods by using the programs
EXTRA! and SIRPOW.I'"! The dif-
fraction pattern and the lattice con-
stants of 5-K[N(CN),] were similar to I —

those of a-Na[N(CN),],’! while the \
lattice constants of a-Rb[N(CN),] re-
semble those of a-K[N(CN),]. There-
fore the atomic coordinates of a-
Na[N(CN),] and of a-K[N(CN),] were
used as starting parameters for the
Rietveld refinement of S-K[N(CN),]

160 180

0 100 200 300 380 Tempe'rature /1°C

and a—Rb[N(CN)Z], respectively, 100 200 300 380 Temperature:)C
which were performed with the pro-
gram GSAS.l¥) Figure 2. DSC curve of -Rb[N(CN),]: melting and trimerization to Rb;[C¢Ny].

Both Na;[C(N] and Ky[CeNo] erystal-  quple 1. Crystallographic data for a-K[N(CN),], B-K[N(CN),], 7-K[N(CN),], and K5[CeNy].
lize in the monoclinic space group P2,/

¢ and their lattice constants are a-K[N(CN),] B-K[N(CN),] 7-K[N(CN),] K5[CeNy]
similar:  (Nas[CNo]  (P2)/c): a= " pr (omol1] 105.09 105.09 105.09 31527
351.616(3), b=2338.06(3), ff space group Pbem (no. 57) P2,/n (no. 14) Pnma (no. 62) P2,/c (no. 14)
1112.34(1) pm, B=1003330)" ) diation, 4 [pm] Cug, 154.06

K3£C6N\;] (P2ifc): a=37382(2), b=, [pm] 836.52(1) 726.92(1) 855.40(3) 373.82(1)
1192.48(3), - ¢=25004(1) pm, ="} [pm] 646.90(1) 1596.34(2) 387.80(1) 1192.48(5)
101.406(3)°). In contrast to Nas[CeNol, - 1o 721.27(1) 387.037(5) 1252.73(4) 2500.4(1)
the f angle in K;[C¢Ny] encloses the 51 111.8782(6) 101.406(3)
shortest and the longes.t lattice con- V [10° pm] 390.31(1) 416.78(1) 415.57(3) 1092.63(9)
stant. Therefore the unit cells of the 7 4 4 4 4

tw9 compounds are similar but not Peaea [£em 7] 1.789 1.676 1.680 1.918
strictly isomorphous. However, the  ppofile range 7] 5<26<90 5<26<90 5<26<80 3<26<80
similarity of the diffraction patterns data points 8500 8500 7500 7700

of b9th c<.)mp0unds 1nd1catf=,s aclose  (pserved reflections 176 342 155 658
relationship between their crystal atomic parameters 11 18 12 54
structures. An ab-initio structure de- displacement factors 6 6 3 5
termination of K3[CNs] by using di- profile parameters 16 17 17 16

rect methods revealed that the K+ ions WR 0.053 0.065 0.082 0.067
exhibited atomic coordination similar R ’ 0.041 0.051 0.061 0.053

to that observed for the Na* ions in Ri 0.064 0.082 0.081 0.034

Na;[C¢Ny], but with the y and z
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Table 2. Crystallographic data for a-Rb[N(CN),], 5-Rb[N(CN),], and
Rb:[CN,].

Table 4. Atomic coordinates and displacement factors [pm?] for f-
K[N(CN),].

a-Rb[N(CN),]  B-Rb[N(CN),]  Rb;[C,Ny] Atom  Wyckoff position x y z U,

M, [gmol ] 151.51 151.51 454.53 K 4e 0.6766(3)  0.09599(9) 0.3330(5) 587(6)

space group Pbcm (no. 57)  C2/c (no. 15) P2,/c (no. 14) C1 4e 0.164(1)  0.0879(5)  0.127(2)  731(30)

radiation, A [pm] Cug,;, 154.06 C2 4e 0.0410(9) 0.2125(4)  0.180(2)  537(27)

a [pm] 856.09(1) 1381.56(2) 389.93(2) N1 4e 0.267(1)  0.0392(4)  0.112(2)  807(26)

b [pm] 661.711(7) 1000.02(1) 1226.06(6) N2 4e 0.0097(7) 0.1370(3)  0.063(1)  596(24)

¢ [pm] 765.067(9) 1443.28(2) 2547.5(1) N3 4e 0.0564(7) 0.2843(3)  0.244(1)  490(23)

° 116.8963(6 98.741(5

f/[[l]oﬁ prm] 433.399(8) 1778.31(;)) 1203.751; [a] Ui, is defined as exp(— 8m2U,,sin%0/A%).

V4 4 16 4

Pearca [gem 3] 2.320 2.263 2.508

profile range [°] 5<26<90 5<20<90 5<260<80 Table 5. Atomic coordinates and displacement factors [pm?] for vy-

data points 8500 8500 7500 K[N(CN)].

observed reflections 191 722 737 Atom Wyckoff position e y z U,

atomic parameters 11 36 54

displacement factors 6 12 5 K 4c 0.1245(4) W 0.6292(4) 657(18)

profile parameters 18 16 17 Cl 4c 0.514(2) Y 0.372(2) 750(50)

wR, 0.084 0.084 0.071 2 4c 0234(2) % 0387(2)  750(50)

R, 0.067 0.066 0.057 N1 4c 0.637(5) Y 0.396(1) 534(27)

R 0.080 0.064 0.034 N2 4c 0.372(2) % 0.324(1) 534(27)
N3 4c 0.117(5) Y 0.399(1) 534(27)

coordinates interchanged. Consequently a Rietveld refinement of K;[C¢Ny]
was carried out utilizing the positional parameters of Na;[C4Nj] as starting
parameters with interchanged y and z coordinates. As the diffraction peaks
of K;[C4N,] were rather broad, it was necessary to use soft constraints for the
bond lengths within the anion when refining the C and N positions (C—N.,
113(1) and C—Nyygee 135(1) pm) and the angles N-C-N (172(2)° within the
arms of the anion, 120(2)° for all other angles) and C-N-C (120(2)°).

The diffraction pattern of Rb;[C,N,] was indexed with slightly larger lattice
constants relative to those of K;[C¢Ny], and thus an isotypic structure was
assumed. Starting from the atomic coordinates of K;[C¢Ny] the Rietveld
refinement of Rb;[C,N,] was straightforward, but the application of soft
constraints for the bond lengths was also necessary. The monoclinic unit
cell of Rb;[C4Ny] can be transformed into a pseudo-orthorhombic cell (a =
389.93(2), b =1226.02(6), c =2517.84(2) pm, = 90.067(6)°), but the ortho-
rhombic symmetry definitely was excluded by the structure refinement.

The atomic coordinates of the compounds are listed in Tables 37, and the
refined powder diffraction patterns are shown in Figures 3 5.1

To investigate the phase transitions of K[N(CN),] and Rb[N(CN),],
temperature dependent X-ray powder diffraction experiments were
performed with a computer-controlled furnace on a STOE Stadi P
diffractometer (Mog,, radiation) in Debye —Scherrer geometry (Figure 6).
The temperature steps were 20°C and the heating ramp was 50°Cmin~".
Furthermore, low-temperature X-ray diffraction investigations were per-
formed with a 600 Series Cryostream Cooler, Oxford Cryosystems.
However, no phase transitions between room temperature and 105 K were
identified for K[N(CN),] and Rb[N(CN),].

Table 3. Atomic coordinates and displacement factors [pm?] for a-
K[N(CN),] and a-Rb[N(CN),] (first and second line, respectively).

Atom  Wyckoff position  x y z [
K 4c 0.68252) Y% 0 479(5)
Rb 4c 0.68632) Y% 0 565(4)
c1 4d 0066(1)  0137(1) %  624(33)
4d 0073(2)  0155(2) %  310(50)
2 4d 0319(1)  0269(2) %  489(24)
4d 0319(2)  0268(3) %  520(40)
N1 4d —0.06948)  0.1467(8) %  581(28)
4d ~0.055(1)  0146(1) %  650(50)
N2 4d 02187(8)  0.1079(9) %  503(25)
4d 0218(1)  0116(2) %  400(40)
N3 4d 04193(9)  03871(9) %  415(25)
4d 0418(1)  0384(2) %  370(40)

[a] Ui, is defined as exp(— 82 Ui,sin’6/A%).

Chem. Eur. J. 2001, 7, No. 24

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

[a] Uy, is defined as exp(— 8m?U,,sin’0/A%); the displacement factors of C
and N were constrained to be equal.

Table 6. Atomic coordinates and displacement factors [pm?] for f-
RbB[N(CN),].

Atom  Wyckoff  x y b4 UM
position

Rbl  8f 0.1654(1) 0.0078(2) 03709(1)  608(6)

Rb2  8f 0.5190(2) 0.1816(2)  0.0856(1)  707(7)
cl sf 0.112(1) 0.0462)  0.109(1) 430(60)
s 0.261(2) 01532)  0.125(1) 710(70)
s 0.141(2) 0333(2)  0381(2)  1080(90)
c4 8f 0.151(2) 0366(2)  0226(2)  1010(90)
Nl 8f 0.0604(9)  —0.014(1)  0.14150)  580(50)
N2 8f 0.165(1) 0.108(1)  0.0633(8)  260(50)
N3 8f 0.349(1) 0201(1)  0.1664(9)  500(50)
N4 8f 0.139(1) 0369(1)  0455(1)  1020(70)
N5 8f 0.165(2) 0302(2)  0307(2)  2090(110)
N6 8f 0.139(1) 0424(1)  0.152(1) 650(60)

[a] Uy, is defined as exp(— 8m2U;,sin?6/4%).

Results

Thermal behavior of K|[N(CN),]: Below 200 °C the DSC curve
of K[N(CN),] shows two small endothermic peaks (Figure 1).
With reference to the in-situ X-ray powder diffractometry
(Figure 6), the first peak at 136°C (onset: 115°C) belongs to
the phase transition of a- to S-K[N(CN),] and the second at
187°C (onset: 170°C) indicates the phase transition of - to y-
K[N(CN),]. Both phase transitions occur in the solid state.

Above 230°C the DSC curve exhibits a large endothermic
peak that indicates the melting of K[N(CN),] (Figure 1).
According to X-ray powder diffractometry, the compound
becomes X-ray amorphous above this temperature. y-
K[N(CN),] is obtained by slow cooling (1°Cmin~"') of the
melt. When the melt is heated above 310°C a broad
exothermic peak (max. 400°C) occurs, which belongs to the
trimerization of the anions and the formation of K;[C4No].
Above 500°C decomposition of K;[C¢N,] occurs.
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Table 7. Atomic coordinates and displacement factors [pm?] for K;[C,Ny]
and Rb;[CyNy] (first and second line, respectively).

Atom Wyckoff — x y z Ul
position
K1 4e 0560(1)  0.4149(4)  0.1013(2)  567(22)
Rbl de 0553(2)  0.4109(3)  0.1019(2)  577(16)
K2 de 0.546(1)  03512(4)  0.4863(2)  534(20)
Rb2 4e 0518(2)  0.3481(3)  0.4850(1)  585(19)
K3 4e 0397(1)  0.4961(4)  02584(2)  363(17)
Rb3 4e 0.427(1)  0.4870(4)  02579(2)  596(18)
c1 4e 0.037(3)  03607(8)  0.3523(5)  487(31)
4e 0.038(4)  0350009)  0.3511(6)  80(40)
o) 4e 0.003(3)  0.174009)  0.3823(5)  487(31)
4e 0.031(4)  0.170009)  0.3811(6)  80(40)
C3 4e 0.078(3)  02116(7)  02951(5)  487(31)
4e 0.052(5)  02052(9)  0.2919(6)  80(40)
c4 4e —0093(3)  0513(1)  04025(5)  487(31)
4e —0.041(8)  0502(1)  0.4051(6)  80(40)
cs de —0043(5)  0.131(1)  04720(5)  487(31)
de 0.016(4)  0.125(1)  0.4696(5)  80(40)
c6 4e 0.1413)  0254(1)  02076(4)  487(31)
4e 0.122(3)  0241(1)  02047(5)  80(40)
N1 4e —0012(3)  02867(9)  03923(5)  205(18)
4e —0019(5)  02774(9)  03888(6)  247(28)
N2 de 0.026(3)  0.1367(8)  0.3322(4)  205(18)
de 0.025(5)  0.134(1)  03311(6)  247(28)
N3 4e 0.002(3)  0.3184(8)  03017(5)  205(18)
4e 0.036(5)  03131(9)  03012(6)  247(28)
N4 4e —0079(3)  04677(8)  03544(4)  205(18)
4e —0031(5)  04570(9)  03570(6)  247(28)
N5 de —0.054(4)  0.0991(8)  0.4198(5)  205(18)
de —0.043(5)  0.098(1)  04177(5)  247(28)
N6 de 0071(4)  01777(7)  02444(5)  205(18)
de 0.057(5)  0.169(1)  02421(6)  247(28)
N7 de —0.1473)  0546(1)  0.4424(4)  205(18)
de —0.061(8)  0551(1)  0.4419(6)  247(28)
N8 de —0061(4)  0.147(1)  05161(5)  205(18)
de 0.032(8)  0.155(1)  0.5117(5)  247(28)
N9 de 0.152(4)  0315(1)  0.1738(5)  205(18)
de 0.137(7)  02992)  0.1707(6)  247(28)

[a] Ui, is defined as exp(— 8m?Ui,sin?0/2%); the displacement factors of C
and N were constrained to be equal.

a-K[N(CN),]: According to the crystal structure determina-
tion a-K[N(CN),] is built up by layers of [N(CN),]~ ions (001)
alternating with layers of K* ions (Figure 7). The K* ions are
surrounded by four N atoms in the layer above and four in the
layer below, to form a rather regular quadratic antiprism with
an average KN distance of 299 pm (Table 8). Two of these
N atoms are bridging (Nyq,), While all others are terminal
(Nim). The [N(CN),]- ion is planar and bent, and the
horizontal mirror plane of the molecular anion coincides with
a crystallographic mirror plane. Analogously to other dicyan-
amides, the symmetry of the anion is C,,, and the C—N,
bond lengths are shorter than those to the bridging atoms
(Nbrigge)- The crystal structure of a-K[N(CN),] resembles that
of KSCN: Both compounds crystallize in the same space
group and with similar lattice constants, except the a lattice
constant.?’l In KSCN the K+ and SCN~ ions are also arranged
in alternating layers. The S and N atoms form a quadratic
antiprism around Kt as the N atoms do in a-K[N(CN),].
Replacement of the N1-C1-N2 groups by a single atom in a-
K[N(CN),] nearly transforms the structure to that of KSCN.
A similar relationship was found between the structures of
Ca[N(CN),], and Pb[SCN],.* 21
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Figure 3. Top: Observed (crosses) and calculated (line) X-ray powder
diffraction patterns as well as difference profile of the Rietveld refinement
of a-K[N(CN),]. The lower row of vertical lines indicates possible peak
positions, the upper rows indicate [-K[N(CN),] and KCl. Middle:
Observed (crosses) and calculated (line) X-ray powder diffraction patterns
as well as difference profile of the Rietveld refinement of S-K[N(CN),]
(STOE Stadi P, A =154.06 pm). The row of vertical lines indicates possible
peak positions. Bottom: Observed (crosses) and calculated (line) X-ray
powder diffraction patterns as well as difference profile of the Rietveld
refinement of y-K[N(CN),] (STOE Stadi P, 2 =154.06 pm). The lower row
of vertical lines indicates possible peak positions, the upper rows a-
K[N(CN),], -K[N(CN),], and KCIL.

P-KIN(CN),]: The crystal structure of S-K[N(CN),] can be
derived from the closely related structures of a- and fS-
Na[N(CN),].B! In both polymorphs of Na[N(CN),] the Na*
and [N(CN),]” ions are positioned in the same layer, and the
horizontal mirror plane of the [N(CN),]~ ion is nearly (a-
Na[N(CN),]) or exactly (B-Na[N(CN),]) parallel (001), re-
spectively. Both the cations and anions in $-K[N(CN),] are
also arranged in layers, but the horizontal mirror planes of the
[N(CN),] ions now form a much larger angle with the (001)
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Figure 4. Top: Observed (crosses) and calculated (line) X-ray powder
diffraction patterns as well as difference profile of the Rietveld refinement
of K3[CeNy] (STOE Stadi P, A =154.06 pm). The row of vertical lines
indicates possible peak positions. Bottom: Observed (crosses) and calcu-
lated (line) X-ray powder diffraction patterns as well as difference profile
of the Rietveld refinement of Rbs;[C,N,] (STOE Stadi P, 1 =154.06 pm).
The row of vertical lines indicates possible peak positions.

plane (Figure 8). This tilt enables the K* to be coordinated by
a further Ny;q,. atom. In contrast to Na[N(CN),], in which the
cations are coordinated by six N atoms, the Kt ions in j-
K[N(CN),] thus are surrounded by seven N atoms with an
average K*—N distance of 292 pm (Table 9). Due to the higher
coordination number of the cations, 5-K[N(CN),] cannot be
called isotypic with a-Na[N(CN),]. This structural feature is
also documented by the positional parameters: In contrast to
a-Na[N(CN),] the z coordinates in S-K[N(CN),] deviate
significantly from %.

7-K[N(CN),]: The reversible phase transition between a- and
B-Na[N(CN),] at 33°C was assumed to be almost second
order because a close group-subgroup relation exists be-
tween both structures. Furthermore, only small shifts of the
atomic coordinates are necessary to orientate the plane of the
dicyanamides parallel (001) in 3-Na[N(CN),].5) As the crystal
structure of -K[N(CN),] and a-Na[N(CN),]| are very similar,
a structure type similar to 5-Na[N(CN),] was expected for y-
K[N(CN),]. However, the crystal structure determination of
y-K[N(CN),] proved that this is not the case.

Analogously to 3-Na[N(CN),] all atoms in y-K[N(CN),] are
positioned on the mirror planes of the space group Pnma.
Nevertheless the dicyanamide ions are arranged in a com-
pletely different way (Figure 9). In the [100] direction in

Chem. Eur. J. 2001, 7, No. 24
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Figure 5. Top: Observed (crosses) and calculated (line) X-ray powder
diffraction patterns as well as difference profile of the Rietveld refinement
of a-Rb[N(CN),] (STOE Stadi P, A =154.06 pm). The row of vertical lines
indicates possible peak positions. Bottom: Observed (crosses) and calcu-
lated (line) X-ray powder diffraction patterns as well as difference profile
of the Rietveld refinement of B-Rb[N(CN),] (STOE StadiP, 1=
154.06 pm). The row of vertical lines indicates possible peak positions.
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Figure 6. Temperature-dependent powder diffractometry of K[N(CN),],
Mok, radiation, 20-440°C in steps of 20°C.

y-K[N(CN),] all anions exhibit the same orientation, while in
the respective [010] direction in -Na[N(CN),], successive
dicyanamide ions are rotated about 180°. The K ions are
coordinated to seven N atoms, the average K*—N distance is
293 pm (Table 9). Three of the N atoms are located in the
layer above the K™ layer, and three below. Together they form
a trigonal prism around K*, while a further N atom, which is
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b

—a
Figure 7. Top: Crystal structure of a-K[N(CN),], view along [001] (K:
open circles, C: black circles, N: gray circles). The crystal structure of a-
RDB[N(CN),] is analogous. Bottom: Crystal structure of a-K[N(CN),], view
along [010] (K: open circles, C: black circles, N: gray circles).

Table 8. Interatomic distances [pm] and angles [°] in a-K[N(CN),] and a-
Rb[N(CN),].

a-K[N(CN),] a-Rb[N(CN),]

M-NI1 282.9(5) 2x 300.4(7) 2x
M-N2 304.9(5) 2x 319.4(9) 2x
M-N3 298.1(6) 2x 311.709) 2x
M-N3 308.0(5) 2x 321.509) 2x
C1-N1 114(1) 110(2)
C1-N2 129(1) 127(2)
C2-N2 134(1) 133(2)
C2-N3 114(1) 1142)
CI-N2-C2 120.5(8) 119(1)
N1-C1-N2 175(1) 165(2)
N2-C2-N3 1712) 173(2)

positioned in the same layer as the K* atom, caps a prism face.
As for f-K[N(CN),], two of the N atoms which coordinate to
the K* ions are bridging (Ni4.). The crystallographic point
symmetry of the planar [N(CN),]~ ion is C, while the
symmetry of the molecular anion is nearly C,,.

In y-K[N(CN),], the thermal expansion is normal for lattice
constants b and ¢, whilst for lattice constant a it is negative.
According to the Rietveld refinement of the diffraction
pattern recorded at 190°C, this is caused by the distortion of
the polyhedron of the N atoms around the K* ion. Similar
behavior was observed for the crystals of M[N(CN),], (M=
Mn, Co, Ni). Here the negative thermal expansion of one of

5378
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Figure 8. Top: Crystal structure of -K[N(CN),], view along [001] (K:
open circles, C: black circles, N: gray circles). Bottom: Crystal structure of
B-K[N(CN),], view along [100] (K: open circles, C: black circles, N: gray
circles).

Table 9. Interatomic distances [pm] and angles [°] in S-K[N(CN),], v-
K[N(CN),], and -Rb[N(CN),].

B-K[N(CN),]

K-N1 291.9(7) K-N2 302.8(5)
K-N1 288.5(6) K—N3 285.1(5)
K-N1 296.3(6) K—N3 282.5(5)
K-N2 304.5(5)

C1-N1 109.5(8)

C1-N2 131.4(8) C1-N2-C2 118.0(7)
C2-N2 127.7(7) N1-C1-N2 165(1)
C2-N3 116.9(6) N2-C2-N3 172.0(9)
7-K[N(CN),]

K-N1 283(3) 2x K-N1 285(3) 2x
K-N2 312(1) 2x K-N2 289(1)
C1-N1 110(4)

C1-N2 135(2) C1-N2-C2 120(1)
C2-N2 142(2) N1-C1-N2 169(3)
C2-N3 101(4) N2-C2-N3 155(3)
B-RB[N(CN),]

Rb1-N1 296(1) Rb2-N1 314(1)
Rb1-N1 305(1) Rb2-N2 325(1)
Rb1-N2 301(1) Rb2-N3 306(1)
Rb1-N3 311(1) Rb2-N3 320(1)
Rb1-N4 300(1) Rb2-N4 306(2)
Rb1-N5 308(2) Rb2-N6 298(1)
Rb1-N6 298(1) Rb2-N6 330(1)
C1-N1 117(2) C3-N4 1142)
C1-N2 135(2) C3-N5 1312)
C2-N2 130(2) C4-N5 126(3)
C2-N3 118(2) C4-N6 1172)
C1-N2-C2 116(2) C3-N5-C4 130(3)
N1-C1-N2 175(2) N4-C3-N5 167(3)
N2-C2-N3 169(2) N5-C4-N6 178(3)

the lattice constants is caused by a distortion and tilting of the
octahedra of the N atoms around the cations.?* %l

The calculated density of a-K[N(CN),] is about 6 % larger
than that of B-K[N(CN),], while B-K[N(CN),] and y-
K[N(CN),] have nearly the same density. Accordingly the
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Figure 9. Top: Crystal structure of y-K[N(CN),], view along [010] (K:
open circles, C: black circles, N: gray circles). Bottom: Crystal structure of
y-K[N(CN),], view along [001] (K: open circles, C: black circles, N: gray
circles).

K* ions are coordinated by eight N atoms in a-K[N(CN),],
while in the high-temperature phases the K* ion is surrounded
by seven N atoms. Similarly the average K™N distances in a-
K[N(CN),] are larger than those in B-K[N(CN),] and y-
K[N(CN),]. In contrast to the polymorphs of Na[N(CN),]
there is no tight structural similarity and no group —subgroup
relationship between the space groups of the three modifica-
tions of K[N(CN),]; accordingly the phase transitions be-
tween them seem to be of first order.

K;[C¢Ny]: The crystal structure of K;[C4No] is built up of cyclic
tricyanomelaminate ions [C,Ny]>~ that are connected by K+
ions (Figure 10). The anions consist of a triazine ring with
three N-C-N side-arms. One of these side-arms is turned
reducing the idealized symmetry of the molecular anion from

[a]

Figure 10. Crystal structure of K;[C¢Ny], view along [100] (K: open circles,
C: black circles, N: gray circles). The crystal structure of Rbs;[C¢No] is
analogous.

Chem. Eur. J. 2001, 7, No. 24
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Cy,, as found in Nas[CeNy]-3H,0,”4 to approximately C.
There are three crystallographically different K* ions in the
unit cell. K1 is surrounded by seven N atoms, while K2 and K3
are coordinated by eight N atoms, respectively. The average
K*—N distances amount to 295, 307, and 299 pm. As soft
constraints were used for the refinement of the C and N
atoms, the interatomic distances within the [C¢No|*~ ions will
not be discussed in detail.

In a projection along [100] (Figure 10) all tricyanomelami-
nate ions in K;[C4Ny] seem to be oriented perpendicular to
[100]. In this view the crystal structure of K;[CsNo] (space
group P2,/c) resembles that of Na;[C,Ny| (space group P2,/n)
as viewed along [001]. However, in a projection along [010]
(Figure 11) significant differences between both crystal struc-

Figure 11. Crystal structure of K;[C4Nj], view along [010] (K: open circles,
C: black circles, N: gray circles).

tures became apparent: In the potassium compound both K+
ions and [C¢NgJ*~ ions are arranged in alternating layers
parallel to the crystallographic plane (100). All [CoNy]*~ ions
are nearly parallel to each other and they are only slightly
tilted out of (100). A similar arrangement of cations and
[CsNoJ*~ ions in alternating layers is found in M[HC(N,]-
3H,0 (M=Co?", Ni**, Cu?*, Cd*")®! and Na;[CiNy]-
3H,0,? although in these compounds there are additional
H,O molecules in the layers. In Nas;[CsNy| the anions are
found in two orientations that are significantly tilted with
respect to each other and out of the (001) plane; thus the
anions do not really form layers."!

The calculated density of K;[C¢Ny] (1.918 gcm—?) is lower
than that of Nas[C¢Ny] (1.972 gcm~3), although potassium is
the heavier homologue of sodium. Apparently the packing of
cations and anions in K;[C¢N,] leads to a less dense structure.

Thermal behavior of Rb[N(CN),]: The DSC curve of
Rb[N(CN),] (Figure?2) is similar to that of K[N(CN),]
showing an endothermic melting peak at 190°C and a broad
exothermic peak (onset: 260°C) indicating the trimerization
of the anions and the formation of Rb;[C¢N,]. With further
heating, Rb;[C4Ny| decomposes forming nondefined products.
Even at —25°C, a-Rb[N(CN),] slowly transforms to f(-
RDB[N(CN),].

a-Rb[N(CN),]: a-Rb[N(CN),] is isotypic with a-K[N(CN),].
Analogously the cations are coordinated by eight N atoms.
The average Rb*—N distance amounts to 313 pm (Table 8).

P-Rb[N(CN),]: Despite the fact that a-K[N(CN),] and a-
RDb[N(CN),] are isotypic, 5-Rb[N(CN),] does not crystallize
in any structure type analogous to the other potassium
dicyanamides. It has a rather complicated structure with 12
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atoms in the asymmetric unit (Figure 12). There are two
crystallographically independent Rb* ions and two [N(CN),]~
anions. Both Rb" ions are coordinated by seven N atoms, the
average Rb™—N distances are 302 and 314 pm, respectively
(Table 9). 5-Rb[N(CN),] does not form a layer structure. The
planes of the N1-C1-N2-C2-N3 groups are orientated approx-
imately parallel (010), while the N4-C3-N5-C4-N6 groups are
nearly parallel (100).

Figure 12. Top: Crystal structure of 5-Rb[N(CN),], view along [100] (Rb:
open circles, C: black circles, N: gray circles). Bottom: Crystal structure of
B-Rb[N(CN),], view along [010] (Rb: open circles, C: black circles, N: gray
circles).

Similar to the potassium dicyanamide the calculated density
of the low-temperature phase is higher than that of the high-
temperature phase, but the difference is not as large (2%).
There is no group —subgroup relationship between the space
groups of a- and -Rb[N(CN),].

Rb;[C¢Ny]: Rb;[CNo] is isotypic with K;[C¢Ny], the Rb" and
[C4Ny]*~ ions form alternating layers. The number of N atoms
coordinated to the Rb" ion is the same as in K;[C¢Ny]; the
average distances for Rb*—N are 310 (Rb1), 317 (Rb2), and
312 pm (Rb3), respectively.

Discussion

The investigated alkali dicyanamides M[N(CN),] (M =K, Rb)
contain bent and planar anions. The point symmetry of these
[N(CN),] ions is approximately C,,, although the crystallo-
graphic point symmetry is reduced to C,; or C;, respectively.
The average distance between the C atoms and the bridging N

5380
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atoms amounts to 133 pm, representing single bonds. The
distances between C and the terminal N atoms are much
shorter (average distance 113 pm) as they represent triple
bonds. The N-C-N angles are nearly linear (average 170°) and
the C-N-C angles are significantly bent (average 120°). The
observed interatomic distances and angles correspond well
with those found in Cs[N(CN),]? and NaCs,[N(CN),];,!
which previously have been investigated by single-crystal
X-ray diffraction.

Both K[N(CN),] and Rb[N(CN),] are polymorphic. No
group —subgroup relationship between the structures of the
different modifications occurs, as the phase transitions are
reconstructive. Thus they are assumed to be of first order.
Phase transitions of compounds with large elongated anions
are more common than those with small spherical anions."]

In the case of Na[N(CN),], the trimerization of [N(CN),]~
ions (onset at 320°C) and the formation of [C4Ng]*~ ions
occurs in the solid state.P! In contrast, K[N(CN),] and
RDB[N(CN),] melt at 232 and 190°C, respectively, before the
trimerization of their anions occurs (onset at 310°C for
K[N(CN),] and at 260 °C for Rb[N(CN),]). To our knowledge,
these are the first examples in which simple inorganic anions
trimerize in the melt. A comparison of the crystal structures of
B-Na[N(CN),] and Na;[C¢Ny] gave no evidence for a preori-
entation of the dicyanamide ions in the solid before their
trimerization. This is in accordance with the observation that
K;5[C¢Ny] and Rbs[C¢N,] are formed by trimerization from the
melt, in which a preorientation of three [N(CN),] ions to
form [C¢Ny]*~ is unlikely. The differing thermal behavior of
the three alkali dicyanamides seems to be due to their
decreasing stability with increasing radius of the cations.

In contrast to the trimerization observed for the alkali
dicyanamides, no evidence for an analogous transformation
was found for the alkaline earth dicyanamides M'[N(CN),],
(M"=Mg, Ca, Sr, or Ba). Melting was not observed for these
compounds nor for the transition metal dicyanamides, but the
dicyanamides became X-ray amorphous irreversibly while
heating at 300-500°C."! Presumably, the higher charged
alkaline earth cations prevent trimerization and increase the
thermal stability compared with the alkali dicyanamides.

K;5[CeNy] and Rb;[C¢Ny] are isotypic. Their cations and
[CsNoJ*~ anions are arranged in approximately plane layers,
which are only slightly sheared; this results in a monoclinic
angle of about 100°. An idealized structure with all atoms of
the layers situated on the mirror plane would be orthorhom-
bic with the space group Pmcn. Reducing the symmetry by
elimination of the mirror plane of this idealized structure
leads to two possible monoclinic subgroups. If the glide plane
¢ is maintained, the structure of K;[C¢Ny] and Rbs[CeNy]
results, while maintaining the glide plane n leads to the
structure of Na;[C4No]. Accordingly the structural similarities
of Nas[CeNy], K5[CeNy], and Rb;[C4Ny] can be explained by
different symmetry reductions from a common aristotype.
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Enantioselective Hydrogenations of Arylalkenes Mediated by
[Ir(cod)(JM-Phos)]" Complexes

Duen-Ren Hou,*! Joseph Reibenspies,'*! Thomas J. Colacot,™ and Kevin Burgess®*!?!

Abstract: Phosphine oxazoline ligands
1a-j were converted to the correspond-
ing [Ir(cod)(phosphine oxazoline)]*
complexes 2a—j. X-ray diffraction anal-
yses of complexes 2b, 2h, 2i, and 2j
were performed. The fert-butyl-, 1,1-
diphenylethyl-, and phenyl-oxazoline
complexes (2b, 2h, and 2i, respectively)
had typical square planar metal environ-

kenes. High enantioselectivities and
conversions were observed for some
substrates. A possible special role for
the HPh,C-oxazoline substituent in
asymmetric hydrogenations was identi-
fied and is discussed. In attempts to
rationalize why high enantioselectivities
were not observed for some alkenes, a
series of deuterium labeling experiments

were performed to probe for competing
reactions that occurred prior to the
hydrogenation step. Double bond mi-
grations were inferred for several sub-
strates, and this is a significant compli-
cation in asymmetric hydrogenations of
arylalkenes that had not been discussed
prior to this study. A mechanistic ration-
ale is proposed involving competing

ments with chair-like metallocyclic rings.
However, the 3,5-di-tert-butylphenyl ox-
azoline complex 2 j was distorted toward
a tetrahedral metal geometry. This li-
brary of complexes was tested in asym-

4 ; gands
metric hydrogenations of several arylal-

Introduction

Development of effective asymmetric hydrogenation reac-
tions of unfunctionalized alkenes has been slow relative to
some other reactions catalyzed by organometallic complexes.
This is partly due to analytical difficulties. Alkanes do not
have functional groups which interact strongly with chiral
supports so their optical purities tend to be difficult to
ascertain via chromatographic methods. Probably more sig-
nificant is the fact that, for unfunctionalized alkenes, there is
little else but steric forces available to be manipulated to
achieve enantioface differentiation since polarity and hydro-
gen bonding effects are unlikely to be significant.
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double bond migration for some but
not all substrates. Appreciation of this
complication will be valuable in further
studies aimed at optimization of enan-
tioselection in asymmetric hydrogena-
tions of unfunctionalized alkenes.

asymmetric

The first encouraging data reported for asymmetric hydro-
genations of unfunctionalized alkenes featured cyclopenta-
dienyl complexes of titanium and zirconium. Titanocene
dichloride complexes prepared from camphor-derived, chiral
cyclopentadienyl ligands were used as catalyst precursors for
hydrogenation of 2-phenylbut-1-ene and 2-ethyl-1-hexene.
The best optical purity was 34 %, only 10 turnovers occurred.
In order to obtain these data the reaction was run at
—75°C.I.21 Moreover, the enantiomeric excess (ee) values
were determined by polarimetry and the intrinsic experimen-
tal error for that method is high. Similarly, others have since
used zirconium catalysts functionalized by the Brintzinger
bis(tetrahydroindenyl) systemP! and reported ee values of up
to 65% based on optical rotations.I* 31 Enantiomers of many
alkanes with aromatic substituents are now resolvable on
modern chiral HPLC columns, and, more recently, this
technique was used to analyze hydrogenation reactions
mediated by Brintzinger’s titanocene catalysts. Buchwald
and co-workers examined nine substrates in this way. Eight of
the nine ee values reported were in the 83-99 % range.’! All
these substrates were trisubstituted alkenes. The catalyst
loading required, 2—-5 mol %, was higher than ideal. Similar
ziconocene catalysts were used for hydrogenations of tetra-
substituted alkenes, but the results were more variable.!’!
Pinene-derived cyclopentadienyl ligands have also been
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transformed into titanocene and zirconocene complexes and
tested as hydrogenation catalysts, but the data reported was
less encouraging; ee values of up to 69% (measured by
polarimetry) were reported for two 1,1-disubstituted alkenes.

Crabtree’s catalyst, [Ir(cod)(py)PCy;]*PF,~, has some
unique properties with respect to hydrogenation of alkenes.®!
Mechanistic studies® indicate that oxidative addition of
hydrogen to this complex takes place with a trans-orientation
relative to the pyridine ligand.'” Solvent or alkene then
coordinates and the COD ligand is removed by hydrogena-
tion. Coordination of two alkene units to the iridium, then
transformation of the resulting [IrH,(py)(PCys)(alkene),]*
into hydrogenation products is apparently a prevalent path-
way for many alkene substrates."'! Relief of unfavorable steric
interactions may drive the hydrogenation step, and this
accounts for the fact that Crabtree’s catalyst hydrogenates
tri- and tetrasubstituted alkenes which are not converted by
closely related rhodium complexes.

Pfaltz and co-workers prepared complexes of the type
[Ir(cod)(A)]* (A =the phosphine oxazoline shown below)
and, recognizing their similarity to [Ir(cod)(py)PCys]*, inves-
tigated these as catalysts in hydrogenation reactions of
trisubstituted alkenes.'>'¥ Later, they also investigated
reactions of the corresponding complexes prepared from the
phosphite/diazaphospholidine oxazolines B. The enantiose-
lectivities they obtained were comparable to the best results
using Brintzinger’s titanocene catalysts, but the conversions
were higher and less catalyst was required (0.1-1.0 mol %
versus ~5 mol %).

R%P N /
R

0 O><W\O)
I\) (R2X),P N __—H1

X=0,NTs
A B

We recently reported syntheses of the phosphine oxazoline
ligands 1, and commented on them in relation to ligands
A5 161 They have a curved shape, and they tend to form
complexes wherein the R-functionality projects to an orien-
tation nearer the metal than the corresponding substituent in
ligands A. Moreover, there is more scope for varying the R
substituent in the phosphine oxazoline ligands 1 with respect
to electronic and topographical diversity. None of these
considerations mean that ligands 1 must be superior to the
structures A, but they do imply that complexes of these should
be sufficiently different to make the comparison interesting.

This paper describes experiments which were designed to
compare ligands A and 1 in asymmetric hydrogenations of
arylalkenes. The motivation for these studies was to find
superior ligands for asymmetric hydrogenations of aryl
alkenes. Implicit in this approach is the assumption that
optimization of enantioselectivities in this process is only a
function of ligand design and appropriate modification of
conditions. In fact, data that emerged from these studies
indicates that line of reasoning is too superficial. Specifically,
deuterium labeling experiments demonstrated diminished
enantioselectivities for some substrates can be attributed to

5392
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factors which are difficult to control by simple modifications
of reaction conditions and/or ligand structure. The conclu-
sions are a concern for all analogues of Crabtree’s catalyst:
Pfaltz’s, ours and others that may be contemplated. Conse-
quently, while the yields and enantioselectivities reported
here are comparable but not superior to these reported earlier
by Pfaltz, these studies lay foundations for further advances in
the area by delineating obstacles which must be overcome to
attain highly enantioselective hydrogenations of unfunction-
alized alkenes.

Results and Discussion

The catalyst library: The catalysts required for this work were
prepared by Reaction (1). These materials were isolated as
orange-yellow solids by crystallization, and they are not
particularly air-sensitive.

|

i) CHoClp, reflux, 1h AR Ny
i, \(

@ R (1)

2

“5
R%,P N=(" + [rcopici,
- iy NaBARF, H,0 or

Na PFg, HO

1

Structural variance in the catalyst library as a function of the
different R groups was probed by single crystal X-ray studies
of compounds 2b, 2h, 2i, and 2j (Figure 1). The structures of
the fert-butyl (2b), 1,1-diphenylethyl (2h), and phenyl (2i)
complexes are very similar. They have typical square-planar
structures in which the metallocyclic ring adopts a chair-like
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conformation. Complex 2h was the only di(2-methylphenyl)-
phosphino derivative examined (the rest were Ph,P ligands)
but this appeared to make no significant difference to the
structure: They all crystallized with an edge-on pseudo-axial
P-aryl group, while they each had a less encumbered, pseudo-
equatorial aryl group which adopted edge- or face-on
orientations. The 3,5-di-tert-butylphenyl complex 2j had a
slightly different solid state structure. It appears that inter-
actions of the 3,5-di-ters-butylphenyl substituent with the
COD ligand cause the latter to be twisted out of the square
plane, so much, in fact, that the complex more closely
resembles a tetrahedral structure. We conclude from these
observations that within the series of complexes that were
examined by X-ray crystallography, ligand 1j imposes the
most serious steric demands on the metal. In the catalysis
experiments, complex 2j was one of the more enantioselective
catalysts (see below).

e 0 & &4
CNOFP It

Figure 1. Top and side views of a) [(cod)Ir1b]BARF; b) [(cod)Ir 1i]PFg;
¢) [(cod)Ir1j]PFy; and d) [(cod)Ir1h]BARF. All diagrams generated from
X-ray coordinates and presented in Chem3D. Counterions are omitted for
clarity throughout.

Chem. Eur. J. 2001, 7, No. 24
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Hydrogenation reactions: These reactions were performed in
parallel by placing several tubes in a Parr autoclave and
running the hydrogenations simultaneously. Critical data for
hydrogenation of E-1,2-diphenylpropene are shown in Fig-
ure 2, and Table 1 gives more details. The complex with the
smallest R! substituent, the methyl-oxazoline complex 2a,
gave a high yield of product but the enantiomeric excess was
modest (63 %). Substitution of the methyl group with a fert-
butyl decreased the yield but increased the enantioselectivity.
Complexes 2a and 2b both have diphenylphosphino P
centers, whereas the tert-butyl complex 2¢ has a di(2-
methylphenyl)phosphino group. This change resulted in a
lower yield but a higher enantioselectivity. Complex 2d (R! =
1-Ad, R?=Ph) gave a very poor yield and a reasonable
enantioselectivity (slightly increased yield was obtained when
the reaction was run at —5°C under 70 bar H,). However,
when the R! substituent was very large, as in complex 2e
(R!'=CPh;), both the yield and the enantioselectivity of the
reaction were greatly diminished.

H, (50 bar), 25 °C, 2 h, CH,Cl,
b Ph

0.2 mol% 2 BARF

Ph
Phj\/

100
90
80
70
60

% 50
40
301
201
10

[yield (3 ee

complex 2

Figure 2. Enantioselectivity and yield data as a function of the ligand used
in the reactions shown. [a] 0.1 mol % of catalyst was used.

We hypothesized that a diphenylmethyl R! substituent
might be advantageous for the following reasons. A diphe-
nylmethyl substituent is large and non-spherical and, unlike
the CPh; group it can adopt conformations that accommodate
the substrates on the metal by placing the two phenyls away
from the metal. Moreover, the two phenyl groups could adopt
an edge-face conformation (Figure 3a) reminiscent of that in
complexed, optically active, C?> symmetric phosphines and
some other ligand types (Figure 3b).l'’ We were unable to
crystallize the HCPh, derivative 2 g for X-ray crystallographic
analysis. However, the solid state structure of complex 2h
(R!'=MeCPh,) shows that its phenyl groups adopt a con-
formation which resembles the edge-face motif (Figure 3c¢).

Complex 2 f (R! = CHPh,, R*=Ph) gave a higher enantio-
selectivity than the corresponding methyl (2a), fert-butyl
(2b), and 1-adamantyl complexes (2d), thus supporting the
hypothesis outlined above. We then looked for another factor
that could be changed to further increase the enantioselec-
tivity. The observation that the diphenylphosphino coordinat-
ing group in complex 2b gave an inferior result to the di(2-
methylphenyl)phosphino complex 2¢ in the R!=tert-butyl
series implied that this change might be more generally
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Table 1. Enantioselective hydrogenation of E-1,2-diphenylpropene.

Ph/K/Ph

H,, complex 2
_—

s

CH,Cly
Complex Anion Catalyst T[°C] t [h] H, Yield® [%] eel® [%]
cation equiv [mol %] pressure [bar]
1 2a BARF 0.2 25 2 50 99 63
2 2b BARF 0.1 25 2 50 55 75
3 2¢ BARF 0.1 25 2 50 40 89
4 2d BARF 0.2 25 2 50 10 84
5 2e BARF 0.1 25 2 59 6 5
6 2f BARF 0.2 25 2 50 71 87
7 2g BARF 0.2 25 2 50 99 95
8 2h BARF 0.2 25 2 50 12 14
9 2i BARF 0.1 25 2 50 89 79
10 2i PF,- 0.1 25 2 50 5 28
11 2i BARF! 0.1 25 2 50 96 79
12 2j BARFU 0.2 25 2 50 55 93
13 2b BARF 0.1 -5 2 50 37 90
14 2b BARF 0.2 -5 2 50 37 87
15 2b BARF 0.4 -5 2 50 35 88
16 2b BARF 0.2 -5 2 70 45 90
17 2b BARF 0.2 -5 20 70 42 89
18 2d BARF 0.2 -5 2 70 58 82

[a] GLC yield. [b] Enantiomeric excess was determined by GLC (100 °C, retention time: ¢, = 117.6 min, ¢, = 120.9 min). [c] 1 mol % of NaBARF {BARF =

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate} was added.

face

Figure 3. a) Anticipated edge-face orientation of phenyl groups in com-
plex 2g; b)edge-face orientation of phenyl groups in a typical C,-
symmetric chiral phosphine complex; and, ¢) Chem3D space filling model
of the [Irlh]* fragment of the complex 2h generated from X-ray
crystallographic coordinates.

beneficial. Indeed, complex 2g (R! = CHPh,, R?=2-MeC,H,)
gave the best data under these conditions. The extreme
sensitivity of the catalysis to the R! substituent became

5394
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evident when complex 2h (R'=CMePh,, R>=2-MeC:H,)
was tested. Substitution of the methine hydrogen with a
methyl group in the R! substituent caused a marked reduction
in the catalytic effectiveness in terms of both yield and
enantiomeric excess.

Complex 2i is different to 2a—2h insofar as the R! phenyl-
substituent in this complex is planar. In the hydrogenation
reaction, complex 2i gave a good yield and a moderately good
enantiomeric excess, and complex 2j gave slightly better data
(Table 2, entries 16 and 17).

Pfaltz and co-workers had discovered that the BARF
counterion!'® "I was critical in their hydrogenation studies for
obtaining good yields. They have measured conversion as a
function of reaction time and from this deduced that catalyst
deactivation was a serious problem for other counterions such
as PF,~. The same factors are operative in the reactions
studied here. For instance, if the hexafluorophosphate salt of
cation 2i was used, then the yield dropped precipitously
(Table 1, compare entries 9 and 10). The presence of PFg~ is
not intrinsically detrimental to this reaction because when 10
equivalents of NaBARF were added to a reaction mediated
by 2iPF,, the yield was slightly better than observed for the
corresponding BARF complex, and the enantioselectivity was
the same (entries 11 and 9). When the PF;~ salt of complex 2j
was screened using 10 equivalents of NaBARF in the same
way, a good enantioselectivity was obtained but the yield was
only 55%.

Yields and enantioselectivities in these reactions depend on
several variables; this was illustrated in a series of experi-
ments involving complex 2b. When the experiment in entry 2
was repeated but at —5°C rather than 25°C, the enantiose-
lectivity increased by 15 %, but the yield fell by 18 % (Table 1,
entries 2 and 13). Catalyst concentration over the range 0.1 -
0.4 mol % had little effect at —5°C (entries 13—15). Both the
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yields and the enantioselectivities marginally increased when
the pressure was increased from 50 to 70 bar (entries 14 and
16). Prolonged reaction times, however, did not increase the
yield (entries 16 and 17).

Figure 4 and Table 2 summarize the data for hydrogenation
of a similar, but more electron-rich substrate, E-2-(methoxy-
phenyl)-1-phenylpropene. The methyl-oxazoline complex 2a
gave a good yield and enantioselectivity considering this

H, (50 bar), 25 °C, 2 h, CH,Cl,
o -Ph Ph
Ar Ar

0.2 mol% 2 BARF

Ar = CgHy-4-OMe g

100 Oyield Dee
— 99— —
90 — [e2 gs_rge — |93
80185 . |85[ga o 84 87
0
70 78
60 65
% 50 —
40 - 48
30 37
20
20/20
10
; F671:1 0
0+ F

a bl ¢ d e f g h i i
Complex 2

Figure 4. Enantioselectivity and yield data as a function of the ligands used
in the reaction shown. [a] 0.1 mol % of catalyst was used.

substituent is so small, and that the reaction was run at 25°C
(Table 2, entry 1). Complex 2b has the larger, ftert-butyl,
substituent, and higher enantioselectivities were observed for
this (up to 91 %, entry 7). However, for both catalysts 2a and
2b, it was difficult to drive the reactions to completion.

Table 2. Enantioselective hydrogenation of 1-phenyl-2-(4-methoxyphe-

nyl)propene.
A A

Ar = CgHy-4-OMe

H,, complex 2
—_—

CH,Cl,

Complex  Catalyst T[°C] ¢[h] H, Yield®  eel®
cation equiv pressure  [%)] [%]
(mol %) [bar]
1 2a 0.3 25 2 50 85 78
2 2b 0.1 25 2 50 37 85
3 2b 0.1 25 2 50 15 68
4 2b 0.1 -5 2 50 50 88
5 2b 0.2 -5 2 50 64 84
6 2b 0.4 -5 2 50 61 78
7 2b 0.2 -5 2 70 63 91
8 2b 0.2 -5 20 70 62 88
9 2¢ 0.2 -5 2 70 92 94
10 2¢ 0.3 25 2 50 83 92
11  2d 0.2 25 2 50 6 80
12 2e 0.3 25 2 50 1 0
13 2f 0.3 25 2 50 96 84
14 2g 0.3 25 2 50 99 93
15  2h 0.3 25 2 50 20 20
16 2i 0.3 25 2 50 48 87
17 2j 0.3 25 2 50 65 93

[a] GLC yield. [b] The enantiomeric excess was determined by GLC
(130°C, retention time: t; = 101.7 min, ¢, = 105.0 min). [c] Acetone (0.2 pL,
0.4 equiv catalyst) was added.

Chem. Eur. J. 2001, 7, No. 24
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Comparison of entries 2 and 3 shows that the reaction system
is extremely sensitive to extraneous coordinating groups. A
small amount of acetone was deliberately added in the second
of these experiments, and both the yield and the enantiose-
lectivity decreased. Similar observations were made by
Crabtree for his catalyst.’’l Entries 7 and 8 describe identical
experiments except that the reaction time was longer in the
latter case. Comparable data were obtained implying that the
catalyst had ceased to function after approximately 2 h in both
experiments. Collectively, these observations indicate that the
size of the substituents R!' and R? influence the catalyst
stability. Indeed, the more hindered di(2-methylphenyl)phos-
phino-complex 2 ¢ gave better conversions than the diphenyl-
phosphino-derivative 2b. The adamantyl complex 2d gave
similar enantioselectivities to the closely related tert-butyl
complex 2b but lower yields. Just as in the last set of
experiments, the triphenylmethyl oxazoline complex 2e gave
very poor conversions and enantioselectivities, but the
diphenylmethyl complex 2 f gave much better data (entries 12
and 13). Superior to that, and the best result in the series, the
corresponding di(2-methylphenyl)phosphino complex 2g
gave good conversion and enantioselectivity (entry 14) at
room temperature and a lower pressure than in the second
best experiment (entry 9). Again, the 1,1-diphenylethyl com-
plex 2h did not perform as well as the corresponding
diphenylmethyl complex 2g (entries 14 and 15). The two
complexes with relatively flat R! substituents, 2i and 2j, did
not perform as well as the ones with more three dimensional
groups (entries 16 and 17).
3-Acetoxy-2-methylphenylpropene was screened by a strat-
egy which was similar to those outlined above. Details of these
experiments are given in the Supporting Information. The
best data are shown in Reaction (2). Two complexes gave

H, (50 bar), 0.5 mol% 2-BARF

Ph/ﬁ/\OAC PhYOAC

yield [%] ee [%]

2b 53 72
2i 95 57

J " BaRF @

PhsP N
AN
Ir/ \<

N0y
2

b, R'=Bu;i=Ph

CHxClp, 25°C, 2 h

moderately good results. The tert-butyl complex 2b gave the
highest enantioselectivity in the series, but only 53% con-
version to product, whereas the phenyloxazoline complex 2i
gave 15% less enantioselectivity but a good yield. The
corresponding allylic alcohol behaved similarly [Reac-
tion (3)].

Unlike the data obtained for the first two substrates, the
results shown above are significantly inferior to that reported
by Pfaltz.'Zl Two extreme modifications were attempted to
improve the performance of our catalysts, but neither worked.
For instance, hydrogenations using the phenyl-oxazoline
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Hz (50 bar), 25 °C, 2 h, CHxClp

Ph/\r\OH Ph/\(\OH

yield [%] ee [%]

1.0 mol% complex 2¢ BARF

80 67

complex 2i BAREF in the presence of Cs,CO; or NEt,?!] gave
low yields of product with poor enantioselectivities (<8%). A
reaction using complex 2¢BAREF in the ionic liquid?*2? N,N'-
ethylmethylimidazolium tetrafluoroborate gave no conver-
sion to product.

Reactions (4) and (5) show our two best results for hydro-
genation of 2-aryl-2-butene derivatives. On an absolute scale,
the conversions and enantioselectivities were good but not
excellent. The enantioselectivities obtained in Reaction (4)
were better than those reported for iridium complexes of
ligand A ['> Bl but not as good as those reported for ligand B!
for the same substrate. Similar trends were observed for the
corresponding trans-alkene substrate [Reaction (5)].
absolute configuration of the hydrogenation products in
Reactions (4) and (5) were opposite; Pfaltz and co-workers
observed the same phenomenon in their studies.['”

Weak

ol

Pth /N\
Ir

\/J\ tBu

5 (50 bar), 25 °C, 2 h, CHoCl,

0.6 mol% complex 2b BARF m
MeQ

yield [%] ee [%)]

70 75

« . Hz(80bar), 25°C, 2 h, CHCl; Me© ®)
0.6 mol% complex 2b BARF
MeO 90 80

yield [%] ee [%]

Finally, two 1,1-disubstituted alkenes were investigated, and
the best data are shown in Reaction (6). Interestingly, the
enantioselectivities increased slightly when the reactions were
run at 60°C rather than —5 or 25°C (see Supporting
Information). In absolute terms, the ee values shown are not
high. However, 1,1-disubstituted alkenes are notoriously
difficult to hydrogenate with high enantioselectivities, and
the data shown here compare favorably with those reported
for other catalysts.

Deuterium labeling experiments: The data presented above
prove that enantioselective hydrogenations of 1,2-diaryl
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H, (50 bar), 60 °C, 2 h, CHoCly

A

0.3 mol% complex 2b BARF AT
vield [%] ee [%] (6)
Ar' = Ph: 99 40
Ar'= CgH4OMe: 99 44

propene derivatives are the easiest to effect. Lesser enantio-
selectivities for the other substrates probably reflect non-ideal
enantiodiscrimination by the catalyst. However, we became
suspicious that another contributing factor might be oper-
ative: double bond migrations at rates that are competitive
with the desired hydrogenation reactions. To check this
possibility, a series of deuteration experiments were per-
formed. Some typical data from these experiments are shown
in Figure 5.

The first experiment did not provide evidence for double
bond migration. Thus when E-2-(4-methoxyphenyl)-2-butene
was deuterated under the conditions shown in Reaction (7),
deuterium atoms were detected only in the positions where
the double bonds were previously located. GC/MS experi-
ments indicated that only two deuteriums were incorporated
into the product.

)E((m)

a L Ao

D5 (50 bar), 25 °C, 2 h, CHxCI Ar

A = o ™

0.3 mol% 2b BARF (0.96)

85 % yield, 80 % ee

Deuteration of the cis-substrate, Z-2-(4-methoxyphenyl)-2-
butene, gave a different result to deuteration of the trans-
substrate [Reactions (8) and (7)]. The distribution of deute-
rium atoms in the product implies that extensive double bond
migration occurred before the hydrogenation step. Interest-
ingly, the reaction did not go to completion and the recovered
starting material had deuterium incorporated at the methyl
group shown, but the Z-stereochemistry of the double bond
was retained and no double bond migration product was
observed. GC/MS analyses indicated that the reduced product
contained 2—-4 deuterium atoms. More deuterated starting
material was observed when the reaction was performed
under only 1 atm of D, [Reaction (9)].

p(0.70)

D(0.63)
Jy“” e

(0.91)
75 % yield, 63 % ee

D, (50 bar), 25 °C, 2 h, CH,Cl,
Ar X
0.6 mol% 2b BARF

1
017 o
D, (1 atm), 25 °C, 3.5 h, CH,Cl, jﬂ; o J%
Ar X
ArTS 0.6 mol% 2b BARF ©)
w©. 91)

15 % yield, 51 % ee

Deuteration of 2-(4-methoxyphenyl)-1-butene also showed
that extensive double bond migration had occurred [Reac-
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a
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59H3 o
CH. ..CHj3 o
JO N
HsCO ¥
Y
5
Al . bl e
8 7 6 5 4 3 2 1 0
b
(1.00)
D
HaCO (0.96)

L

c
0.84)
D(1.00)
D
H3;CO 0.19)
el e e
8 7 6 5 4 3 2 1 0
d
(0.70)
D(1.00)
D
H5CO 0.91)
(083)p
LD
H4;CO
L "
8 7 6 5 4 3 2 1 0

Figure 5. Typical data from deuterium labeling studies: a) 'H NMR
spectrum of 2-(4-methoxy)phenylbutane; b) 2H NMR of the crude material
from the reaction of 50 bar D, with E-2-(4-methoxy)phenyl-2-butene;
¢) 2H NMR of the crude material from the reaction of 50 bar D, and 2-(4-
methoxy)phenylbut-1-ene; d) 2H NMR of the crude material from the
reaction of 50 bar D, and Z-2-(4-methoxy)phenyl-2-butene.
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tion (10)]. The reduced product containing 2-4 deuterium
atoms was detected in GC/MS experiments. Under 1 atm of
D, this more reactive substrate was almost totally converted
to product, also with scrambling of the deuterium label
(Reaction 11).

p.(094)
L/ D, (50 bar), 25 °C, 2 h, CH,Cl, jSD/U 0)
Ar o, Ar
0.3 moi% 2b BARF
D (10)
(0.19)

>99 % yield, 29 % ee

5099)
lk/ D, (1 atm), 25 °C, 3.5h, CH,Cl j<3((1 0)
Ar o Ar
0.3 mol% 2b BARF T (11)
(0.93)

32 % yield, 50 % ee

Two interesting questions arise from the deuterium incorpo-
ration experiments. First, how do the double bond migration
reactions occur ? Second, why do they occur for the cis-alkene
shown in Reaction (8) but not the trans-isomer in Reac-
tion (7)? The data collected does not allow us to answer these
questions with complete certainty, but the working hypothesis
expressed in Scheme 1 accounts for all the observations made.
We propose the labeling in Reactions (8) and (9) is consistent
with formation of an allyl intermediate C. Insertion, and
deuteration/hydrogenation of the double bond accounts for
the label distribution observed (Scheme 1a). Similarly, in-
volvement of the m-allyl complex C explains the label
distribution observed in Reaction (10) (Scheme 1b). How-
ever, if this proposal is valid, then there must be a factor that
accounts for lack of scrambling via a similar intermediate, -
allyl D, in Reaction (7). Complexes C and D are stereo-
isomers, and D is likely to be the least stable of the two.
Therefore, Hammond postulate leads to the conclusion that D
will form more slowly than C, and we propose that this
difference is such that formation of C is competitive with the
hydrogenation reaction whereas D is not.

Conclusion

Double bond migration competing with the hydrogenation
reactions is an important, though unwelcome, observation. If
a substrate partially isomerizes before it reacts, then asym-
metric reduction of both alkenes must be controlled to obtain
high enantioselectivities. This is a difficult thing to achieve.
Consequently, modifications to improve the enantioselectiv-
ities of iridium-mediated hydrogenations of the type described
here must involve methods to suppress double bond migration
and/or enhance the relative rate of the direct reduction step. The
importance of double bond migration in these hydrogenations
mediated by chiral derivatives of Crabtree’s catalyst has not
been noted before this work, even though similar effects have
been thoroughly investigated for hydrogenation of allylic
alcohols mediated by ruthenium-BINAP catalysts.[!32% 30

0947-6539/01/0724-5397 $ 17.50+.50/0 — 5397





FULL PAPER

K. Burgess et al.

pH) D(H)
Ir-D(H) A IrD(H
A - & - \/ +)
Ar fast Ar Ar
C
direct addition addition
of Hy or Dy of Hy or D,

D(H) (H)D D(H)
ArBS/D(H) :&D(H)

RH) D(H)
Ir-D(H) A _IrD(H)
ArJH fast ArJ% Ar%

direct addition addition
of Hp or D, of Hy or D,

(H)D D(H) (H)D D(H)
D(H)

Cc
pH) D(H)

Ir-D(H) _Ar IrD(H)
J\v /&/ —_— \/
Ar slow Ar Ar
D
direct addition addition
of Hp or D, of Hy or D,

D(H) (H)D D(H)
ArBk(om) ;}%D(H)

not detected

Scheme 1. Working hypothesis for the incorporation of deuterium in the
labeling experiments: a) for Reaction (8); b) for Reaction (10); and c) for
Reaction (7).

Double bond migration reactions have been observed in
hydrogenation/deuteration of pinene derivatives using Crab-
tree’s catalysts itself.}!

The possibility of competing double bond migration
reactions also makes the data from the enantioselective
reactions harder to compare. If one ligand gives a higher
enantioselectivity than another, we cannot be sure that this is
because the design of the first ligand is more conducive to
asymmetric induction in the desired reaction rather than
diminished competing migration reactions.

The yield and enantioselectivity data in this paper does
prove that ligands 1 in complexes 2 can act as highly
enantioselective hydrogenation catalysts. Optimization of
these involves the topography of the R! substituent. If R! is
too large, or has an inappropriate shape, the rate of the
desired hydrogenation process might be suppressed relative to
catalyst degradation, adversely affecting the conversions.
Substitution of the phosphine Ph substituents with 2-MeCzH,,
however, tends to increase the enantioselectivities without
decreasing conversions. The strategy expressed in Figure 2 for
optimization of enantioselectivities by incorporation of
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HCAr, groups at critical positions was helpful here, and
may be useful in other cases. Development of asymmetric
hydrogenation reactions to give uniformly high enantiomeric
excesses for a variety of alkene substrates will hinge on careful
consideration of issues such as these in conjunction with
modifications to suppress competing double bond migration.

Experimental Section

General procedures: High field NMR spectra were recorded on Varian
Unity Plus 300 (*H at 300 MHz, '*C at 75 MHz, ?H at 46 MHz, and 3'P at
121 MHz) spectrometers. Chemical shifts of 'H and "*C spectra are
referenced to the NMR solvents; 3P spectra are referenced to H;PO,
(85%) external standard (6 =0). Melting points are uncorrected. Optical
rotations were measured on Jasco DIP-360 digital polarimeter. Flash
chromatography was performed using silica gel (230-600 mesh). Thin-
layer chromatography was performed on glass plates coated with silica gel
60 F254 (E. Merck, Darmstadt, Germany). Elemental analyses were
performed by Atlantic Microlab, Norcross, GA. CH,Cl, was distilled over
CaH, and THF over Na/benzophenone. Other solvents were purchased
from commercial suppliers and were used without further purification.
Chloro-1,5-cyclooctadiene iridium() dimer was provided by Johnson
Matthey. E-2-(4-Methoxyphenyl)-1-phenylpropene,*! E- and Z-2-(4-me-
thoxyphenyl)-2-butene,¥! 2-phenyl-1-butene, and 2-(4-methoxyphenyl)-1-
butene were prepared according to literature procedures. Enantioselectiv-
ities were deduced through GC on a chiral support.[*!

The absolute configurations of the products were confirmed in some cases,
and inferred in others as outlined below. The product in Table 1 and in
Reaction (6) where Ar'=Ph is the same, and its the absolute configuration
was confirmed by comparing optical rotations with those reported by
Buchwald.l! The absolute configuration of the product in the experiments
listed in Table2 and in Reactions (4)-(6) (Ar'=CzH,4-OMe) was
inferred from comparing the GC retention factors of this product with
that in Table 1; this is likely to be correct since the two alkanes are so
similar (differ only by a para-methoxy group on one aryl).

Deuterium gas under high pressure was purchased from Praxair Inc,
Danbury, CT. All the ligands 1 were prepared by the method reported
previously,'! and spectroscopic data for the particular derivatives that have
not been discussed before (1a,1¢,1f 1g and 1h) are given in the following
sections.

(S)-2-Methyl-4-[ (diphenylphosphino)ethyl]oxazoline (1a): R;=0.27 (ethyl
acetate/hexane 3:7 v/v); [a]} = —87.6 (¢ =+ 3.4, CHCl;); 'HNMR (CDCl;,
300 MHz): 6 =748-743 (m, 4H), 7.37-7.33 (m, 6 H), 4.30 (dd, /=9, 8 Hz,
1H),4.16 (m, 1H), 3.79 (dd,J=8,8 Hz, 1 H), 2.31-2.21 (m, 1 H), 2.12-2.02
(m, 1H), 1.99 (s, 3H), 1.74-1.60 (m, 2H); *C NMR (CDCl;, 75 MHz): 6 =
164.7,132.8, 132.6, 128.6-128.4, 72.3, 672 (d, Jcp=13.5 Hz), 32.1 (d, Jcp=
16.5 Hz), 24.2 (d, Jcp=11.5 Hz), 13.9; 3P NMR (CDCl;, 121 MHz): 6 =
—15.46; HRMS: m/z: caled for C;gH, NOP: 298.13608 [M+H]*; found:
298.13623.

(S)-2-tert-Butyl-4-[ (bis(2-tolyl)phosphino)ethylJoxazoline (1c¢): R;=0.32
(ethyl acetate/hexane 1:9 v/v); [a]¥ =—79.6 (c=1.0, CHCl;); 'H NMR
(CDCl;, 300 MHz): 6 =7.30-7.20 (m, 4H), 7.20-7.15 (m, 4 H), 4.28 (dd, / =
9,8 Hz, 1H), 4.19 (m, 1H), 3.88 (dd, /=6, 8 Hz, 1 H), 2.46 (m, 6 H), 2.18 -
2.12(m,1H),2.03-1.99 (m, 1H), 1.76-1.33 (m,2H), 1.27 (s, 9H) ; *C NMR
(CDCl;, 75 MHz): 6 =173.8, 142.4-141.9, 136.8 - 136.4, 131.0, 130.0, 128.3,
125.9,71.9,66.6 (d, Jcp=13.5 Hz), 33.0,32.0 (d, Jcp = 17.5 Hz), 27.8,22.5 (d,
Jep=12.0Hz), 21.0 (d, Jcp=21.5 Hz); *P NMR (CDCl,, 121 MHz): 6 =
—37.6; HRMS: m/z: caled for C,;H;NOP: 368.21433 [M+H]*; found:
368.21308.

($)-2-Diphenylmethyl-4-[ (diphenylphosphino)ethylJoxazoline (1f): R;=
0.78 (ethyl acetate/hexane 3:7 v/v); [a]¥=-575 (c=4.4, CHCL);
'H NMR (CDCl;, 300 MHz): 6 =7.50—-7.37 (m, 4H), 7.36-7.26 (m, 16H),
5.32 (s, 0.5H), 5.15 (s, 0.5H), 4.38-4.25 (m, 2H), 3.94 (m, 1H), 2.24-2.19
(m, 1H), 2.10-2.02 (m, 1H), 1.78-1.68 (m, 2H); *C NMR (CDCl;,
75 MHz): 6 =166.8,139.3, 132.9, 132.6, 132.4, 128.6 —128.4, 127.0, 72.2, 66.6
(d, Jep=14.0 Hz), 50.9, 31.9 (d, Jcp =17.0 Hz), 23.6 (d, Jcp=11.5 Hz); *'P
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NMR (CDCl;, 121 MHz): 6 = —15.5; HRMS: m/z: calcd for C3H,NOP:
450.19868 [M+H]*; found: 450.19874.

(S)-2-Diphenylmethyl-4-[ (bis(2-methylphenyl)phosphino)ethyl]oxazoline
(1g): R;=0.69 (ethyl acetate/hexane 3:7 v/v); [a]¥=-70.6 (c=5.7,
CHCL;); '"H NMR (CDCl;, 300 MHz): 6 =7.80-7.30 (m, 8H), 729-7.15
(m, 10H), 5.17 (s, 1H), 4.40-4.31 (m, 2H), 4.16 (m, 1H), 3.96 (dd, /=7,
6 Hz, 1H), 2.46 (s, 6H), 2.14-2.10 (m, 1H), 2.02 (m, 1H), 1.82-1.74 (m,
2H); C NMR (CDCl;, 75 MHz): 6 =1674, 142.5-141.9, 139.3, 136.4,
131.0, 129.9, 128.6-128.4, 127.1, 126.0, 72.2, 66.7 (d, Jcp=13.5 Hz), 50.1,
329 (d, Jep=18 Hz), 22.6 (d, Jcp=115Hz), 21.1 (d, Jcp=21 Hz); 3'P
NMR (CDCl;, 121 MHz): 6 = —37.3; LSIMS: m/z: caled for C3,H;;NOP:
478 [M+H]"; found: 478.

(S)-2-(1,1-Diphenyl)ethyl-4-[ (bis(2-methylphenyl) phosphino)ethylJoxazo-
line (1h): R;=0.82 (ethyl acetate/hexane 3:7 v/v); [a]i =—68.7 (c=9.0,
CHCL;); 'H NMR (CDCl;, 300 MHz): 0 =7.40-7.20 (m, 18 H), 4.39-4.30
(m, 2H), 3.98 (m, 1H), 2.47 (s, 6 H), 2.15-2.13 (m, 1H), 2.10 (s, 3H), 2.10—
2.03 (m, 1H), 1.82-1.77 (m, 2H); 3C NMR (CDCl;, 75 MHz): 6 =170.7,
144.8, 142.5-141.9, 136.8-136.4, 131.1, 129.9, 128.7-128.4, 1279, 126.6,
126.0,72.2,66.6 (d, Jc.p =13.5 Hz), 50.3,31.9 (d, Jop = 18 Hz), 28.4, 22.5 (d,
Jep=115Hz), 212 (d, Jcp=21 Hz); 3P NMR (CDCl;, 121 MHz): 6 =
—37.3; LSIMS: m/z: caled for C3;H;sNOP: 490 [M+H]*; found: 490.

General procedure for preparation of complex 2b (analogously 2a -2 j):(*!
Ligand 1b (48.0 mg, 0.143 mmol) and chloro-(1,5-cyclooctadiene)iridium (i)
dimer (48.2 mg, 0.0717 mmol) were dissolved in CH,Cl, (3 mL) in a 10 mL
flask equipped with a condenser and a stir bar. The solution was refluxed
under N, for 1h. After the orange-red solution was cooled to room
temperature, NaBARF!'®! (195 mg, 0.22 mmol) was added followed by H,O
(2mL), and the resulting two-phase mixture was stirred vigorously for
15 min. The layers were separated and the aqueous layer was extracted with
CHCI; (2 x10mL). The combined organic extracts were washed with
water and evaporated. The residue was re-dissolved in EtOH (1.5 mL) and
crystallized by the slow addition of H,O to give 2b (133 mg, 0.0887 mmol,
62 %) as a yellow-orange solid. M.p. 162165 °C (decomp); [a]} = —54.2°
(¢=0.5, CDClL); '"H NMR (CDCl;, 300 MHz): 6 =7.70 (m, 8H), 7.61-7.55
(m, 10H), 7.51-733 (m, 2H), 7.11-7.07 (m, 2H), 4.81 (m, 1H), 437 (m,
1H),4.27-4.18 (m,2H), 4.04 (dd,/=9,3 Hz,1H),3.91 (m, 1 H),2.88-2.72
(m,3H),2.48-2.43 (m, 1H), 2.32-2.23 (m, 2H), 2.15-1.91 (m, 4H), 1.76 -
1.59 (m, 2H), 1.42-1.39 (m, 1H), 1.10 (s, 9H); *C NMR (CDCl;, 75 MHz):
0=180.1, 162.7, 162.0, 161.4, 160.7, 134.7, 132.5, 131.3, 131.2-126.8, 126.3,
122.7,119.1, 117.5, 94.8 (d, / =8 Hz), 86.5 (d, /=17 Hz), 72.5, 67.8 (d, J =
3 Hz), 65.8, 64.9, 36.7 (d, J=5 Hz), 33.6, 30.1, 28.6 (d, /=2 Hz), 28.5, 25.5
(d, J=3 Hz), 23.8 (d, /=34 Hz); *'P NMR (CDCl;, 121 MHz): 6 =7.48;
elemental analysis caled (% ) for C¢;H5,BF,,IrNOP: C 48.75, H 3.35, N 0.93;
found: C 48.80, H 3.39, N 0.87.

Complex 2a: This compound was prepared by the same method used for
2b, but beginning with 1a (51 mg, 0.17 mmol) and chloro-(1,5-cycloocta-
diene)iridium() dimer (58 mg, 0.086 mmol). Complex 2a (136.5mg,
0.094 mmol, 55%) was produced as an orange solid. M.p. 138-141°C
(decomp); [a]y =+77.6° (c=0.5, CDCL;); 'H NMR (CDCl;, 300 MHz):
0="778-1721 (m, 20H), 713-7.06 (m, 2H), 4.88 (m, 1H), 4.38-4.20 (m,
2H), 4.15 (m, 1H), 4.02 (dd, /=9, 3 Hz, 1H), 3.90 (m, 1H), 2.94-2.69 (m,
3H), 2.54-2.23 (m, 4H), 2.17 (s, 3H), 2.15-1.94 (m, 2H), 1.78-1.68 (m,
2H), 1.59-1.46 (m, 2H); *'P NMR (CDCl;, 121 MHz): 6 =10.9; elemental
analysis calcd (%) for CsgHyyBF,,IrNOP +H,0: C 47.10, H 3.14, N 0.95;
found: C 46.98, H 2.98, N 1.04.

Complex 2c¢: This compound was prepared by the same method used for
compound 2b, but beginning with 1¢ (68 mg, 0.19 mmol) and chloro-(1,5-
cyclooctadiene)iridium(1) dimer (63 mg, 0.094 mmol). Complex 2 ¢ (196 mg,
0.128 mmol, 68 %) was produced as an orange solid. M.p. 169-171°C
(decomp); [a]3 =—16.3° (¢=3.0, CDCl); '"H NMR (CDCl;, 300 MHz):
0=28.05 (br, 1H), 7.74 (s, 8H), 7.55 (s, 4H), 7.50-7.20 (m, 7H), 4.79 (br,
1H), 4.38 (m, 2H), 4.36 (m, 1H), 3.97 (m, 2H), 2.98 (br, 3H), 2.71 (br, 1 H),
2.48 (br, 1H), 2.26 (m, 3H), 2.22-1.88 (m, 8H), 1.53 (br, 9H), 1.50-1.25
(m, 2H), 1.07 (br, 1H); *'P NMR (CDCl;, 121 MHz): 6 =21.5 (br), 11.5
(br), 0.3; elemental analysis calcd (%) for C;;Hs,BF,, IrNOP: C 49.42, H
3.55, N 0.91; found: C 49.69, H 3.68, N 1.00. The NMR spectra of this
complex appear to be broadened by a slow exchange mechanism.

Complex 2d: This compound was prepared by the same method used for
compound 2b, but beginning with 1d (42 mg, 0.10 mmol) and chloro-(1,5-
cyclooctadiene)iridium(i) dimer (34 mg, 0.50 mmol). Complex 2d (69 mg,
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0.043 mmol, 43%) was produced as a yellow solid. M.p. 81-84°C
(decomp); [a]y =—15.2° (c=1.7, CDCl;); 'H NMR (CDCl;, 300 MHz):
d=776-729 (m, 20H), 721-7.14 (m, 2H), 4.88 (m, 1 H), 439-4.33 (m,
2H), 4.26 (t, J =9 Hz, 1H), 4.05 (dd, =9, 3 Hz, 1H), 3.99 (m, 1H), 2.94
(m, 1H), 2.86-2.68 (m, 2H), 2.49 (m, 1H), 2.40 (s, 1 H), 2.37-2.33 (m, 2 H),
2.19-2.05 (m, 2H), 1.98-1.96 (m, 3H), 1.86 (s, 1H), 1.79 (s, 5H), 1.72 (s,
2H), 1.66-1.62 (m, 1 H), 1.57-1.38 (m, 5H), 1.31-1.29 (m, 2H); *'P NMR
(CDC(l;, 121 MHz): 6 = 6.9; elemental analysis calcd (%) for Cg;HssBF,,Ir-
NOP: C 50.90, H 3.57, N 0.89; found: C 51.64, H 3.72, N 0.84.

Complex 2e: This compound was prepared by the same method used for
compound 2b, but beginning with 1e (75 mg, 0.142 mmol) and chloro-(1,5-
cyclooctadiene)iridium() dimer (48 mg, 0.071 mmol). Complex 2e (94 mg,
0.055 mmol, 39 %) was produced as a dark yellow solid. M.p. 177-179°C
(decomp); [a]¥ =—58.2° (¢=2.3, CDCl;); '"H NMR (CDCl;, 300 MHz):
0=1776-717 (m, 32H), 6.99-6.89 (m, 5H), 495 (m, 1H), 4.75 (m, 1H),
4.58 (t, /=9 Hz, 1H), 441 (dd, J=10, 4 Hz, 1H), 3.43 (m, 2H), 2.83 (m,
1H), 2.66-2.53 (m, 2H), 2.43-2.36 (m, 1H), 2.24-2.13 (m, 2H), 2.01 (m,
1H), 1.87 (m, 1 H), 1.74 (m, 1 H), 1.28~ 1.17 (m, 2H), 1.15- 1.04 (m, 2 H); 3'P
NMR (CDCl;, 121 MHz): 6 =—1.5; elemental analysis caled (%) for
C;6HssBF,, IrNOP: C 54.04, H 3.34, N 0.83; found: C 54.06, H 3.39, N 0.79.

Complex 2 f: This compound was prepared by the same method used for
compound 2b, but beginning with 1f (40 mg, 0.089 mmol) and chloro-(1,5-
cyclooctadiene)iridium(1) dimer (30 mg, 0.044 mmol). Complex 2 f (68 mg,
0.043 mmol, 48 %) was produced as an orange-red solid. M.p. 78—81°C
(decomp); [a]¥ =—14.2° (¢=2.6, CDCl;); '"H NMR (CDCl;, 300 MHz):
0=1774 (m, 8H), 7.63-729 (m, 17H), 724-718 (m, 3H), 710-7.06 (m,
3H), 6.48-6.46 (m, 1H), 5.43 (s, 1H), 4.86 (br, 1H), 4.65 (t, /] =9Hz, 1H),
4.40 (m, 1H),4.27 (m, 1H), 4.18 (m, 1H), 4.10 (m, 1H), 2.98-2.87 (m, 2H),
2.80-2.50 (m, 1H), 2.57-2.45 (m, 2H), 2.39-2.17 (m, 3H), 1.96—-1.70 (m,
3H), 1.50-1.29 (m, 2H); 3'P NMR (CDCl;, 121 MHz): 6 =9.9; elemental
analysis calced (%) for C,\Hs,BF,,JINOP + H,0O: C 51.54, H 3.34, N 0.86;
found: C 51.32, H 3.58, N 0.83.

Complex 2g: This compound was prepared by the same method used for
compound 2b, but beginning with 1g (55 mg, 0.115 mmol) and chloro-(1,5-
cyclooctadiene)iridium(1) dimer (39 mg, 0.058 mmol). Complex 2g (107 mg,
0.065 mmol, 57 %) was produced as an orange-red solid. M.p. 76—-79°C
(decomp); [a]¥ = —26.8° (¢=3.0, CDCl;); '"H NMR (CDCl;, 300 MHz):
0=780-710 (m, 24H), 6.57 (br, 2H), 5.65 (s, 1 H), 4.98 (m, 1H), 4.64 (m,
2H), 4.40-4.30 (m, 1H), 4.29-4.21 (m, 1H), 4.04 (br, 1H), 3.88 (br, 1H),
3.11-2.82 (m, 4H), 2.50 (m, 1H), 2.42-2.34 (m, 2H), 2.21-2.14 (m, 1H),
1.97-1.85 (m, 3H), 1.70-1.51 (br, 3H), 1.48-1.26 (m, 2H); *P NMR
(CDCl;, 121 MHz): 6=19.6 (br), 11.7, 0.4 (br); elemental analysis calcd
(%) for C;,H5BF,,ITNOP + H,0: C 52.12, H 3.52, N 0.84; found: C 51.82,
H 3.42, N 0.91. The NMR spectra of this complex appear to be broadened
by a slow exchange mechanism.

Complex 2h: This compound was prepared by the same method used for
compound 2b, but beginning with 1h (80 mg, 0.16 mmol) and chloro-(1,5-
cyclooctadiene)iridium() dimer (55mg, 0.080 mmol). Complex 2h
(160 mg, 0.097 mmol, 60 %) was produced as an orange-red solid. M.p.
173-176°C (decomp); [a]} = —87.3° (¢ =2.6, CDCl;); '"H NMR (CDCl;,
300 MHz): 6 =8.01-7.10 (m, 27H), 6.77 (br, 1H), 6.52 (br, 1H), 6.09 (br,
1H), 4.62 (br, 1H), 4.50-4.39 (2H), 427 (1H), 4.10 (1H), 3.51 (1H), 3.20
(m,2H),2.98 (3H),2.82 (3H),2.36 (2H),2.22 (m, 5SH), 1.98-1.90 (m, 2H),
1.72 (2H), 1.58 (1H), 1.36-1.25 (m, 2H); 'P NMR (CDCl;, 121 MHz): 6 =
20.6 (br), 11.1 (br), —0.4; elemental analysis calcd (%) for C,;;HsBF,,Ir-
NOP: C 52.97, H 3.53, N 0.85; found: C 53.12, H 3.51, N 0.89. The NMR
spectra of this complex appear to be broadened by a slow exchange
mechanism.

Complex 2i: This compound was prepared by the same method used for
compound 2b, but beginning with 1i (54 mg, 0.15 mmol) and chloro-1,5-
cyclooctadiene)iridium(r) dimer (50 mg, 0.075 mmol). Complex 2i (149 mg,
0.098 mmol, 65%) was produced as an orange-yellow solid. M.p. 149 -
151°C (decomp); [a]y =+10.4° (¢=3.0, CDCL); 'H NMR (CDCl;,
300 MHz): 6 =8.58-8.54 (m, 2H), 7.75-739 (m, 23H), 721-714 (m,
2H), 4.85 (m, 1H), 4.65-4.55 (m, 2H), 4.30-4.24 (m, 2H), 3.76 (m, 1H),
3.02-2.96 (m, 1H), 2.90-2.81 (m, 2H), 2.66-2.57 (m, 1 H), 2.47-2.31 (m,
2H),2.24-2.18 (m,2H),2.04-1.99 (m, 1H), 1.89-1.59 (m, 2H), 1.59-1.49
(m, 2H); 3'P NMR (CDCl;, 121 MHz): 6 =9.2; elemental analysis calcd
(%) for Ce3HBF,,IrNOP: C 49.68, H 3.04, N 0.92; found: C 49.69, H 3.15,
N 1.07.
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Complex 2j: This compound was prepared by the same method used for
compound 2b, but beginning with 1j (58 mg, 0.123 mmol), chloro-(1,5-
cyclooctadiene)iridium() dimer (41 mg, 0.061 mmol) and ammonia hexa-
fluorophosphate (400 mg, 2.48 mmol). Complex 2j (65 mg, 0.071 mmol,
58%) was produced as an orange-red solid. M.p. 206-208°C (decomp);
[a]¥ =+441.0° (¢=0.5, CDCL); '"H NMR (CDCl;, 300 MHz): 6 =8.09 (s,
1H), 7.78-7.71 (m, 3H), 7.63-7.40 (m, 7H), 737-7.25 (m, 2H), 5.11 (m,
1H), 4.94-4.87 (m, 2H), 437 (dd, J=4 Hz, J=9Hz, 1H), 3.97 (m, 1H),
3.82 (m, 1H), 3.29-3.23 (m, 2H), 2.99-2.90 (m, 2H), 2.73-2.55 (m, 2H),
2.55-2.42 (m, 1H), 2.42-2.35 (m, 2H), 2.21-2.02 (m, 3H), 1.87-1.79 (m,
1H), 1.72-158 (m, 5H), 1.40-1.25 (m, 13H); 3P NMR (CDCl,
121 MHz): 6 =10.9, —143.6 (Jpr=710 Hz); elemental analysis calcd (%)
for C3yHsF IrNOP,: C 51.08, H 5.50, N 1.53; found: C 50.54, H 5.67, N 1.52.

Alternative procedure for the preparation of the complexes: Recent work
has shown the following procedure can give improved yields of product
complexes. The ligand (0.5 mmol) was dissolved in CH,Cl, (10 mL) in a
glove box was added on to a stirred solution of [Ir(cod)Py,|PF, (0.302 g,
0.5 mmol). The yellow reaction mixture was stirred for 2 h at 25°C. The 3'P
NMR spectrum of a small aliquot indicated the complete conversation of
the reaction mixture, as evidenced by the formation of a single peak at
around 0 = 9.0. Solvent from the reaction mixture was then concentrated to
a quarter of its original volume under reduced pressure. To this was added
anhydrous Et,0 (30 mL), and stirred for another 10 minutes to obtain an
orange yellow crystalline precipitate, which was filtered, washed with
diethyl ether and dried under vacuum. The filtrate on cooling also gave a
second crop. The combined yield of the products tend to be in the 90-98 %
range.

Typical procedure for the enantioselective hydrogenation: Catalyst 2b
(1.1 mg, 0.0007 mmol, 0.2mol%), trans-12-diphenylpropene (60 mg,
0.31 mmol) and CH,Cl, (120 mL) were added to a vial with a stir bar.
The vial was capped with a septum equipped with a needle outlet and put
into a hydrogen autoclave. The autoclave was sealed and pressurized to
50 bar with H,, and the mixture with stirred for 2 h. The solution was passed
through a short silica gel plug (20% EtOAc/hexanes), then the eluent was
analyzed by GC (100°C; retention time, #, = 115.3 min, #, = 118.5 min using
a chiral column prepared by Vigh et al.;® (30.7 m x 0.25 mm, 30 % S-tert-
butyldimethylsilyl cyclodextrin derivative in OV-1701-vi of 0.25 um film
thickness). Control experiments confirmed that reactions performed in
parallel and on the small scale described above give the same results as ones
on a larger scale occupying the whole autoclave. Absolute configuration of
the product in Table 1 was determined by comparison of optical rotations
with those reported by Buchwald.l) The absolute configurations of the
product shown in Table 2 was not determined but was tentatively assigned
by analogy with the data presented in Table 1. The absolute stereo-
chemistries of the products in Reactions (2) and (3) were not determined.
The absolute configuration of the 2-phenylpropane formed in Reaction (6)
was determined by comparison of optical rotations with those reported by
Paquette et al.,l and the absolute configurations of the other products in
Reactions (4) - (6) were assumed by analogy with that work.
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Synthesis, Spectroscopic, and Structural Properties of Spirocyclopropanated
Bicyclobutylidenes and Their Radical Cations
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Anton Arnold,” Fabian Gerson,**! Peter R. Schreiner,*® ¢! Roland Boese,!!
Dieter Bliser,'!! Rolf Gleiter,*! and Sergei I. Kozhushkov!?!

Dedicated to Professor Edgar Heilbronner on the occasion of his 80th birthday

Abstract: The spirocyclopropanated bi-
cyclobutylidenes 3—7 have been pre-
pared by McMurry coupling of the
corresponding spirocyclopropanated cy-
clobutanone (3 and 5), Staudinger-—
Pfenniger reaction (4), oxidative cou-
pling of a Wittig ylide (4) or Wittig
olefination of perspirocyclopropanated
cyclobutanone (6 and 7). The structure
of the parent 2a and the perspirocyclo-
propanated bicyclobutylidene 5 was de-
termined by X-ray crystallography
which disclosed considerable steric con-
gestion around the double bond. As a
result 5 did undergo addition of dichloro-
carbene, epoxidation with meta-chloro-
perbenzoic acid, and cyclopropanation
with CH,I,/ZnEt,, but did not add the
more bulky dibromocarbene. The reac-
tion of 5 with tetracyanoethene pro-
ceeded smoothly, but led to a formal
[3+2] cycloadduct across the proximal
single bond of one of the inner cyclo-
propane rings. The consecutive spirocy-

Introduction

The cyclopropyl substituent is well known to be the best
nonheteroatom containing donor group for electron-deficient
centers,!l and as such it enhances the nucleophilicity of

clopropanation of bicyclobutylidene led
to a bathochromic shift in the UV
spectra of 12 and 17 nm, respectively,
for each pair of - and a-spirocyclopro-
pane groups. In the He(I)-photoelectron
spectra of these bicyclobutylidenes, the
effect of spirocyclopropanation upon
their m-ionization energies (nt-IE,) was
found to be almost additive, leading to a
lowering of 0.05 eV per any additional -
spirocyclopropane, and 0.28-0.22 eV
per additional a-spirocyclopropane
group; this indicates an increasing nu-
cleophilicity of the double bonds in the
order 1 <4 <3 < 5. Following the radical
cations of the three symmetrical bicy-
clobutylidenes without (2a, b) and with
six (5) spiroannelated cyclopropane

Keywords: density functional calcu-
lations - bicyclobutylidenes - con-
jugation - radical ions - small ring
systems

rings, the radical cations of two sym-
metrical bicyclobutylidenes with two (4)
and four (3) such rings were studied by
ESR spectroscopy. Whereas 2b**, 3°F,
and 5°* could be generated by electro-
lytic oxidation of the corresponding
hydrocarbons in solution, the spectra of
2a°" and 4'*, with unsubstituted 2,2’ 4,4'-
positions, were observed upon radiolysis
of their neutral precursors in a Freon
matrix. On going from 2a** to 4, the
coupling constant |ay| of the eight
protons in the 2,2',4,4"-positions of bicy-
clobutylidene increases from 2.62 to
3.08 mT, and that of the four y protons
in the 3,3’-positions changes from 0.27 to
0.049 to 0.401 mT on passing from 2a*
via 2b** to 3-*. Computations by means
of the density functional theory (DFT)
at the B3LYP/6-3114+-G*//B3LYP/6-
31G* level reproduce well the experi-
mental hyperfine data.

alkenes!'dl by efficiently stabilizing the incipient carbenium
ion upon attack of any electrophile on the double bond. The

ultimate nucleophilicity would thus be achieved for tetracy-
clopropylethene (1), if all four cyclopropyl groups were in a
bisected orientation with respect to the central double bond.
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Yet, in the ground state, at least one of the four cyclopropyl
groups in 1 is in a non-bisected (synclinal) orientation, a
conclusion which can be drawn, for example, from its -
ionization energy derived from photoelectron spectra, in
comparison to those of tri-, di-, and monocyclopropylethe-
ne.?*<l By proper bridging of the two pairs of cyclopropyl
groups in tetracyclopropylethene (1), however, all four cyclo-
propyl groups can be rigidly held in a synplanar conformation
and thus in a parallel orientation with respect to the m-orbital
axis of the double bond, as realized in the tetraspirocyclo-
propanated bicyclobutylidene 3. With such an orientation, the
conjugative interaction attains a maximum, which is illustrat-
ed by the most pronounced decrease of the lowest ionization
energy (n-1E,) in the He(I)-photoelectron spectrum on going
from methylenecyclopropane (9.57 eV) to methylenespiro-
pentane (9.10 V), and from bicyclopropylidenet to its
spirocyclopropanated analogues.*>3 Still, the electronic
structure of the double bond in bicyclobutylidene (2a) is
closer to that in ethene and thus 3, with its four a-
spirocyclopropane groups, is a better mimic of a conforma-
tionally locked tetracyclopropylethene. An additional inter-
esting feature of such bicyclobutylidene would be the
uniquely short 1,3-diagonal distance. Due to this feature, the
transannular electronic interaction in a cyclobutane ring can
be quite pronounced,® and thus the perspirocyclopropanated
bicyclobutylidene 5 should even surpass the tetraspirocyclo-
propanated one in its nucleophilicity.

5 6 7

We, therefore, embarked on a project to synthesize the
spirocyclopropanated bicyclobutylidenes 3, 5 and, for a better
evaluation of the effects of the two additional S-positioned
spirocyclopropane groups in 5, also the bisspirocyclopropa-
nated analogue 4. For comparison, the unsymmetrically
oligospirocyclopropanated bicyclobutylidenes 6 and 7 were
also prepared and their spectroscopic properties studied along
with those of 3-5. The ESR spectral features of the radical
cations of 3—5 were of particular interest in comparison to
those of the radical cations of the parent bicyclobutylidene
(2a)1 and its 2,2,2'2',4,44 4-octamethyl derivative 2b,!
because the coupling constants of the protons at the bicyclo-
butylidene core sensitively respond to the introduction of
spiroannelated cyclopropane rings in the neighboring posi-
tions.

Results and Discussion

Preparation of spirocyclopropanated bicyclobutylidenes: On-
ly the syntheses of the parent bicyclobutylidene 2al” and its

Chem. Eur. J. 2001, 7, No. 24
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octamethyl derivative 2bl!% have previously been reported.
The titanium-mediated coupling of the correspondingly
spirocyclopropanated cyclobutanones 8!''2 and 9"l (McMur-
ry coupling!'?) appeared to be the most straightforward
approach to the symmetrically oligospirocyclopropanated
bicyclobutylidenes 3 and 5 (Scheme 1).

et

8R=H 3R=H(22%)
9 R, R = ~(CHy)~ 5R,R=—(CHy)- 28%) 10 (7%)
DOm0 5z DO,
69% <><] 92%
1
86% ; D
Br E + _
[><: — PPh3Br D<> <><]
Br 70% 1%
14 15 G 4
99%
/\/\/PPhsBr -
"89% C
16 6

Scheme 1. A: TiCly/LiAIH,/8 or 9 (2‘1.1), THEF, 55°C, 12 h; B: N,H,,
EtOH, 78°C, 3 h; C: 1) H,S, acetone/C¢H, 1:1, 5°C, 23 h; 2) DDQ, Et,0,
0°C, 0.5h, then 0—30°C, 1h; D: Ph;P, 150°C, 2 h; E: MeP+Ph;Br-,
NaNH, (2 equiv each), CsHy, 80°C, 1.5 h, then 65°C, 0.5 h; F: 1) rBuOK,
C¢Hg, 50°C, 2 h; 2) O,, 40°C, 20 min; G: tBuOK, C4Hy, 50°C, 2 h, then
addition of 9 and heating at 65-70°C for 2-8 h.

In a way differing from the reported method,? cyclo-
butanone 8 was more conveniently prepared by direct
oxidation of dispiro[2.1.2.1]Joctane!®! with ozone on silica
gella or in situ generated ruthenium tetroxide (from RuCl,
and sodium periodate).l'**] Bicyclobutylidenes 3 and 5 were
obtained in 22 and 28% yield, respectively, when the
reductive dimerizations of 8 and 9, respectively, were per-
formed with TiCly/LiAIH, (2:1) in THF at 55°C. When this
transformation of 9 was carried out at room temperature, the
yield of bicyclobutylidene 5§ was only 8 % .l Other protocols
for the McMurry coupling!'?! applied to 8 and 9 also gave
lower yields. The reductive coupling of the trispirodecanone 9
gave the interesting by-product 10 (7 % ). The structure of 10,
which corresponds to that of a formal [2 + 2] cycloadduct of
the carbonyl group of 9 across the o bond of a proximal
spirocyclopropane group in 5, was proven by X-ray crystal-
lography (Figure 1). It may be speculated that 10 is actually
formed in a titanium-mediated reaction of § with 9.

The symmetrical 3,4-bisspirocyclopropanated bicyclobutyl-
idene 4 was prepared applying the Staudinger-Pfenniger
reaction!™™ to spiro[2.3]hexan-5-one 111! as well as by
oxidative coupling of the ylidel "] generated from triphen-
yl(spiro[2.3]hex-5-yl)phosphonium bromide 15 (Scheme 1).
Along the first route, the spiro[2.3]hexanone 11 was treated
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Figure 1. Structures of bicyclobutylidene 2a, the perspirocyclopropanated bicyclobutylidene S, and the

oxaoligospirane 10 in the crystal (bond lengths in A).]

with hydrazine; the resulting ketazine 12 was converted to the
thiadiazatetraspiropentadecene 13 by treatment with hydro-
gen sulfide followed by oxidation with dichlorodicyano-p-
benzoquinone (DDQ). Upon heating 13 with triphenylphos-
phane at 150°C, the bicyclobutylidene 4 was obtained in 86 %
yield (55% overall from the ketone 11). The alternative
approach by oxidation of the Wittig ylide from 15 is even
more efficient, as it requires only two steps, proceeding with
70 and 61 % yield, respectively, from the readily available 1,1-
bis(bromomethyl)cyclopropane (14).'*! The unsymmetrical
bicyclobutylidenes 6 and 7 with four and three spirocyclopro-
pane groups, respectively, were prepared by Wittig olefination
of the trispirodecanone 9 with ylides generated in situ from
the phosphonium salts 15 and 16, respectively (Scheme 1).
The structure of the centrosymmetrical perspirocyclopro-
panated bicyclobutylidene §, as disclosed by X-ray crystallo-
graphic analysis in comparison with those of the parent
bicyclobutylidene 2a,'l showed a marked deviation of its
bicyclobutylidene moiety from the ideally assumed planarity.
While the four carbon atoms C2, C4, C2’, and C4' and the
C1—C1’ double bond form almost an undistorted plane (the
angle between the two planes formed by C1, C2, C4 and C1’,
C2', C4' is only 1.7, computed 3.8°), the cyclobutane rings are
significantly puckered with a dihedral angle between the two
planes formed by Cl1, C2, C3 and Cl1, C3, C4 being 14.6°
(computed 10.8°). This angle is only slightly smaller than that
in bicyclobutylidene (2a) itself in the gas phase, as determined
by electron diffraction (15.6, computed 10.8°).2% In the
crystal, however, the cyclobutane rings of 2a turned out to
be only very slightly puckered with dihedral angles of 4.5 and
4.4° between the pairs of planes C2, C1, C4/C2, C3, C4 and C1,
C2, C3/C1, C4, C3, respectively. The four carbon atoms C2,
C4, C2A, C4A and Cl1, ClA of the double bond in
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bicyclobutylidene 2a are completely
coplanar in the crystal (the inter-
planar angle between C2, C1, C4 and
C2A, C1A, C4Ais 0°). The length of
the central double bond in §
[1.330(3), computed 1.341 A] is es-
sentially the same as that in 2a in the
gas phase [1.338(8), computed
1328 A],2-211 but slightly longer
than that in 2a in the crystal
[1.315(2) A].1"®) These significant dif-
qC29 ferences in geometries of 2a in the
gas phase and in the crystal must be
attributed to crystal packing effects.
The bond lengths in the spiroanne-
lated cyclopropane rings in 5 alter-
nate in the same way as those in the
oligospirocyclopropanated bicyclo-
propylidenes.P! The consistent differ-
ence between longer distal and
shorter proximal bonds in the spiro-
cyclopropane moieties is due to
hybridization changes of the spiro-
carbon atoms which also cause in-
creased angular strain.

Q
C28 027
»—0

Reactivities: The nearest nonbonded H:--H distances be-
tween hydrogen atoms on two spirocyclopropane moieties
attached to the two different four-membered rings in o-
positions of the double bond in 5 are as short as 2.17, 2.18, and
2.22 A. Such proximity causes substantial steric congestion
around the double bond, which significantly decreases the
reactivity of this bond towards common reagents (electro-
philes, cyclophiles, etc.), in comparison not only with the
double bond in the parent bicyclobutylidene (2a),?? but even
with that in perspirocyclopropanated bicyclopropylidene.[ 231
Thus, phenylsulfenyl chloride, methyldi(methylthio)sulfoni-
um hexachloroantimonate and dibromocarbene (see [22, 23])
did not add onto the double bond in 5. However, with the
sterically less demanding dichlorocarbene, generated from
chloroform with 50 % aqueous sodium hydroxide, the corre-
sponding dichloropolyspirane 17 was obtained in excellent
yield (Scheme 2). The cyclopropanation of 5 with diiodo-
methane/diethylzinc? afforded the polyspirane 18 in only

17 X = CCl»(85%)

AorB % 18 X= CH, (8%)
— 0,
e 19X = O (95%)
5
NG ON
NC CN R
D
R-H “RR- c
71% R ~(CHp)-
64%
20 6R = H

5RR= o
Scheme 2. A: CHCI;, 50% aq. NaOH, TEBACI, 40°C, 3 h; B: CH,l,,
ZnEt,, 20°C, 4d; C: mCPBA, NaHCO;, CH,Cl,, 0°C, 3 h; D: TCNE,
CH;CN, 20°C, 54 h for 5 or THF, 50°C, 24 h for 6.
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8% yield, but the epoxidation of 5 with meta-chloroperben-
zoic acid gave the epoxide 19 almost quantitatively without
skeletal rearrangement (Scheme 2).

The steric effect of the four three-membered rings adjacent
to the double bond in 5 is evident from the outcome of its
reaction with tetracyanoethene (TCNE) in comparison to that
of the bicyclobutylidene 6 with only two a-cyclopropane rings.
While 6 yielded the normal [2+2] cycloadduct 20, the
sterically encumbered 5§ was solely attacked at one of the a-
spirocyclopropane groups, as was observed for tetracyclopro-
pylethene,?» % to give 21 (see also [26]). Bromination and
acetoxymercuration of 5§ also occurred with ring opening of
one of the proximal spirocyclopropane groups, according to
the NMR spectra of the not fully characterized products

(see [5]).

Electronic interactions in spirocyclopropanated bicyclobutyl-
idenes: The conjugation between the double bond and a-
spirocyclopropane groups in the bicyclobutylidenes 3, 5, and 6
is evident in their UV spectra. Each a-spirocyclopropane
group causes a bathochromic shift of the m-m* band
compared to that of the parent bicyclobutylidene (2a) by
about 9 nm. Although this is less than the 15 nm bathochromic
shift caused by each spirocyclopropane group in dispiro-
[2.0.2.4]deca-7,9-diene, " it indicates a significant decrease in
the HOMO-LUMO energy gap. Due to the short 1,3-
transannular distance in a four-membered ring (e.g. 2.147 A in
5), there is also significant electronic interaction between the
double bond and the S-spirocyclopropane groups in 4, 5, and
6, as evidenced by the bathochromic shifts of 3—6 nm for each
added f-spirocyclopropane group (Table 1). The four a- and
two [-spirocyclopropanes in the perspirocyclopropanated
bicyclobutylidene 5 in total cause a bathochromic shift of
the m—m* band by 40 nm compared to that of the parent 2a. In
contrast, there is virtually no effect by the a-methyl substitu-
ents in the octamethylbicyclobutylidene 2b. The conjugative
and homoconjugative interactions with the spirocyclopropane
groups are also evidenced by the shifts of the C=C stretching
band in the Raman spectrum to lower wavenumbers. These
shifts are nicely reproduced by the B3LYP/6-31G* computa-
tions which show the same trend.

The effect of added spirocyclopropane groups on the
HOMO energies of bicyclobutylidenes can be estimated
rather accurately from their He(I) photoelectron spectra,

Table 1. Selected spectroscopic data for the spirocyclopropanated bicyclobutylidenes 2—6 in comparison.

Computed IE, at the B3LYP/6-311+G*//B3LYP/6-31G* level of theory.

assuming the validity of Koopmans’ theoreml” (Table 1).
Thus, comparing the lowest energy vertical ionization events,
corresponding to m-ionization energies of the two pairs of
bicyclobutylidenes 2a (8.26 V) and 4 (8.16 €V) as well as 3
(74 eV) and 5 (7.3 eV), the same difference of 0.1 €V, that is,
0.05 eV per S-spirocyclopropane group, can be derived. The
quantitative effect of an a-spirocyclopropane group can be
extracted from a comparison of the data for bicyclobutyli-
denes 4 (8.16 V) and 6 (7.6 €V), as well as 2a (8.26 V) and 3
(74 eV). The difference of 0.56 eV in the first pair reflects the
influence of two a-spirocyclopropanes with 0.28 eV per one
such ring. The difference of 0.86 €V in the second pair reveals
the effect of four a-spirocyclopropanes with 0.22 eV per
spirocyclopropane group. These values only slightly exceed
the corresponding increments for oligospirocyclopropanated
bicyclopropylidenes (0.20-0.22 €V).’l The good agreement
between the experimental first ionization energies and the
computed values (calculated as the energy difference between
the neutral and the radical cation, Table 1) lends credibility to
the density functional theory approach to these kinds of
systems.

ESR Studies of the radical cation: The radical cation of
22,22 444 A-octamethylbicyclobutylidene (2b), generated
electrochemically from its neutral precursor in a CH,Cl/
CF;COOH/(CF;C0O),0 10:1:1 mixture, was the first in the
series of the bicyclobutylidene radical cations to be charac-
terized by its 'H-hyperfine data.[’l Some years later, a further
bicyclobutylidene with six spiroannelated cyclopropane rings,
10,10"-bis(trispiro[2.0.2.0.2.1]decylidene) (5), was reported by
us to be readily oxidized to its radical cation by electrolysis in
CH,Cl, (supporting salt nBu,NCIO,) and to exhibit a well-
defined '"H-hyperfine pattern.’!l On the other hand, because of
the presence of acidic hydrogen atoms in the allylic 2,2',4,4'-
positions and the high ionization energy of the parent
bicyclobutylidene (2a), its radical cation had to be produced
by y irradiation of 2a in a CFCl, matrix.”! There are six sorts
of protonsP! in the radical cations of bicyclobutylidene (2a)
and its derivatives 2b and 3-5 (see pertinent formulae):
i) Eight 3 protons in the 2,2',4,4’-positions of the bicyclobu-
tylidene core, present in 2a°* and 4'*; ii) four y protons in the
3,3"-positions of the bicyclobutylidene core, present in 2a*",
2b*, and 3°*; iii) twenty-four y’ protons of the eight methyl
groups in the 2,2',4,4'-positions, present in 2b*" (they appear
as equivalent by rotation of the
substituents); iv and v) two sets,
each of eight v protons, in the four

cyclopropane rings spiroannelated

Compound Tonization Computed n—7t* in the 7 (C=C) in the
energies IE;, [eV] vertical IE, UV spectrum Raman spectrum to the 2,2',4,.4'-positions, present in
first second [eV] [Amax (1g €)] [cm™"] (computed 3+ and 5°* (the protons of the two
value, unscaled) sets differ in their orientation, syn
1 7.90 9.4 ol 217 (4.08)k —ldl or anti, with respect to the double
2a 8.26 10.0 8.2 203 (4.01)¢ 1742 (1809) bond); vi) eight & protons in the
2b 8.5 83 2045 (4.15) 16701 (1727) two cyclopropane rings spiroanne-
4 8.16 9.5 8.0 215 (3.31) —Ld] ©
6 76 92 71 233 (3.24) 1738 (1797) lated to the 3,3'-positions, present
3 7.4 9.0 7.0 237 (3.18) _fa) in 4" and 5.
5 73 9.0 6.7 243 (3.10) 1710 (1745) The well-resolved multi-line

[a] See also ref.[2¢c]. [b] Not calculated. [c] Ref.[28]. [d] Not measured. [e] Ref. [9b]. [f] W. Riiger,

Dissertation, Universitit Hamburg, 1981. [g] Refs. [10, 29].
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ESR spectrum of 3+ (Figure 2)
was observed upon electrolytic
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Table 2. Observed 'H-coupling constants, |a;; | in mT, for the radical cations
2+ -5%; computed B3LYP/6-311G*//B3LYP/6-31G* values in parentheses.
B Radical Number and sort of protons
i - cation 8p 4y 24y'-Me 8y-syn 8y-anti 80 Ref.
\ A 2at 2.62 0.27 7l
‘ | (2.76)l1 (0.34)t
N ) 2b 0.049 0123 g
e V J (0.047)  (0.102)
| 3 0.401 0.056 0.222 this
“ | (0.540) (0.040)  (0.266)1! work
| 4 3.08 <0.1 this
L o5mT (3.24) (0.090)  work
5+ 0.048  0.207 0.014ll 1]
(0.049)  (0.288) (0.050)

Figure 2. ESR spectrum of the radical cation 3.
counterion ClO,~, T=203 K.

Solvent CH,Cl,,

oxidation of 3 in CH,Cl, at 203 K, with 0.1Mm nBu,NCIlO, as the
supporting salt.’”l The spectrum was simulated using the 'H-
coupling constants |ay| 0.401, 0.222, and 0.056 mT, due to
four, eight, and eight equivalent protons, respectively (exptl
error: £1%). The largest | ay | value (0.401 mT) must belong
to the four y protons in the 3,3'-positions of this bicyclobu-
tylidene, while the remaining ones arise from two sets, each of
eight y’ protons, in the four cyclopropane rings spiroannelated
to the 2,2',4,4'-positions. Of these two values, the larger one
(0.222 mT) is assigned to the y' protons with the anti-
orientation, leaving the smaller one (0.056 mT) for their
syn-counterparts. These assignments are confirmed by density
functional theory (DFT) computations at the B3LYP/
6-311G*//B3LYP/6-31G* level (see below).

The ESR spectrum of 4+, which was obtained at 125 K
upon y irradiation (®°Co probe) of 4 in the “mobile”
CF,CICFCl, matrix at 77 K,[** 34 exhibits a nonet spaced by
3.08 £ 0.02 mT due to the eight equivalent  protons in the
2,2' 4.4 -positions (Figure 3). The coupling constant of the
eight J protons in the two cyclopropane rings spiroannelated
to 3,3’-positions is too small to be detected for a radical cation
in a rigid medium.

Table 2 lists the observed 'H coupling constants for 2a, b**
and 3°*-5'*, along with their computed counterparts. Evi-
dently, the coupling constants of the protons at the bicyclo-
butylidene core are sensitive to the spiroannelation of

[a] Averaged value. [b] Not observed. [c] This assignment differs from that
made previously in ref. [6].

cyclopropane rings in the neighboring positions. Thus, on
going from 2a** to 4+, the | ay | value of the eight §§ protons in
the 2,2',4,4’-positions of bicyclobutylidene increases from 2.62
to 3.08 mT. An analogous effect on the coupling constants of
the four y protons in the 3,3’-positions of bicyclobutylidene is
even more striking: on passing from 2a* via 2b** to 3", the
corresponding value changes from 0.27 to 0.049 to 0.401 mT.
This behavior must be due to sensitivity of the 1,3-interaction
in the four-membered ring to structural modifications.’* On
the other hand, the coupling constants of the protons in the
spirocyclopropane rings are affected little by such modifica-
tions. Hence, those of the eight y’-syn- and the eight y’-anti
protons in the four cyclopropane rings spiroannelated to the
2,2' 4 4"-positions are quite similar for 3" and 5°F; their
average is comparable to the corresponding value of the
twenty-four y’ protons in the eight freely rotating 2,2',4,4'-
methyl substituents of 2b"*.

The observed 'H-coupling constants are consistent with an
effective D,, symmetry, as previously pointed out for 2a*.["]
The apparent planar geometry of 2a,b" and 3"-5°F
contrasts with that found for the radical cation of bicyclopro-
pylidene,® in which case removal of an electron from the
double bond of the neutral compound leads to a twisting
about this bond and, as a consequence, to a lowering of the
symmetry from D,, to D,. The ground-state geometries of the
symmetrical bicyclobutylidenes 2a, b and 3-5 and their
radical cations 2a, b and 3*"-5°*, as determined by the
DFT calculations, are summarized in Table 3. Obviously, the
symmetry of these species should be reduced by twisting from
D,, to Cy, or D,. However, the barriers to planarization are
expected to be very low (less than 1 kcalmol), so that 'H-

- hyperfine patterns of the radical cations exhibit effective D,
symmetries. Accordingly, the computed coupling constants
|ay |, which are compared in Table 2 with their experimental
counterparts, represent averaged values mimicking such
symmetry. It is gratifying to note how faithfully these
theoretical values reproduce the experimental data.

5mT

Figure 3. ESR spectrum of the radical cation 4°*. Solvent CF,CICFCl,
(matrix), 7=125 K.

5386 ——
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Experimental Section

ESR Measurements: The experimental conditions, under which the radical
cations 3" and 4t were generated and their ESR spectra recorded, are
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Table 3. Selected bond lengths (in A) and puckering angles of cyclobutane rings (« in degrees) for all optimized
structures 2a, b and 3-5 and their radical cations 2a, b** and 3t -5, as determined by DFT calculations.

washed with sat. NH,CI solution. The
aqueous phase was re-extracted with

Et,0 (4x5mL), and the combined

Species RLR! R*R? Symmetry c-c c-c¢ c¢-¢ ¢ organic solutions were washed with
sat. NaHCO; solution, brine, dried,
and finally concentrated under re-
duced pressure. The product was iso-
lated by column chromatography on

2a HH HH ~Cy, 1.328 1.525 2.147 14.0  silica gel.

2a7 H.H HH ~ Con 1.405 1.495 2132 72 g §.Bis(dispiro[2.1.2.1]octylidene)

2b Me,Me HH D, 1.339 1.552 2.169 0.0 (3): From a solution of 8 (183 mg,

2b-* Me,Me HH D, 1.388 1.535 2.160 0.0 1.5 mmol) in THF (4 mL) and McMur-

3 -CH,CH,- HH D, 1.338 1.535 2.160 0.0 ry reagent prepared from TiCls

3 -CH,CH,- HH D, 1.403 1.476 2.154 0.0 (463 mg, 3 mmol) and LiAIH, (57 mg,

4'+ HH -CH,CH,- D, 1.327 1.527 2.127 0.0 1.5 mmol) in THF (15 mL), compound

4 H.H -CH,CH,- D, 1.389 1.499 2111 0.0 3 (35 mg, 22 %) was obtained accord-

5 -CH,CH,- -CH,CH,- ~Cy, 1.341 1.517 2.146 153 ing to GP 1 after column chromatog-

5 -CH,CH,- -CH,CH,- D, 1.395 1.480 2132 0.0

raphy (20 g silica gel, column 15 x

indicated in the text. The spectrometers used were a Varian-E9 instrument
and a Bruker-ESP-300 system.

PES Measurements: The He(I) photoelectron spectra of 1-6 were
recorded with a Perkin—Elmer PS18 spectrometer at the following
temperatures: 2 and 4 at ambient temperature, 3 at 75°C, 5 at 108°C,
and 6 at 55 °C. The calibration was performed with Ar and Xe. A resolution
of 20 meV on the ?P5, Ar line was obtained.

Computations: Geometries of all stationary points were optimized with
analytical energy gradients.’”) Becke’s three-parameter exchange-correla-
tion functional® *! including the nonlocal gradient corrections described
by Lee-Yang-Parr (LYP),*! as implemented in Gaussian 94,*!1 was
utilized. All geometry optimizations were performed with the 6-31G* basis
set;#! stationary structures were characterized by harmonic frequency
computations, where true minima have only real values number of
imaginary frequencies, Nimag = 0). Single-point energies were evaluated
using a standard 6-311G* basis set;1*? final energies thus refer to B3LYP/6-
311G*//B3LYP/6-31G*. Standard notation is used, that is, / means energy
computed at // geometry.*’]

Synthesis

General aspects: 'H and '3C NMR: Spectra were recorded at 250, 400 (‘H),
and 62.9, 100.6 [°C, additional DEPT (distortionless enhancement by
polarization transfer)] MHz on Bruker AM 250 and WM 400 instruments
in CDClI; solution if not otherwise specified, CHCL;/CDCl; as internal
reference; 0 in ppm, J in Hz. IR spectra were recorded on Perkin— Elmer
298 and Bruker IFS 66 (FT-IR) instruments, measured as KBr pellets, oils
between KBr plates. Mass spectra were measured at 70 eV with a Finnigan
MAT 95 spectrometer (EI). Melting points were determined on a Biichi 510
capillary melting point apparatus and are uncorrected. GC analyses were
carried out with a Siemens Sichromat 1-4, 25 m capillary column CP-SIL-5-
CB, and GC separations with an Intersmat 130 instrument, 20 % SE-30 on
Chromaton W-AW-DMCS, 1500 x 8.2 mm Teflon column. TLC analyses
were performed using Macherey —Nagel precoated sheets, 0.25 mm Sil G/
UV,s,, and column chromatography using Merck silica gel, grade 60, 230—
400 mesh. Starting materials: Anhydrous diethyl ether, benzene, and THF
were obtained by distillation from sodium/benzophenone, ethanol from
CaH,, and acetone from K,CO;. Compounds 8,142 9 11161 111161 ' and 14[18]
were prepared according to published procedures. All other chemicals were
used as commercially available (Merck, Acros, BASF, Bayer, Hoechst,
Degussa AG, and Hiils AG). All reactions were performed under an Ar
atmosphere. Organic extracts were dried over MgSO,.

General procedure (GP 1) for the preparation of 3, 5, and 10: Anhydrous
THF was added dropwise at 0°C to a stirred mixture of TiCl; (2 equiv) and
LiAlIH, (1 equiv). The mixture was stirred at this temperature for 0.5 h,
then at 65°C for 2h, and cooled again to 0°C. To the resulting black
suspension, a solution of the respective ketone 8 or 9 (1 equiv) in anhydrous
THF was added at this temperature over a period of 20 min. The resulting
mixture was stirred for 1 h at 0°C, then at 55°C for 2 d, cooled to 0°C,
hydrolyzed with H,O (1 mL), 15% aqueous NaOH solution (1 mL), and
H,O again (3 mL, quantities are given per 1 g LiAlH,) and filtered. The
precipitate was thoroughly washed with THF, and the organic solution was
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1.5cm, pentane). R;=0.74; m.p.

131°C; UV (hexane): A, (Ig €) =237
(3.18) nm; IR (KBr): #=3090, 3020, 2970, 2940, 2870, 1455, 1425, 1257,
1205, 1055, 1012, 970, 938, 890, 805 cm~!; 'H NMR (250 MHz, 25°C): 6 =
1.94 (s, 4H; 2CH,), 0.77, 0.63 (2m, AA'BB’, 16H; 8CH,); C NMR
(62.9 MHz, 25°C): 6 = 16.4 (8 CH,), 24.0 (4C), 39.9 (2 CH,), 1374 (2C); MS
(EI): mlz (%): 212 (41) [M]*, 169 (19) [M — C;H,]*, 168 (11) [M — C;Hl*,
167 (20) [M — C,H,]*, 155 (54) [M — C,H,]*, 153 (39) [M — C,H,,]*, 141
(74) [M — CsHyJ*, 128 (100) [M — CHyl*, 115 (77), 91 (61), 77 (41);
elemental analysis calcd (%) for Ci¢H,, (212.3): C 90.51, H 9.49; found: C
90.58, H 9.43.

10,10"-Bis(trispiro[2.0.2.0.2.1]decylidene) (5) and 20-oxa-21-(10'-trispiro-
[2.0.2.0.2.1]decylidene)heptaspiro[2.0.2.0.2.0.2.0.2.0.2.0.1.1]heneicosane

(10): From a solution of 9 (518 mg, 3.5 mmol) in THF (10 mL) and
McMurry reagent prepared from TiCl; (1.08 g, 7 mmol) and LiAlH,
(133 mg, 3.5 mmol) in THF (36 mL), compounds 5 (129 mg, 28 %) and 10
(35 mg, 7%) were obtained according to GP 1 after column chromatog-
raphy (50 g silica gel, column 24 x 2 cm, pentane, then MeOH for 10).

Compound 5: R;=0.50; m.p. 193°C; UV (hexane): A, (lg €)=243
(3.10) nm; IR (KBr): 7 =3160, 3010, 2870, 1460, 1425, 1010 cm~'; Raman
(powder): 7=1710, 1462, 1306, 984, 870, 840, 456 cm™!; 'H NMR
(400 MHz, 25°C): 8 =0.66, 0.52 (2m, AA'BB’, 16H; 8 CH,), 0.10 (s, 8H;
4CH,); BC NMR (100.6 MHz, 25°C): 6 =5.3 (4 CH,), 12.6 (8CH,), 29.8
(2C), 304 (4C), 1362 (2C); elemental analysis caled (%) for CyHy,
(264.4): C 90.85, H 9.15; found: C 90.82, H 9.14.

Compound 10: R;=0.40; m.p. 141 °C; IR (KBr): 7 = 3060, 2990, 1450, 1425,
1090, 1068, 1038, 1010, 1000, 867, 795 cm™!; '"H NMR (400 MHz, C¢Dj,
25°C): 6 =2.33,2.25 (2m, CD part of ABCD spectrum, 2H), 1.94 (m, AB
part of ABCD spectrum, 2H), 1.79 (m, 1H), 1.62 (m, 1H), 1.28 (m, 1H),
0.86 (m, 1H), 0.77 (m, 1H), 0.69- —0.25 (m, 26H), —0.35 (m, 1H);
BC NMR (100.6 MHz, CiDg, 25°C): 6 =26.9, 26.8, 14.9, 14.3, 14.2, 11.8,
11.3,9.4,8.6,8.0,7.2,6.7,4.4,3.6,3.3,0.6 (CH,); 140.8, 134.1, 89.3, 87.0, 38.2,
37.6, 370, 36.4, 35.6, 30.6, 29.4 (C); exact mass measurement: calcd for
C;H360: 412.2766; found: 412.2794.

Spiro[2.3]hexan-5-one azine (12): A solution of anhydrous hydrazine
(160 mg, 5 mmol) in anhydrous ethanol (1 mL) was added with stirring to a
solution of spiro[2.3]hexan-5-one (11; 960 mg, 10 mmol) in anhydrous
EtOH (2mL) at ambient temperature, stirred under reflux for an
additional 3 h, then cooled to ambient temperature and poured into Et,O
(50 mL). The organic solution was washed with H,O (20 mL), brine
(20 mL), dried and concentrated under reduced pressure. Column chro-
matography (80 g silica gel, column 40 x 3 cm, pentane/Et,O 1:1) furnished
12 (649 mg, 69 %) as a yellow solid. R;=0.45; m.p. 75°C; IR (KBr): 7=
3085, 3015, 2910, 1702 (C=N), 1410, 1240, 1120, 1060, 1015, 970 cm™!;
'H NMR (250 MHz, 25°C): 6 =3.10 (m, AA'BB’, 8H; Cbut), 0.66 (s, 8H;
Cpr); BCNMR (62.9 MHz, 25°C): 6 =11.5 (4CH,), 14.5 (2C), 41.7 (2CH,),
42.3 (2CH,), 167.6 (2C); elemental analysis calcd (%) for C;,H (N, (188.3):
C 76.56, H 8.57, N 14.88; found: C 76.82, H 8.58, N 14.96.

6-Thia-13,14-diazatetraspiro[2.1.1.1.2.1.2.1]pentadec-13-ene (13): A solu-
tion of the ketazine 12 (376 mg, 2 mmol) in an acetone/benzene mixture
(6 mL, 1:1) was stirred under an atmosphere of H,S at 5°C. The progress of
the reaction was monitored by 'H NMR spectroscopy. After 23 h, the
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solvent was evaporated under reduced pressure to give 6-thia-13,14-
diazatetraspiro[2.1.1.1.2.1.2.1]pentadecane (444 mg, 100%) as a yellow
solid. M.p. 86°C; IR (KBr): #=23285, 3080, 3010, 2980, 2940, 1425, 1240,
1160, 1115, 1055, 1010, 915, 932, 782 cm™!; 'H NMR (250 MHz, 25°C): 6 =
3.90 (brs, 2H; 2NH), 2.50 (m, AA'BB’, 8H; Cbut), 0.50 (s, 8H; Cpr). To a
solution of this compound (444 mg, 2 mmol) in anhydrous Et,O (30 mL),
was added at 0°C a solution of 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ) (454 mg, 2 mmol) in Et,0 (150 mL) over a period of 0.5 h. The
resulting solution was stirred at 0°C for 0.5h and then at ambient
temperature for an additional 0.5h, washed successively with 37 %
NaHSO; solution (3 x 30 mL), 5% NaHCO; solution (3 x 20 mL), water
(3 x20mL), dried, and concentrated under reduced pressure to give 13
(405 mg, 92 %) as a yellow solid. M.p. 68 °C; IR (KBr): 7 = 3080, 3000, 2980,
2935, 1560, 1450, 1420, 1265, 1190, 1110, 1095, 1055, 885, 800 cm~!; 'H NMR
(250 MHz, 25°C): 6 =2.93, 2.69 (2m, AA'BB’, 8H; Cbut), 0.73, 0.57 (2m,
AA'BB’,8H; Cpr); B*CNMR (62.9 MHz, 25°C):  =12.1,11.4 (2CH,), 14.9
(2C), 453 (4CH,), 125.0 (2C). This compound was used without further
purification.

(Spiro[2.3]hex-5-yDtriphenylphosphonium bromide (15): A mixture of
methyltriphenylphosphonium bromide (14.3 g, 40 mmol), sodium amide
(1.8 g, 46 mmol), freshly prepared from sodium in liquid ammonia under
Fe(NOs); catalysis, and anhydrous benzene (50 mL) was stirred under
reflux for 1.5 h. After this, a solution of dibromide 14 (4.56 g, 20 mmol) in
benzene (5 mL) was added over a period of 0.5 h at 65°C, the resulting
mixture was stirred for an additional 0.5 h at the same temperature and
cooled to 0°C. The brown precipitate was filtered off, washed with benzene
(10 mL) and EtOAc (2 x 10 mL), dried under reduced pressure (0.1 Torr)
and recrystallized twice from EtOH/H,O 1:1 to give 15 (5.9¢,70%) as a
colorless powder. M.p. 238°C; IR (KBr): #=23040, 3000, 2920, 2860, 1590,
1485, 1442, 1343, 1318, 1118, 1018, 1000, 940, 765, 734, 719, 700 cm™;
"H NMR (250 MHz, 25°C): 6 =7.84-7.68 (m, 15H; 3 C¢H5), 5.70—5.55 (m,
1H; Cbut), 3.28-3.12 (m, 2H; Cbut), 2.20 (dd, J = 6.0, 13.3 Hz, 1 H; Cbut),
2.09 (dd, /=73, 13.3 Hz, 1H; Cbut), 0.44 (dd, J=8.5, 10.3 Hz, 2H; Cpr),
—0.19 (dd,J=6.3,8.5 Hz, 2H; Cpr); “C NMR (62.9 MHz, 25°C): 6 =12.2,
12.7 (CH,), 16.9 (d, 3Jcp="5.8 Hz, C), 21.3 (d, Jp=23.8 Hz, CH), 31.1 (d,
2Jcp=2.6 Hz, 2CH,), 118.2 (d, /cp=42.7 Hz, 3C), 130.4 (d, 2Jcp =6.2 Hz,
6CH), 133.8 (d, 3Jcp=4.7 Hz, 6CH), 135.0 (d, */cp=1.5 Hz, 3CH); MS
(EX): m/z (%): 424/422 (0.1/0.1) [M]*, 342 (3.2) [M —HBr]*, 262 (100)
[Ph;P]*, 183 (70), 108 (44) [PhP]*, 79 (62).

5,5'-Bis(spiro[2.3]hexylidene) (4): a) A suspension of the phosphonium salt
15 (424 mg, 1 mmol) in anhydrous benzene (3mL) was treated with
potassium fert-butoxide (112 mg, 1 mmol), and the resulting mixture was
then stirred at 50°C for 2 h. After this, a stream of dry oxygen was passed
through the mixture maintaining the temperature at 40°C, until the
intensive red color turned to light yellow. After an additional stirring for
20 min at this temperature, the mixture was poured into ice-cold water
(5mL), the water layer was extracted with pentane (3 x5mL), the
combined organic phases were washed successively with water (2 x 5 mL)
and brine (2 x5mL), dried, and concentrated at ambient pressure to a
volume of about 2 mL. Bulb-to-bulb distillation of the residue (80°C at
1 Torr) followed by GC separation at 90°C furnished 4 (49 mg, 61 % ).

b) A mixture of the heterocyclic oligospirane 13 (405 mg, 1.84 mmol) and
triphenylphosphane (524 mg, 2 mmol) was heated without solvent at 150°C
for 2 h. After cooling to ambient temperature, the reaction mixture was
stirred with pentane (10 mL) for 1h and filtered. The precipitate was
washed with pentane (2 x 5mL), the combined pentane solutions were
concentrated at ambient pressure and purified by column chromatography
(40 g silica gel, column 40 x 2 cm, pentane) to give 4 (253 mg, 86 %) as an
oil. R;=0.80; m.p. = —10°C; UV (cyclohexane): 1., (lg &) =215
(3.31) nm; IR (film): 7#=3068, 2994, 2897, 1422, 1008 cm~!; 'H NMR
(250 MHz, C¢Dy, 25°C): 6 =2.71 (s, 8H; 4 CH,, Cbut), 0.47 (s, 8H; 4CH,,
Cpr); “C NMR(62.9 MHz, CsDy, 25°C): 6=12.0 (4CH,), 16.3 (2C), 374
(4CH,), 124.8 (2C); MS (EI): m/z (%): 160 (3) [M]*, 117 (100) [M —
C;H;]*, 91 (95) [M — CsHo]*, 79 (56), 77 (45), 65 (24); elemental analysis
caled (%) for C,H;s (160.3): C 89.94, H 10.06; found: C 89.62, H 10.24.
General procedure (GP 2) for the preparation of 6 and 7: A suspension of
the respective phosphonium salt 15 or 16 (1 mmol) in anhydrous benzene
(3 mL) was treated with potassium tert-butoxide (1 or 2 equiv), and the
resulting mixture was then stirred at 50°C for 2 h. After this, a solution of
the ketone 9 (148 mg, 1 mmol) in anhydrous benzene (1.5 mL) was added
over a period of 10 min, and stirring was continued at 65-70°C for 2 h. The
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reaction mixture was cooled, poured into ice-cold water (5 mL), the water
layer was extracted with pentane (2 x 5 mL), the combined organic phases
were washed successively with water (5 mL) and brine (5 mL), dried and
concentrated under reduced pressure. The residue was purified by column
chromatography on silica gel, eluting with pentane.

10-(5-Spiro[2.3]hexylidene)trispiro[2.0.2.0.2.1]decane (6): From the salt 15
(424 mg, 1 mmol) and potassium fert-butoxide (112 mg, 1 mmol), com-
pound 6 (210 mg, 99 %) was obtained according to GP 2 after column
chromatography (20 g silica gel, column 20 x 2 cm) as a colorless solid. R;=
0.78; m.p. 65°C; UV (hexane): 4., (lg €) =233 (3.24) nm; IR (KBr): 7=
3070, 3000, 2900, 2820, 1420, 1220, 1118, 1045, 1038, 1000, 990, 970,
875 cm™!; Raman (powder): v=1738, 1420, 1384, 971, 644, 446 cm™;
'H NMR (400 MHz, 25°C): 6 =2.57 (s, 4H; 2CH,, Cbut), 0.92, 0.47 (2m,
AA'BB’, 8H; 4CH,, Cpr), 043 (s, 4H; 2CH,, Cpr), 0.18 (s, 4H; 2CH,,
Cpr); BC NMR (100.6 MHz, 25°C): 6 =9.0, 5.5 (2CH,), 12.2 (4CH,), 29.3,
18.0 (C), 30.5 (2C), 372 (2CH,), 1379, 117.7 (C); elemental analysis calcd
(%) for CgH,, (212.3): C 90.51, H 9.49; found: C 90.43, H 9.56.

10-(Cyclobutylidene)trispiro[2.0.2.0.2.1]decane (7): From the salt 16
(614 mg, 1.28 mmol), potassium tert-butoxide (287 mg, 2.56 mmol) and
the ketone 9 (148 mg, 1 mmol), compound 7 (165 mg, 89 %) was obtained
according to GP 2 after column chromatography (35 g silica gel, column
30 x 2 cm) as a colorless solid. R;=0.51; m.p. 58°C; UV (hexane): A, (Ig
€) =231 (3.22) nm; Raman (powder): v =1731, 1426, 1387, 1007, 965, 845,
643, 447 cm™!; '"H NMR (250 MHz, 25°C): 6 =2.58 (m, 2H; CH,, Cbut),
2.01 (m, 4H; 2CH,, Cbut), 0.93, 0.48 (2m, AA'BB’, 8H; 4 CH,, Cpr), 0.18
(s, 4H; 2CH,, Cpr); BC NMR (62.9 MHz, 25°C): 6=5.5 (2CH,), 9.1
(4CH,), 19.2 (CH,), 28.9 (2CH,), 29.2 (C), 30.4 (2C), 1370, 123.6 (C);
elemental analysis calcd (%) for C,Hg (186.3): C 90.26, H 9.74; found: C
90.15, H 9.68.

11,11-Dichlorooctaspiro[2.0.2.0.2.0.1.0.2.0.2.0.2.0 Jheneicosane (17): A mix-
ture of the bicyclobutylidene 5 (26 mg, 0.098 mmol), TEBACI (2 mg),
EtOH (one drop) in CHCI; (1 mL) and 50 % aqueous NaOH (1 mL) was
vigorously stirred at 40°C for 3 h. After cooling to ambient temperature,
the mixture was poured into ice-cold water (10 mL) and extracted with
CHCIl; (2 x 10 mL). The combined organic solutions were washed with
H,O (2 x10mL), brine (5 mL), dried, and concentrated under reduced
pressure. Column chromatography (40 g silica gel, column 35 x 1.8 cm,
pentane) furnished 17 (29 mg, 85%) as a colorless solid. R;=0.62; m.p.
167°C; '"H NMR (250 MHz, 25°C): 6 =1.20 (m, 4H), 0.71 (m, 4H), 0.38-
0.17 (m, 16H); C NMR (62.9 MHz, 25°C): 6=6.4, 6.1 (4CH,), 4.3, 3.8
(2CH,), 312 (4C), 473, 32.6 (2C), 73.1 (C).

Octaspiro[2.0.2.0.2.0.1.0.2.0.2.0.2.0]heneicosane (18): A solution of the
bicyclobutylidene 5 (39.7 mg, 0.15 mmol) in anhydrous diethyl ether
(6 mL) was treated with diethylzinc (0.15 mmol, 123 pL of 1.22Mm solution
in Et,0) and CH,I, (0.22 mmol, 18 uL), and the resulting solution was
stirred at ambient temperature for 4 d. After this, the solution was diluted
with Et,0 (10 mL) and washed with sat. NH,Cl solution (2 x 5 mL), H,0O
(2x5mL), dried, and concentrated under reduced pressure. Column
chromatography (10 g silica gel, column 15 x 0.5 cm, pentane) furnished 18
(3.5mg, 8%) as an oil. R;=0.68; 'H NMR (250 MHz, C;D, 25°C): 6 =
0.66-0.58 (m, 4H), 0.39 (s, 2H), 0.29-0.02 (m, 20 H); *CNMR (62.9 MHz,
C¢Dg, 25°C): 6=5.0, 49 (2CH,), 8.1, 6.0 (4CH,), 143 (CH,), 303
(4C), 40.0, 31.1 (2C). The starting material 5 (35 mg, R;=0.40) was also
isolated.

11-Oxaoctaspiro[2.0.2.0.2.0.1.0.2.0.2.0.2.0 heneicosane (19): A solution of
the bicyclobutylidene 5 (28.7 mg, 0.11 mmol) in anhydrous CH,Cl, (2 mL)
was added at 0°C over a period of 15 min to a well-stirred suspension of
NaHCO; (55 mg, 0.65 mmol) in a solution of 85% mCPBA (33.5 mg,
0.17 mmol) in CH,Cl, (1 mL). After additional stirring for 3 h at 0°C, the
mixture was poured into concentrated NH,OH solution (5mL), the
inorganic phase was extracted with CH,Cl, (3 x3 mL), the combined
organic solutions were washed with sat. NH,Cl solution (2 x 2 mL), dried
and concentrated under reduced pressure. The residue was sublimed in a
Kugelrohr apparatus (150-220°C at 0.05 Torr) to give 19 (29 mg, 95%) as
a colorless solid. M.p. 89°C; IR (KBr): 7 =3060, 2980, 2920, 2850, 1760,
1660, 1460, 1370, 1280, 1255, 1100, 1010, 1000, 985, 940, 920, 870, 850, 700,
610 cm™'; '"H NMR (400 MHz, C;Dy, 25°C): 6 =1.10 (m, 2H), 0.77 (m, 4H),
0.65 (m, 2H), 0.31 (m, 4H), 0.13 (m, 4H), 0.02 (m, 2H), —0.13 (m, 4H),
—0.31 (m, 2H); *C NMR (100.6 MHz, C,D, 25°C): 6 =6.2, 4.7 (4CH,),
6.7, 6.4 (2CH,), 30.7 (4 C), 60.6, 26.6 (2C); MS (EI): m/z (%): 280 (3) [M]",
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265 (25) [M — CH;]*, 252 (21) [M — C,H,]*, 251 (37), 209 (69), 139 (100);
exact mass measurement: caled for CyH,,0O: 280.1827; found: 280.1747).
General procedure (GP 3) for the preparation of TCNE adducts 20 and 21:
A solution of the bicyclobutylidene 5 or 6 in an appropriate solvent was
stirred with 2 equiv TCNE for 54 h at ambient temperature for 5 (or 24 h at
50°C for 6). The solution was concentrated under reduced pressure, and the
residue was washed with dichloromethane (2 x 3 mL) to give almost pure
20. Compound 21 was purified by column chromatography.
11,11,12,12-Tetracyanohexaspiro[2.0.2.0.2.0.2.1.2.1]octadecane (20): From
the bicyclobutylidene 6 (7 mg, 33 umol) and TCNE (8 mg, 62 umol) in
anhydrous THF (2 mL), compound 20 (8 mg, 71 % ) was obtained according
to GP 3 as a colorless solid. M.p. 103°C; IR (KBr): 7#=23079, 2999, 2963,
2931, 2249, 1428, 1262, 1101, 1019, 937 cm~'; '"H NMR (400 MHz, 25°C):
0=3.12 (m, 2H; CH,, Cbut), 2.26 (m, 2H; CH,, Cbut), 1.48 (m, 2H; CH,,
Cpr), 1.12 (m, 2H; CH,, Cpr), 0.71 (m, 2H; CH,, Cpr), 0.62-0.41 (m, 2H;
CH,, Cpr), 0.24 (s,4H; 2 CH,, Cpr); 3C NMR (100.6 MHz, 25°C): 6 =37.7,
6.6,5.7,5.2,4.7 (2CH,), 12.4, 8.9 (CH,); 109.8, 109.2, 32.3 (2C); 58.5, 56.8,
30.7, 15.3 (C).
5,5,6,6-Tetracyano-9-(10-trispiro[2.0.2.0.2.1]decylidene)trispiro[ 2.0.4.1.2.0]-
dodecane (21): From the bicyclobutylidene 5 (7.3 mg, 28 umol) and TCNE
(8.3 mg, 64.8 umol) in anhydrous CH;CN (1.5 mL), compound 21 (7 mg,
64 %) was obtained according to GP 3 after column chromatography (10 g
silica gel, column 15 x 0.5 cm, CH,Cl,) as a colorless solid. R;=0.55; m.p.
172°C (decomp.); IR (KBr): 7 =3040, 2950, 2240, 1250, 1085, 1010, 860,
800, 695 cm™!; 'TH NMR (250 MHz, 25°C): 6 =2.12 (m, 4H; CH,, Cpent),
1.80-0.20 (m, 20H; 10CH,, Cpr); *C NMR (62.9 MHz, 25°C): 6 =6.7,2.2
(2CH,), 30.1, 16.4, 15.0, 11.7, 10.8, 8.0, 7.9, 7.4 (CH,); 148.8, 126.7, 111.8,
111.2, 66.4, 54.7,44.7, 38.1, 33.3, 32.3, 31.0, 30.9, 29.5, 29.4 (C); MS (EI): m/z
(%): 392 (2) [M]F, 364 (9) [M — C,H,]*, 363 (12) [M — C,H,]*, 338 (11)
[M — NGC;H, ]+, 285 (32), 271 (39), 257 (40), 205 (43), 165 (63), 115 (66), 91
(89), 77 (91), 41 (100); exact mass measurement: caled for C,sH,Ny:
392.2001; found: 392.2046).
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Abstract: The reaction of the arylated
Fischer carbene complexes [(CO);M=C-
(OEt)Ar] (Ar=Ph; M=Cr, W,
2-MeC¢H,; 2-MeOCH,; M =W) with
the phosphaalkenes RP=C(NMe,),
(R=1Bu, SiMe;) afforded the novel
phosphaalkene complexes [{RP=C(OEt)-
ArjM(CO);s] in addition to the com-
pounds [{RP=C(NMe,),}M(CO)s]. Only
in the case of the R=SiMe; (E/Z)
mixtures of the metathesis products
were obtained. The bis(dimethylamino)-

methylene unit of the phosphaalkene
precursor was incorporated in olefins
of the type (Me,N),C=C(OEt)(Ar).
Treatment  of  [(CO)sW=C(OEt)-
(2-MeOC¢H,)] with HP=C(NMe,),
gave rise to the formation of an E/Z
mixture of [{(Me,N),CH-P=C(OEt)-

Keywords: carbene ligands - chro-
mium - insertion - phosphaalkenes
- tungsten

(2-MeOC¢H,)}W(CO)s] the organo-
phosphorus ligand of which formally
results from a combination of the car-
bene ligand and the phosphanediyl
[P—CH(NMe,),]. The reactions reported
here strongly depend on an inverse
distribution of m-electron density in the
phosphaalkene precursors (P°-C%*),
which renders these molecules powerful
nucleophiles.

Introduction

The concepts of the diagonal relationship of phosphorus and
carbon in the periodic table of elements and that of
isoelectronic compounds have proven exceedingly useful in
the synthetic design of organophosphorus compounds with
low-coordinate P atoms.! However, confining organophos-
phorus chemistry merely to a “carbon copy”? would mean
the reduction of its complexity to only one single aspect. In
this context it is trivial to emphasize the role of the lone pair of
electrons at the phosphorus atom in the coordination and
redox chemistry of the phosphorus compounds. Despite the
striking analogies between the cyclopentaphosphide ion P~
and the ubiquitous cyclopentadienyl ligand and its complexes
[Cp*(3°-Ps) Fe]B! and ferrocene it should not be overlooked
that according to quantum chemical calculations the species
“FeP,,”[* has nothing in common with the familiar class of
ferrocenes or oligophosphaferrocenes. Recently it was point-
ed out by Zenneck etal that the introduction of six
phosphorus atoms into a manganocene skeleton affords a
low-spin sandwich complex with an electronic structure

[a] Prof. Dr. L. Weber, M. Meyer, Dr. H.-G. Stammler, B. Neumann
Fakultit fiir Chemie der Universitét Bielefeld
Universititstrasse 25, 33615 Bielefeld (Germany)
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different to that of decamethylmanganocene, and consistently
the authors stated, that an analogy between P and C is no
longer given, if formally analogous compounds differ signifi-
cantly in their reactivities, spectra or molecular structures.”!
Accordingly, the olefin-like behavior of the phosphaalkenes
crucially depends on the polarity (P°*C°") of the P=C double
bond as anticipated by Pauling’s electronegativies. This -
electron distribution is easily reversed by the introduction of
one or two amino groups to the carbon atom of the P=C unit
(Scheme 1).

_ O]
§+ 6/ “p=cC NR, ———— %—C/’NRZ
/P=C\ /TN VEGERRN
A B

Scheme 1. Regular polarized P=C m-bond in phosphaalkenes (A) and
inversely polarized P=C mt-bond in C-aminophosphaalkenes (B).

In molecules of type B an olefin-like reactivity should be
supressed in favor of a zwitterionic (ylide-like) behavior.[®]
Recently, we reported on the reaction of ethoxy(methyl)car-
bene complexes I with the inversely polarized ferriophos-
phaalkene II, which yielded equal amounts of the novel
phosphaalkene complexes III and the S-aminoalkenyl car-
bene complexes IV as a result of a sequence of addition and
condensation processes (Scheme 2).I .
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[Ee]

2 (CO);M=C(Me)OEt
1 |

(CO)M <—P§C,0Et

111 CH,
+ —— +
OEt
(CO)M
[Fe]—P=C(NMe,), $ —
I NMe,
v

Scheme 2. Reaction of ferriophosphaalkene IT with methylcarbene com-
plexes I [Fel=[(7>-CsMes)(CO),Fe]; M = Cr, W.

At this point reactions of II
with phenylcarbene complexes
became relevant, where such
condensations cannot occur.
First orientating experiments,

however, were unsatisfac-
tory. Treatment of II with
— OEt
[(CO)SCFC(OEt)(Ph)] led (CO)5M=<
to the formation of Ph
[Cp*,(CO),Fe,] as the main
1a,2a

product (70 % yield). The only
phosphorus containing product
was the adduct [Cp*(CO),FeP-
{Cr(CO)sI=C(NMey),]  (10%
yield). In the tarry residue a
3P NMR signal at 6=210.0
was  tentatively  assigned
to [Cp*(CO),FeP{Cr(CO)s}=
C(OEt)(Ph)].B

Obviously, Fe—P bond cleav-
age was the preferred process
in this reaction. Employment
of nonmetalled phosphaalkenes should circumvent this prob-
lem and provide a better insight into the reaction between
arylcarbene complexes and inversely polarized phosphaal-
kenes.

Abstract in German: Die Umsetzung von arylierten Fischer-
Carbenkomplexen [(CO)sM=C(OEt)Ar] (Ar=Ph; M=Cr,
W; Ar=2-MeCsH,; 2-MeOCzH,;; M = W) mit den Phosphaal-
kenen RP=C(NMe,), (R =tBu, SiMe;) fiihrt zu Gemischen der
neuartigen  Phosphaalkenkomplexe  [{RP=C(OEt)Ar}M-
(CO)s] und der Addukte [{RP=C(NMe,),)M(CO)s]. Nur im
Falle fiir R=SiMe; treten die Metatheseprodukte als (E/Z)-
Isomerengemische auf. Der Bis(dimethylamino)methylen-
Baustein findet sich in Alkenen des Typs (Me,N),C=C(OEt)-
(Ar) wieder. Die Reaktion von [(CO)sW=C(OEt)-
(2-MeOC4H,)] mit HP=C(NMe,), liefert [{(Me,N),CH-
P=C(OEt)(2-MeOC,H)}W(CO)s] als (E/Z)-Gemisch. Der
Organophosphorligand hierin ist das formale Kombinations-
produkt des Carbenliganden mit dem Phosphandiyl
[P-CH(NMe,),]. Die hier vorgestellten Reaktionen werden
durch die inverse m-Elektronendichte in den Phosphaalkenen
(P>~C%*) bedingt, wodurch letztere zu starken Nucleophilen
werden.

5402

Results and Discussion

When the ethoxy(phenyl)carbene complexes 1a, 2al®l were
combined with the phosphaalkenes RP=C(NMe,), (3: R=
Bu, 4: R =SiMe;)P! in n-pentane at —40°C and stirred for
2h at ambient temperature, the yellow n'-phosphaalkene
complexes 6, 7 and 11, 12 were isolated in 47-55% yield by
fractioning crystallization. The yellow 5!-phosphaalkene com-
plexes 8a, 9a and 13a, 14a were also formed (Scheme 3), but
they cannot be separated from alkene (Me,N),C=C(OEt)Ph
(10a) without decomposition. Thus, the characterization of

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

{Bu B
+ tBuP=C(NMe,), (3) N\ NMe, N om
p= N P=<
nC.H,,, -40°C =1t NMe, / -
(CO)M (CO)M
6,7 8a,9a
+
(Me,N),C=C(CEt)Ph
10a
Measi\ NMe, MeSSi\ N OFt
P=— + 2
NMe, Ph
CO);M
+Me,SiP=C(NMe), (4)  (COsM (CO),
11,12 13a,14a

nC,H,,, -40°C -1t .

(Me,N),C=C(OEt)Ph

10a

Scheme 3. Reaction of 1a and 2a with RP=C(NMe,), [3: R =1Bu, 4: R =Me;Si]. M = Cr for compounds 1a,
6, 8a, 11, 13a; M =W for compounds 2a, 7, 9a, 12, 14a.

8a, 9a and 13a, 14a was limited to spectra (IR, 'H; *C, 3'P
NMR) whereas alkene 10a was distilled off in vacuo.

When compounds 1a, 2a were treated with equimolar
amounts of HP=C(NMe,), (5)! in n-pentane at —40°C, a
yellow solid precipitated. Upon warming to ambient temper-
ature the precipitates decomposed to brown oils.

It was assumed that an increase of the steric bulk at the aryl
ring might provide additional stability to the novel phos-
phaalkene complexes, which contain the former carbene
ligand as the methylene unit at the P atom. In keeping with
this, the ethoxy(o-tolyl) carbene complex 2b was subjected to
reaction with equimolar amounts of the phosphaalkenes
under comparable conditions. No reaction was observed
between 2b and tBuP=C(NMe,), (3), which may be explained
by the steric bulky of the tert-butyl group. On the other hand
combination of 2b with HP=C(NMe,), (5) led to the
formation of a yellow precipitate, which as in the case of
1a, 2a decomposed at 20°C to a brown oil. The treatment of
2b with Me;SiP=C(NMe,), (4) afforded yellow 12 (38 %) in
addition to the novel orange crystalline #!-phosphaalkene
complex 14b (14 %) and alkene 10b (Scheme 4).

The reaction of o-methoxyphenyl carbene complex 2cl'!
with 3 under comparable conditions yielded the yellow #'-
phosphaalkene complex 7 (29%) and the orange #!-phos-
phaalkene complex 9¢ (39%). Both compounds were sepa-
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¥ . no reaction
Me,Si Me3Si\ ;OEt
P=C(NM P=C
OFt &+ J
o)W |4 (cOW (CO)W M,
Me 12 + 14b
(Me,N),C=C(OEt) (2-MeC,H,)
2b 10b
+5

decomp.

Scheme 4. Reaction of 2b with phosphaalkenes RP=C(NMe,), (3: R =1Bu,
4: R=Me;Si, 5: R=H).

rated by fractioning crystallization from n-pentane. After
removal of compounds 7, 9¢ and solvent small amounts of an
orange oil remained, which was purified by vacuum distil-
lation. According to NMR spectroscopy the light yellow
distillate was identified as a 1:1 mixture of the alkenes
[(E/Z)-2-MeOCH,(EtO)C], (15) and (Me,N),C=C(OEt)-
(2-MeOC4H,) (10¢).

Combination of 2¢ with Me;SiP=C(NMe,), (4) under
similar conditions gave rise to the formation of 12
(51%) and the metathesis product [{Me;SiP=C(OEt)-
(2-MeOCH,)}W(CO)s] (14c), which was isolated as an
orange solid in 21 % yield. The reaction residue contained
(Me,N),C=C(OEt)(2-MeOC¢H;) (10 ¢) as the only olefin. The
course of the reaction of carbene complex 2c¢ with
HP=C(NMe,), (5) was completely different. Here [(CO)sW]
complexes of the two geometric isomers of the phosphaalkene
(Me,N),CHP=C(OEt)(2-MeOC:H,) [(E/Z)-16] were ob-
tained as orange crystals in 80 % yield. An (E/Z) ratio of 1:2
was determined by 'H and 3'P NMR spectroscopy (Scheme 5)

+3, nCH,,

—_—

-60°C —= 1t

B EtO, OEt
u OEt
7 e = MO, )={  OMe
Ve
3ol - & O
9c + 15

(Me,N),C=C(0OEt) (2-McOCH,)
10c

In line with an inverse polarity of m-electron density in 3
and 4 the 3P NMR resonances of the complexes [{{BuP=C-
(NMe,),JM(CO);s] (6: M=Cr, s, 0=—12; 7. M=W, s, 0=
—25.2,J(P,W)=153.5 Hz) and [{Me;SiP=C(NMe,),]M(CO);]
(11: M=Cr, s, 0=—1177; 12: M=W, s, 6=—141.3) are
strongly shielded when compared with the free ligands 3 (s,
0=90.1) and 4 (s, d =47.1). In contrast to this, the metathesis
products [{BuP=C(OEt)Ph}M(CO);] (8a: M=Cr, s, 0=
180.1; 9a: M=W, s, 6=143.2, J(P,W)=2539Hz) and
[(E,Z){Me;SiP=C(OEt)Ph}M(CO)s] (13a: M=Cr, s, 0=
1237 and s, 131.0; 14a: M=W, s, 0=814, J(PW)=
204.2 Hz; s, 87.7, J(P,W)=1973 Hz) feature 3P NMR reso-
nances at much lower field. It is interesting that with 8a and
9a Z isomers were formed exclusively, where as with the
sterically less demanding Me;Si group at the phosphorus atom
in 13a and 14a (E) and (Z) isomers occur. The increased
coupling constants J(P,W) of 9a and 14a compared with 7 and
12 point to an increased s-orbital contribution in the W—P o-
bond and a planar configuration at the P atom. Thus in 7 and
12 a pyramidal geometry at the phosphorus center has to be
assumed. Similar observations were made for (Z)-9¢ (0=
131.3; J(PW)=237.1Hz), (E/Z)-14a (s, =814, J(PW)=
2042 Hz; s, 877, J(PW)=197.3 Hz), (E/Z)-14b (s, 6 =737,
J(PW) =206.5Hz; s, 78.8, J(P,W) =195.0 Hz) and (E/Z)-14¢
(s, 0=63.9, J(PW)=206.5Hz; s, 74.7, J(PW)=195.0 Hz).
The increased electron transfer in the adducts
[{RP=C(NMe,),}M(CO);] in comparison to the metathesis
products [{RP=C(OEt)(Ar)]M(CO);] is also reflected in the
region of the carbonyl stretching frequencies of the IR spectra
(e.g. 7: 7(CO)=2054 (m), 1909 (s), 1868 cm~! (s) compared
with 9a: #(CO)=2071 (m), 1982 (m), 1944 cm~! (s) or 12:
7(CO) =2056 (m), 1904 (s), 1864 cm~! (s) compared with 14b:
#(CO)=2075 (m), 1924 cm™' (s)]. Two 3P NMR signals for
product 16 at 6 =102.1 (s, J(P,W)=222.3 Hz) and 114.1 (s,
J(P,W)=236.3 Hz) agree with
the generation of (E/Z) isomers
in the reaction of 2¢ with 5.
According to these data and IR
absorptions at 7=2069, 2044,
1934, 1918 and 1870 cm~' the
ligand in 16 has to be regarded
as a classically polarized phos-
phaalkene. In the *C{'H} NMR
spectra of the products 8a, 9a
and 9c¢ with a fert-butyl sub-

OEt Me,Si Me,Si OEt ;
oW +4, nCH, €3 l\P=C(NMez)2 R 3/\P__ stituent at the phosphorus atom
e B (CO)W doublet resonances at O=
Me0 HOC = (COW 7 MO 199.5-204.5  (J(PW)=20.7—
2 12 . 14c 60.9 Hz) were attributed to the
(Me,N),C=C(OE#) (2-McOC,H,) carbon atoms of the P=C bond.
10¢ In complexes 13a, 14a, 14b,
and 14c featuring a PSiMe;
CH(NMe,), function two doublets were ob-
-y served for the methylene car-

(COYW=—P

+5, nCeHyy OEt bon atoms due to the presence
-60°C —= 1t OMe of (E/Z) isomers. They range
from 0 =210.3-215.3 with cou-
(E/2)-16 pling constants J(P,C)=11.5-

Scheme 5. Reaction of 2¢ with the phosphaalkenes RP=C(NMe,), (3: R =rBu, 4: R =Me;Si, 5: R=H).
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40.5 Hz.
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In order to confirm the stereochemistry of the alkene
fragment, single crystal X-ray structural analyses of 9¢, 14b
and the major isomer of 16 were performed. Single crystals of
the compounds were grown from n-pentane at —16°C. The
ORTEP drawing (Figure 1) reveals 9¢ as a Z-configured
phosphaalkene, which is #'-ligated to a [(CO)sW] unit. The
bond length W1—P1 (2.529(1) A) is considerably longer than
the W—P lengths in [W(CO)s{x-P-PhCH=CH-P=CH-
CHMe,)] (2.472(2) A)! or in [W(CO)s{x-P-2-CICsH,P}]
(2.457(2) A)113 but markedly shorter than the corresponding
bond length in [W(CO)s-k-P-{Cp*(CO),FeP=C(OEt)CHS,}]
(2.567(3) A). The double bond length P1-C8 (1.694(2) A) is
well comparable to that in the latter complex (1.689(10) A)
and falls within the range usually observed in phosphaalkenes
(1.66-1.71 A). The angle at phosphorus C8-P1-C11 of
108.0(1)° is more acute than the angle Fe-P-C in [W(CO)s-
k-P-{Cp*(CO),FeP=C(OEt)CH,;}] (112.8(3)°). The coordina-
tion geometry about C8 is trigonal planar (sum of angles
360.0°), whereas the P atom is slightly pyramidalized (sum of
angles 356.9°). Atom P1 deviates from the plane defined by
the atoms W1, C8 and C11 by 0.203 A towards O4 and 06.
The plane of the aryl ring and the plane defined by the atom
Cl1, C8 and P1 enclose a dihedral angle ¢ =65.3°.

Figure 1. Molecular structure of 9¢ in the crystal. Selected bond lengths
[A] and angles [°]: W1—P1 2.529(1), P1—C8 1.694(2), P1-C11 1.874(2),
C8—-02 1.359(2), C9—02 1.454(2), C8—C1 1.478(3); W1-P1-C11 125.13(7),
W1-P1-C8 123.76(7), C8-P1-C11 108.0(1), P1-C8-O2 120.56(15), P1-C8-C1
120.31(15), O2-C8-C1 119.08(17), W1-P1-C8-O2 159.4, W1-P1-C8-C1
—-23.0, C11-P1-C8-O2 — 1.5, C11-P1-C8-C1 176.1.

As with complex 9¢, the X-ray structural analysis of 14b
(Figure 2) features a Z-configurated phosphaalkene ligand,
which is #'-coordinated to a [W(CO)s] fragment. The
bond lengths W1-P1 (2.5139(8) A) and P1—C9 (1.694(3) A)
compare well with 9¢. The bond length P1-Sil of
2.2720(11) A is longer than in [(3%-CsMe,Et)(CO),FeP-
(SiMe;),] (2.233(2) A)4 but compares well with the P—Si
bond length in (Me;Si);C-P=P-SiPh; (2.269(2) A).l"! Si—P
bond lengths usually range from 2.25 to 2.29 A,[6 but may be
as short as 2.209(9) A when incorporated in small rings or
spiro compounds such as (fBuP),Si(PtBu),.'”l The angle

5404
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Figure 2. Molecular structure of 14b in the crystal. Selected bond lengths
[A] and angles [°]: W1—P1 2.5139(8), P1—C9 1.694(3), P1-Sil 2.2720(11),
06—C9 1.347(4), 06—C10 1.447(8), C9—C12 1.517(6); W1-P1-Sil 126.84(4),
W1-P1-C9 12733(11), Sil-P1-C9 105.81(11), P1-C9-O6 119.0(2), P1-C9-
C12 120.6(3), 06-C9-C12 119.5(3); 06-C9-P1-W1 —177.0, C12-C9-P1-W1
14.0, O6-C9-P1-Sil 1.1, C12-C9-P1-Sil —167.8.

Si1-P1-C9 at the trigonal planar phosphorus atom (sum of
angles 360°) amounts to 105.81(11)°. The carbon atom C10 of
the ethoxy group is disordered on three positions (46:31:23)
and the atoms C12—C18 of the o-tolyl substituent are
disordered on two positions (58:42). In Figure 2 only the
preferred geometry is shown. The carbon atom C9 is trigonal
planar (sum of angles 359.1°). In the major conformer the
plane of the aryl ring and the plane defined by the atoms P1,
C9 and C12 enclose a dihedral angle of 68.2°, whereas in the
minor conformer this angle was determined to 109.0°.

The X-ray structural analysis of (Z)-16 (Figure 3) features a
(Z)-configurated phosphaalkene which is coordinated to the

C15

Figure 3. Molecular structure of [{(Z)-x-P-(Me,N),CH-P=C(OEt)(2-
MeOCGH,)W(CO)s]. Selected bond lengths [A] and angles []. W1—P1
2.536(2), P1-C6 1.686(6), P1-C16 1.908(6), N1-C16 1.453(8), N2—C16
1.452(8), C6—C7 1.490(8), C6—O7 1.352(7), O7—C14 1.443(8); W1-P1-C6
125.7(2), W1-P1-C16 127.2(2), C6-P1-C16 103.9(3), P1-C6-C7 120.9(4), P1-
C6-0O7 119.1(4), O7-C6-C7 120.0(5), P1-C16-N1 113.4(4), P1-C16-N2
107.6(4), N1-C16-N2 112.3(5); C16-P1-C6-O7 —2.4, C16-P1-C6-C7 179.8,
W1-P1-C6-O7 158.4, W1-P1-C6-C7 —19.3.
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[W(CO)s] moiety through a
W-P single bond of
2.536(2) A. The length of the
P-C double bond P1-C6
(1.686(6) A) is similar to that
in 9¢. The phosphorus atom is
connected to a bis(dimethyl-
amino)methyl substituent
through a long P—C single bond
(P1-C16 1.908 A). The atoms
Cl16, P1, C6, O7 and C7 are
located in the same plane from
which the tungsten atom devi-
ates by 0.743 A. As a conse-
quence, the geometry at P1 is
not completely planar (sum of
angles 356.8°). The geometry at
carbon atom C6 is perfectly
trigonal planar (sum of angles
360°). The interplanar angle
enclosed by the aryl ring and R
the plane defined by the atoms IUI'(CO)S
P1, C6 and C7 was determined

to 106.4°.

To rationalize the formation
of the organometallic metathe-
sis products 8a, 9a—c, 13a,
14a-c and the alkenes 10a—c¢
we suggest the initial replace-
ment of a carbonyl ligand by
the nucleophilic phosphaal-
kenes to give V (Scheme 6). This would agree with the
reaction behavior of Fischer carbene complexes towards
tertiary phosphanes.'®! Ring closure to afford 1,2-metallo-
phosphetane VI parallels a mechanistic key step in olefin
metathesis.'”) Degradation of VI leads to the observed
alkenes 10a—c and a very reactive electrophilic phosphane-
diyl complex VILI?l The [2+1] cycloaddition of VII to the
starting materials 1a, 2a—c yields a dinuclear #':%*phos-
phaalkene complex VIII as an intermediate which eventually
liberates the [M(CO);] fragment to give the observed meta-
thesis products 8a, 9a, ¢ and 14a—c. A similar argumentation
was given by Mathey et al. to rationalize the formation of a
1,2-diphosphetane from a carbene complex and transient
[PhP=W(CO);] .Y

Combination of 3,4 with the pentacarbonylmetal unit
would give one rationale for the generation of the complexes
6, 7, and 11, 12. The direct attack of 3,4 at VIII is also
conceivable. The direct replacement of aryl(alkoxy)carbene
ligands by Lewis bases is usually accompanied by the
formation of stilbenes.!'8! This pathway can only be considered
for the reaction of 2¢ with 3 where indeed stilbenes 15 were
detected. The generation of complexes (E/Z)-16 from 2¢ and
the sterically less demanding 5 is most likely initiated by the
nucleophilic attack of the electron-rich phosphorus atom of §
at the carbene carbon atom of 2¢. The formation of a
zwitterionic adduct IX (Scheme 7) agrees with the synthesis of
ylide complexes from carbene complexes and non-bulky
phosphanes, as devised by Fischer et al.l'8]

___OEt
(€CO)M=C]
Ar

1a, 2a-c

VI +

[M(CO)]  +
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Scheme 6. Reaction of carbene complexes 1a, 2a—c with phosphaalkenes 3, 4 to give metathesis products 8a,
9a, ¢, 10a—c and 14a—-c as well as the complexes 6, 7, 11, 12 (Ar = Ph, 0-Me-C¢H,, 0-MeO-CH,).

oA oL
(Me,N),C=P JE—— MezN/C\;ll’/H

[v71\=!:' t oW —§ "ot

DO

2¢ X

NMe,

Wi, CHONMe), A e,

Pl ~12H  [w) =]
d\om [ I OEt

X X
(EIZ)16 X

Scheme 7. Reaction of 2¢ and 5 to the complexes (E/Z)-16 ([W]=
W(CO)s, X =0Me).

A of/n-rearrangement would give complex X featuring a
A%,03-phosphorane ligand. Stable A°,0°-phosphoranes have
previously been studied by Appel et al.?2l A 1,2-hydrogen
shift and a n/c rearrangement would finally account for the
formation of (E/Z)-16. We postulate that the major isomer has
the (Z)-configuration with the most bulky substituents in a
trans-arrangement.
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Experimental Section

All operations are performed by Schlenk techniques under an atmosphere
of dry nitrogen. The carbene complexes 1a,2a,1¥1 2¢,['!l the phosphaalkenes
4, and 5;% [(Me,N),CSMe]I?! and /BuP(SiMe;)Lil?* were prepared as
described in the literature. IR spectra: Bruker FTIRIFS66. NMR spectra:
in C¢Dg, 20°C, Bruker AC100; AC250; AM Avance DRX500. Standards:
SiMey('H, BC), external 85% H;PO, (*'P). Mass Spectra VG Autospec X
(Micromass).

[(CO)sW=C(OEt)(2-MeC¢H,)] (2b): A 1.5M solution of n-butyllithium
(10 mL, 15.0 mmol) was added at 0°C to a solution of o-bromotoluene
(2.60 g, 15.0 mmol) in diethyl ether (40 mL). The resulting mixture was
stirred for 1h, then added dropwise to a chilled (—30°C) slurry of
[W(CO)g] (5.30 g, 15.0 mmol) in diethyl ether (150 mL). The solution was
warmed to ambient temperature and stirring was continued for 2 h. Solvent
and volatile components were removed in vacuo and the yellow residue was
dissolved in deoxygenated water (60 mL). The aqueous solution was
layered with n-pentane (100 mL). Then a sample of (Et;O)BF, (2.80 g,
15.0 mmol) was added, and stirring was continued until an acidic reaction
of the aqueous phase occured. The two phases were separated and the
aqueous layer was extracted with n-pentane (5 x 50 mL). The combined
organic extracts were dried with Na,SO,. The solution was filtered, the
filtrate was concentrated to half its volume and stored at —28°C for 24 h.
Dark red solid 2b (6.16 g, 87 %) was collected by filtration. IR (KBr): 7=
2070 (m), 1930 cm™! (vs) (C=0); 'H NMR: 6 =0.92 (br, 3H; OCH,CH,),
1.93 (s,3H; aryl CHs;), 4.53 (br, 2H; OCH,CHs;), 6.79-6.93 (m, 4H; C;H,);
BC{'H} NMR: 6=14.3 (s, OCH,CHj;), 18.8 (s, aryl CH;), 80.5 (br,
OCH,CH3), 122.8-132.6 (s, C-aryl), 156.8 (br, i-C-aryl), 197.3 (s, (CO),,).
204.2 (br, (CO),), 330.4 (s, W=C); elemental analysis calcd (%) for
CsH,OW (472.11): C 38.16, H 2.56; found C 38.13, H 2.55.

tBuP=C(NMe,), (3): A solution of LiP(tBu)SiMe; (prepared from
HP(tBu)SiMe; (3.84 g, 28.6 mmol) and »nBuLi (1.6M, 179 mL) in 1,2-
dimethoxyethane (DME, 30 mL) was added dropwise to a slurry of
[(Me,N),CSMe]l (7.85g, 28.6 mmol) in DME (40 mL). The resulting
mixture was stirred overnight and then evaporated to dryness. The residue
was combined with n-pentane (30 mL), stirred for 10 min and then filtered.
The filter-cake was washed with n-pentane until the organic phases were
colorless. The yellow filtrate and the combined organic phases were
reduced in vacuo to afford an orange oil which was purified by distillation.
Compound 3 was obtained as a yellow oil (3.92 g, 71%). B.p. 0.03 mbar,
39-42°C (lit.: 40.1 mbar, 62—64°C); *'P{'"H} NMR 6 =90.1 (s) (lit.: 91.9,
().

Reaction of [(CO)sCr=C(OEt)Ph] (1a) with rBuP=C(NMe,), (3): A
solution of 3 (0.21 g, 1.13 mmol) in n-pentane (10 mL) was added dropwise
to a cold (—40°C) solution of 1a (0.37 g, 1.13 mmol) in n-pentane (15 mL).
The mixture was allowed to warm up, and stirring was continued at 20°C
for 2 h. Upon storage at —28°C [{tBuP=C(NMe,),}Cr(CO)s] (6, 0.24 g,
55%) separated from the solution as an orange powder. The supernatant
solution was decanted and the solvent was evaporated subsequently to
afford an oily mixture of [{tBuP=C(OEt)Ph}Cr(CO)s] (8a) and
(Me,N),C=C(OEt)Ph (10a). Analytically pure 8a could not be isolated
due to decomposition. A few drops of the alkene 10a were distilled off in
vacuo (1073 Torr) by means of a heat gun (200 — 240 °C air temperature).

Compound 6: IR (KBr): 7=2043 (m), 1911 (vs), 1874 cm™' (st) (C=0).
'H NMR: 6=1.16 (d, J(P,H)=13.8 Hz, 9H; C(CH,),), 2.45 (br, 12H;
N(CHa),); *C{'H} NMR: 6 =314 (d, J(P.C) =115 Hz, C(CH,),), 33.8 (d,
J(P.C) =23.0 Hz, C(CHL,),), 42.6 (br, N(CHa),), 204.5 (d, J(P.C) = 52.9 Hz,
P=C), 219.9 (d, J(P.C) =4.6 Hz, (CO),,), 2253 (J(P.C) =3.5 Hz, (CO),);
SIP'H} NMR: 6=-12 (s); elemental analysis caled (%) for
C,4H,,CrN,O,P (380.30): C 44.22, H 5.57, N 7.37; found C 43.93, H 5.53,
N 7.25.

Compound 8a: IR (KBr): 7=2063 (w), 1917 cm™! (vs) (C=0); 'H NMR:
0=0.86 (t, J(H,H)=6.9 Hz, 3H; OCH,CH,), 1.43 (d, J(PH)=13.9 Hz,
9H; C(CHs)s), 3.27 (q, J(H,H)=6.9 Hz, 2H; OCH,CH,), 7.08-723 (m,
SH; H-phenyl); BC{'H} NMR: 6 =14.6 (s, OCH,CHj,), 30.3 (s, C(CH,),),
34.4 (s, C(CH,),), 68.3 (s, OCH,CH}), 128.8 (s), 130.1 (d, J(P.C) = 13.8 Hz,
0-C-phenyl), 130.3 (s, C-phenyl), 135.8 (d, J(P,C) =19.5 Hz, i-C-phenyl),
204.4 (d, J(P.C) =20.7 Hz, P=C), 2163 (d, J(P,C) = 14.9 Hz, (CO),,), 222.2
(d, J(P.C) = 4.6 Hz, (CO),,); ¥P{'H} NMR: 6 = 180.1 (5).
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Compound 10a: '"H NMR: 6 =1.26 (t, J(H,H) =7.1 Hz, 3H; OCH,CHs),
2.33 (s, 6 H; N(CHa),), 2.60 (s, 6 H; N(CHa),), 3.51 (q, J(H,H) =7.1 Hz, 2H;
OCH,CHj3), 7.30-7.00 (m, 5H; H-phenyl); BC{'H} NMR: 6=15.7 (s,
OCH,CHs,), 39.4 (s, NCH,), 40.3 (s, NCH,), 678 (s, OCH,CH), 123.7 (s),
125.1 (s), 125.7 (s, C-phenyl), 140.0 (s, C(OEt)Ph), 146.6 (s, C((NMe,),); MS/
CI: m/z: 235 [M+H]"; elemental analysis caled (%) for C,;H»,N,O
(234.34): C 71.76, H 9.46, N 11.95; found C 71.37, H 9.41, N 11.10.

Reaction of [(CO);W=C(OEt)Ph] (2a) with fBuP=C(NMe,), (3): Anal-
ogously, a solution of 3 (0.12 g, 1.10 mmol) in n-pentane (20 mL) was
combined with a cold solution (—40°C) of 2a (0.51 g, 1.10 mmol) in n-
pentane (25 mL). After 2 h of stirring at 20 °C, the solution was filtered, and
the filtrate was stored at —28°C to afford [{fBuP=C(NMe,),}W(CO)s] (7)
as a yellow solid (0.26 g, 47%). The solvent was evaporated from
the mother liquor. The oily residue was a mixture of
[{{BuP=C(OEt)Ph}W(CO);] (9a) and (Me,N),C=C(OEt)Ph (10). Com-
pound 9a decomposed during work-up, whereas a few drops of 10a were
isolated by vacuum distillation.

Compound 7: IR (KBr): #=2054 (m), 1909 (s), 1868 cm™! (s) (C=0);
'H NMR: 0=1.16 (d, J(PH)=142Hz, 9H; C(CH,);), 2.33 (br, 12H;
N(CH,),); BC{'H} NMR: 6 =31.2 (d, J(P,C) =23.9 Hz, C(CH,)s), 33.3 (d,
J(P,C) =319 Hz, C(CHj);), 42.6 (br, N(CH;),), 191.1 (s, (CO).,), 199.6 (s,
(CO).y), 2024 (d, J(P,C)=32.5Hz, P=C); 3'P{!H} NMR: 6=-25.1 (s,
J(PW)=153.5 Hz); elemental analysis calcd for C;,;H,;N,OsPW (512.20):
C32.83, H4.13, N 5.47; found C 32.67, H 3.91, N 5.34.

Compound 9a: IR (KBr): #=2071 (m), 1982 (m), 1944 cm~! (s) (C=0);
'H NMR: 6=0.81 (t, J(H,H) =70 Hz, 3H; OCH,CHj,), 1.40 (d, J(PH) =
14.2 Hz, 9H; C(CH,)s), 3.24 (q, J(H,H) =70 Hz, 2H; OCH,CHj;), 7.14-
7.00 (m, 5H; H-phenyl); BC{'H} NMR: 6 =14.7 (s, OCH,CHj;), 30.3 (s,
C(CHs)5), 38.5 (s, C(CH,)3), 68.5 (s, OCH,CH,), 128.3 (s), 128.8 (s), 130.1
(d, J(P,C)=13.7 Hz, o-C-phenyl), 130.3 (s, C-phenyl), 135.8 (d, J(P,C)=
18.4 Hz, i-C-phenyl), 196.4 (d, J(P,C) =9.2 Hz, (CO),,), 199.0 (d, J(P.C) =
28.7 Hz, (CO),,), 202.1 (d, J(P,C) = 32.2 Hz, P=C): *'P{'H} NMR: 6=143.2
(s, J(P,W)=253.9 Hz).

Reaction of [(CO);Cr—=C(OEt)Ph] (1a) with Me;SiP=C(NMe,), (4): The
combination of n-pentane solutions of 4 (0.55 g, 2.70 mmol, 15 mL) and 1a
(0.88 g, 2.70 mmol, 30 mL) at —40°C and stirring at 20°C for 2 h afforded
yellow solid (0.52 g, 52%) [{Me;SiP=C(NMe,),}Cr(CO)s] (11) which
precipitated from the reaction mixture at —28°C. The solvent was
evaporated to dryness to afford a mixture of (E/Z)-[{Me;SiP=C(OEt)-
Ph}Cr(CO)s] (13a) and (Me,N),C=C(OEt)Ph (10a). Compound 13a
decomposed during work up, whereas 10a was distilled off in vacuo.
Compound 11: IR (KBr): 7=2044 (s), 1907 (s) (C=0), 1260 (w) (o
(SiMes)), 840 cm™! (w) (p(SiMes)); 'H NMR: 6 =0.30 (d, J(P,H) = 6.3 Hz,
9H; Si(CHs)3), 2.48 (br, 12H; N(CHs3),); B*C{'H} NMR: 6 =1.8 (d, J(P,C) =
14.9 Hz, Si(CH,)3), 43.1 (s, N(CHj;)3), 203.6 (d, J(P,C)=45.8 Hz, P=C),
219.9 (d, J(P,C)=5.7 Hz, (CO),,), 225.6 (s, (CO),); *P{'H} NMR: 6=
—1177 (s); elemental analysis calcd for C;;H, CrN,OsPSi (369.36): C
39.39, H 5.34, N 7.07; found C 39.60, H 5.53, N 6.78.

Compound 13a: IR (KBr): 7 =2062 (m), 1922 cm™' (vs) (C=0); 'H NMR:
0=-0.06 (d,/J(P,H) = 6.3 Hz) and 0.44 (d,J(H,H) = 5.7 Hz, 9H; Si(CH});),
0.84/1.08 (2t, 2 xJ(H,H)=6.9 Hz, 3H; OCH,CH,), 3.32/3.38 (2q, 2 x
J(H,H)=6.9 Hz, 2H; OCH,CH,), 7.00-7.13 (m, 5H; H-phenyl); *C{'H}
NMR: 6=1.07/131 (2d, 2 xJ(P,C)=9.2Hz, Si(CH,);), 14.7/15.7 (2s,
OCH,CHs;), 68.0/68.7 (2s, OCH,CH3), 128.8 (s), 128.9 (s), 129.0 (s), 129.1
(s), 130.1 (s), 130.4 (s, C-phenyl), 137.2 (d, J(P,C) =13.8 Hz, i-C-phenyl),
138.9 (s, i-C-phenyl), 214.6 (d, J(P,C)=31.0 Hz) and 215.3 (d, J(P.C)=
11.5 Hz, P=C), 216.6 (d, J(P,C) =13.8 Hz, (CO),,) and 217.6 (d, J(P.C)=
149 Hz, (CO).,), 222.7/223.9 (2d, 2xJ(P,C)=5.7Hz, (CO,)); *P{'H}
NMR: 6 =131.0 (s), 123.7 (s).

Reaction of [(CO)sW=C(OEt)Ph] (2a) with Me;SiP=C(NMe,), (4):
Analogously, reaction of 2a (0.66 g, 1.44 mmol) and 4 (0.29 g, 1.44 mmol)
in cold (—40°C) n-pentane (50 mL) afforded [{Me;SiP=C(NMe,),}W-
(CO)s] (12) (0.40 g, 53 %) which separated from the reaction mixture at
—28°C as an orange solid. The mother liquor contained a mixture of
[{Me;SiP=C(OEt)Ph}W(CO);s] (14a) and (Me,N),C=C(OEt)Ph (10a).
Compound 14a could not be isolated due to decomposition, whereas 10a
was distilled off in vacuo.

Compound 12: IR (KBr): 7=2056 (m), 1904 (s), 1864 (s) (C=0), 1259 (w)
(6(SiMe3)), 843 cm™' (w) (p(SiMe;)); 'H NMR: 6=027 (d, J(PH)=
6.3 Hz, 9H; Si(CHs);), 2.44 (br, 12H; N(CH,),); *C{'H} NMR: 6 =1.6
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(d,J(P,C) = 14.9 Hz, Si(CHj)5), 43.2 (s, N(CHs),), 199.7 (s, (CO),,), 201.6 (d,
J(P.C) =379 Hz, P=C), 202.4 (d, J(P.C) = 16.1 Hz, (CO),,); *'P{'H} NMR:
0 =—141.3 (s,J(P,W) =143.7 Hz); elemental analysis calcd for C,;H, N,Os-
SiPW (528.24): C 29.56, H 4.02, N 5.30; found C 29.13, H 4.12, N 5.32.
Compound 14a: IR (KBr): 7=2059 (w), 1920 cm™! (s) (C=O)x; '"H NMR:
8=—0.09/0.41 (2d, 2 x J(P.H) = 5.7 Hz, 9H; Si(CH,),)), 0.79/1.05 (2d, 2 x
J(H,H) =7.6 Hz, 3H; OCH,CH), 3.29/3.36 (2q, 2 x J(H,H) = 6.9 Hz, 2 H;
OCH,CH,), 7.00~7.13 (m, 5H; H-phenyl); “C{'H} NMR: 6=0.89 (d,
J(PC)=80Hz) and 1.09 (d, J(PC)=104Hz, Si(CH,)), 147 (s,
OCH,CH,), 68.8/69.3 (2s, OCH,CH,), 128.8 (s), 128.9 (s), 129.0 (s), 130.1
(s), 130.4 (s, C-phenyl), 137.4 (d, J(P,C) = 14.9 Hz, i-C-phenyl), 138.7 (s, i-C-
phenyl), 192.2 (d, J(P.C) =8.0 Hz) and 196.6 (d, J(P,C) = 6.9 Hz, (CO),,),
199.7 (d, J(P,C) = 10.4 Hz).and 201.1 (d, J(P,C) =21.8 Hz, (CO),,), 212.4 (d,
J(P,C) =36.8 Hz) and 213.0 (d, J(P,C) =21.8 Hz, P=C); *'P{'H} NMR: 6 =
81.4 (s, J(P,W) =204.2 Hz), 87.7 (s, J(P,W) = 197.3 Hz).

Reaction of [(CO);Cr=C(OEt)Ph] (1a) with HP=C(NMe,), (5): A
solution of 5 (0.08 g, 0.61 mmol) in n-pentane (15 mL) was added dropwise
to a cold (—40°C) solution of 1a (0.28 g, 0.61 mmol) in n-pentane (20 mL).
A yellow precipitate separated, which upon warming decomposed to a
brown oil.

Reaction of [(CO)sW=C(OEt)Ph] (2a) with HP=C(NMe,), (5): Analo-
gously, combination of equimolar amounts of 2a and 5 (0.61 mmol) in n-
pentane at —40°Cled to a yellow precipitate which decomposed to a brown
oil upon warming to room temperature.

Reaction of [(CO);W=C(OEt)(2-MeC¢H,)] (2b) with Me;SiP=C(NMe,),
(4): A solution of 4 (0.35 g, 1.72 mmol) in n-pentane (20 mL) was added
dropwise to a cold solution (—40°C) of 2b (0.81 g, 1.72 mmol) in n-pentane
(30 mL). The solution was warmed to ambient temperature, stirred for 2 h
and filtered. Storing the filtrate at —28°C afforded 12 (0.35 g, 39%) as a
yellow precipitate. The mother liquor was concentrated to ~30 mL and
stored at —28°C to yield (E/Z)-[{Me;SiP=C(OEt)(2-MeC¢H,)}W(CO)s]
(14b) (0.14 g, 14%) as orange crystals. The supernatant solution was
decanted and subsequently freed from solvent to afford an orange oil which
contained (Me,N),C=C(OEt)(2-MeCH,) (10b). A few drops of the alkene
10b were distilled off in vacuo (10-* Torr) by means of a heat gun (200—
240°C air temperature).

Compound 14b: IR (KBr): 7=2075 (m), 1924 (s) (C=0), 1256 (w)
(0(SiMe3)), 844 cm™! (w) (o(SiMe;)); 'H NMR: 6=-0.11 (d, J(PH) =
6.3 Hz) and 0.41 (d, J(PH)=5.7 Hz, 9H; Si(CH;);), 0.72/1.00 (2t, 2 x
J(H,H) =70 Hz, 3H; OCH,CHs;), 1.94/2.07 (25, 3H; CH3), 3.15-3.30 (m,
2H; OCH,CH;), 6.65-705 (m, 4H; C4H,); “C{'"H} NMR: 6=0.8 (d,
J(P,C)=10.4 Hz) and 1.4 (s, Si(CHs);), 14.6/14.7 (2s, OCH,CHs;), 19.1/19.2
(2s, aryl-CH,), 67.9 (d, J(P,C) =4.6 Hz) and 68.3 (s, OCH,CH,), 130.2 (s),
130.3 (s), 130.4 (s), 130.7 (s), 131.0 (s), 131.1 (s, C-aryl), 135.4 (d, J(P,C) =
10.3 Hz, Me-C-aryl), 135.5 (d, J(P,C)=10.5 Hz, Me-C-aryl), 136.7 (d,
J(PC)=12.6 Hz, i-C-aryl), 138.1 (s, i-C-phenyl), 196.4/1972 (2d, 2 x
J(P,C)=8.0Hz, (CO).,), 199.7/201.1 (2d, 2 xJ(P,C)=23.0 Hz, (CO),),
212.3 (d, J(P,C) =379 Hz) and 212.6 (d, J(P,C) =25.3 Hz, P=C); *'P{'H}
NMR: 6=73.7 (s, J(P,W)=206.5Hz), 79.9 (s, J(PW)=195.0 Hz); ele-
mental analysis caled for C;sH,O4SiPW (576.27): C 37.52, H 3.67; found C
3724, H 3.84.

Compound 10b: 'H NMR: 6 =1.14 (t, J(H,H) = 6.9 Hz, 3H; OCH,CH;),
2.24 (s, 6H; NCHs;), 2.69 (s, 6H; NCH;), 2.32 (s, 3H; aryl-CH,), 3.31 (q,
JHH)=69 Hz, 4H; OCH,CH,), 7.04-718 (m, 4H; H-aryl); BC{'H}
NMR: 6 =16.2 (s, OCH,CHj), 20.6 (s, CH;), 40.3 (s, NCH3;), 40.4 (s, NCH3),
64.9 (s, OCH,CH3), 125.6 (s), 126.1 (s), 126.3 (s), 130.5 (s), 130.7 (s, C-aryl),
137.0 (s, Me-C-aryl), 138.3 (s, C(OEt)(aryl)), 145.2 (s, C(NMe,),); MS/CI:
miz: 249 [M+H]*.

Reaction of [(CO);W=C(OEt)(2-MeOCH,)] (2¢) with rBuP=C(NMe,),
(3): A solution of 3 (0.19 g, 0.78 mmol) in n-pentane (10 mL) was added
dropwise to a cold (— 60 °C) solution of 2 ¢ (0.38 g, 0.78 mmol) in n-pentane
(15 mL). The solution was warmed to 20°C, stirred for 3 h and filtered. The
filtrate was stored at —16°C to afforded 7 (0.12 g, 29%) as a yellow
powder. The mother liquor was concentrated to ca half its volume and
crystallizing at —16°C led to the separation of [{{BuP=C(OEt)(2-
MeOC:H,)}W(CO)s] (9¢) (0.18 g, 39%) as orange crystals. The mother
liquor was concentrated, and the remaining orange oil was distilled in
vacuo (0.03 Torr, 200—-240°C) with heat gun to give a few drops of a
mixture of (E,Z)-[(EtO)(2-MeOC¢H,)C], (15) and (Me,N),C=C(OEt)(2-
MeOC:H,) (10¢) as a yellow oil.
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Compound 9c¢: IR (KBr): 7=2071 (s), 1983 (s), 1941 (vs), 1930 (vs),
1897 cm~! (vs) (C=0); 'H NMR: 6=0.86 (t, J(HH)=72Hz, 3H;
OCH,CHS,), 1.45 (d, J(P.H) = 14.5 Hz, 9H; C(CHa)5), 3.20 (s, 3H; OCH;),
3.28-3.54 (m, 2H; OCH,CH,), 6.37-731 (m, 4H; C,H,); *C{'H} NMR:
8=14.8 (s, OCH,CH,), 303 (s, C(CH,)5), 38.0 (s, C(CHS),), 54.8 (s, OCHS),
67.7 (s, OCH,CH3), 111.0 (s), 120.8 (s), 124.1 (d, J(P,C) = 18.4 Hz, 0-C-aryl),
1322 (s, C-aryl), 134.1 (d, J(P.C)=16.1 Hz, i-C-aryl), 1573 (d, J(P.C) =
11.5 Hz, o-C-aryl), 196.4 (d, J(P.C)=9.2 Hz, (CO),,), 199.5 (s, (CO),,),
199.5 (d, J(P.C)=60.9 Hz, P=C); 3'P{'H} NMR: 6=1313 (s, J(P.W)=
237.1 Hz); elemental analysis calcd for C;,H,,O,PW (576.20): C 39.61, H
3.67; found C 39.61, H 3.72.

Compound 10c¢: 'H NMR: 6 =126 (t, J(H,H) =72 Hz, 3H; OCH,CHs),
2.33 (s, 6H; NCHj;), 2.75 (s, 6H; NCHj;), 3.35 (s, 3H; OCH,), 3.59 (q,
J(HH)=71Hz, 4H; OCH,CHj;), 6.62-7.30 (m, 4H; H-aryl); “C{'H}
NMR: 6=16.1 (s, OCH,CHj;), 40.0 (s, NCH;), 40.1 (s, NCH,), 55.0 (s,
OCHs;), 66.4 (s, OCH,CHj3), 111.0 (s), 120.5 (s), 122.4 (s), 126.4 (s, C-aryl),
129.2 (s, i-C-aryl), 130.4 (s, =C(OEt)(aryl)), 146.3 (s=C(NMe,),), 157.3 (s,
o-C-aryl); MS/CI: m/z: 264 [M]*; elemental analysis calcd for C;sH,,N,O,
(264.37): C 68.15, H 9.15, N 10.60; found C 66.45, H 8.76, N 10.28.

Compound 15: 'H NMR: 6 =1.05 (t, J(H,H)=6.9 Hz, 6H; OCH,CHj),
3.28 (s, 6H; OCHs), 4.18 (q, J(H,H) =7.1 Hz, 4H; OCH,CH,), 6.44-7.30
(m, 8H; C4H,); *C{'H} NMR: 6 =16.1 (s, OCH,CHj;), 55.0 (s, OCH,), 66.4
(s, OCH,CHj;), 112.3-159.3 (s, C-aryl), 169.7 (s, C=C); MS/CI: m/z: 327
[M —H]*.

Reaction of [(CO)sW=C(OEt)(2-MeOCH,)) (2c¢) with Me,SiP=C-
(NMe,), (4): Compound 2¢ (0.60 g, 1.23 mmol) and 4 (0.25 g, 1.23 mmol)
were added to a cold solution of n-pentane (50 mL, —50°C). The reaction
mixture was subsequently warmed and stirred for 2 h at room temperature
and afforded a yellow solution. Storing at —28°C overnight led to the
precipitation of 12 (0.33 g, 51 % ). The mother liquor was concentrated to
about 30 mL; crystallization at —28°C gave a mixture of (E/Z)-[{Me;-
SiP=C(OEt)(2-MeOC¢H,)}W(CO);s] (14¢) as an orange solid (0.15g,
21%). The mother liquor was concentrated and the dark-orange oily
residue was distilled in vacuo (103 Torr) with a heat gun (200-240°C) to
give (Me,N),C=C(OEt)(2-MeOC¢H,) (10¢) as a light yellow oil.

Compound 14¢: IR (KBr): 7 =2069 (m), 1936 (s), 1884 (s) (C=0), 1245 (w)
(0(SiMe3)), 842 cm™! (w) (o(SiMe;)); 'H NMR: 6=-0.03 (d, J(PH) =
6.9 Hz) and 0.44 (d, J(PH)=5.7 Hz, 9H; Si(CH;);), 0.85/1.09 (2t, 2 x
J(H,H)=6.9 Hz, 3H; OCH,CHs), 3.10/3.21 (2s, 3H; OCH;), 3.38-3.44/
3.58-3.63 (2m, 2H; OCH,CH,;), 6.27-7.18 (m, 4H; C¢H,); BC{'H} NMR:
0=0.9(s) and 0.9 (d,J(P,C) =18.3 Hz, Si(CH,);), 14.7/14.8 (25, OCH,CH,),
54.9/55.0 (2s, OCHj;), 67.9/68.5 (2s, OCH,CHj;), 110.7 (s), 111.1 (s), 120.3
(s), 120.8 (s), 125.8 (s), 125.9 (s), 132.0 (s), 132.1 (s, C-aryl), 132.3 (d,
J(P,C) =11.5 Hz, i-C-aryl), 132.8 (d, J(P,C) =12.7 Hz), 155.8 (d, J(P,C)=
9.2 Hz, o-C-aryl), 156.3 (d, J(P,C)=9.2 Hz, i-C-aryl), 196.6 (d, J(P.C)=
6.9 Hz) and 1974 (d, J(P,C) =8.0 Hz, (CO),,), 201.1 (d, J(P,C) =24.1 Hz)
and 201.5 (d, J(P,C)=21.8 Hz, (CO),,), 210.3 (d, J(P,C)=40.2 Hz) and
211.1 (d, J(P,C)=24.1Hz, P=C); 3P{'H} NMR: 6=63.9 (s, J(BW)=
206.5 Hz), 74.7 (s, J(PW)=195.0Hz); elemental analysis calcd for
C,3H,,0,SiPW (592.27): C 36.50, H 3.57; found C 36.06, H 3.54.

[{(E)-(Me,N),CH-P=C(OE1)(2-MeOCH)}W(CO);] [(E)-16] and [{(Z)-
(Me,N),CH-P=C(OEt)(2-MeOCH,)}W(CO);] [(Z)-16]: Treatment of 2¢
(0.81 g, 1.70 mmol) with HP=C(NMe,), (5) (0.22 g, 1.70 mmol) in cold
(=60°C) n-hexane (35mL), and stirring for 2h at room temperature
afforded an orange-red solution. The solution was filtered off and the
filtrate was stored at —16°C. A mixture of compounds (E)-(16) and (Z)-
(16) (0.84 g, 80%) separated as orange crystals. IR (KBr): 7=2069 (m),
2044 (m), 1934 (vs), 1918 (vs), 1870 cm~! (s) (C=0); (Z)-(16): 'H NMR:
0=0.79 (s, 3H; OCH,CHs), 2.38 (s, 12H; N(CH,),), 3.06 (s, 3H; OCHs),
3.52 (brs, 1H; C(NMe,),H), 4.39 (brs, 2H; OCH,CHj,), 6.27-7.10 (m, 4H;
CsH,); BC{'H} NMR: 6 =14.8 (s, OCH,CH,), 41.3 (s, N(CHs),), 55.2 (s,
OCH,), 674 (s, OCH,CH;), 111.4 (s), 121.0 (s), 132.2 (s, C-aryl), 133.2 (d,
J(P,C)=149 Hz, i-C-aryl), 196.7 (d, J(P,C)=8.0Hz, P=C), 199.8 (d,
J(P,C)=28.7Hz, (CO),,), 2017 (d, J(P,C)=345Hz, (CO),); *P{'H}
NMR: 6 =102.1 (s, J(PW)=222.3 Hz); (E)-(16): 'H NMR: 6 =1.09 (s,
3H; OCH,CHs), 2.38 (s, 12H; N(CH,),), 3.25 (s,3H; OCHj3), 3.52 (brs, 1 H;
C(NMe,),H), 4.39 (brs,2H; OCH,CHj;), 6.27-7.10 (m, 4H; C¢H,); “C{'H}
NMR: 6 =14.8 (s, OCH,CHj;), 41.8 (s, N(CHs),), 54.7 (s, OCH,), 67.1 (s,
OCH,CHj;), 110.8 (s), 120.3 (s), 131.6 (s, C-aryl), 132.0 (d, J(P,C) = 12.7 Hz,
i-C-aryl), 1972 (d, J(P,C)=13.0 Hz, P=C), 199.8 (d, J(P,C)=28.7 Hz,
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Table 1. Crystallographic data for 9¢, 14b, and (Z)-16.

(4]

J. A. Chamizo, M. Ruiz-Mazon, R. Salcedo, R. A. Tosca-
no, Inorg. Chem. 1990, 29, 879 —880.

oc 14b (£)-16 [5] T.Clark, A. Elvers, F. W. Heinemann, M. Hennemann, M.
formula C,yH,,0,PW CsH,,0O,PSiWV C,,H,sN,0,PW Zeller, U. Zenneck, Angew. Chem. 2000, 112,2174-2178;
color light yellow yellow orange Angew. Chem. Int. Ed. 2000, 39, 2087 -2091.
size [mm’] 0.21 x0.17 x 0.07  0.30 x 0.24 x 0.22 0.6 x0.2x0.2 [6] Review: L. Weber, Eur. J. Inorg. Chem. 2000, 2425 —2441.
M, 576.18 576.26 620.24 [7] L. Weber, B. Quasdorff, H.-G. Stammler, B. Neumann,
diffractometer Nonius Kappa CCD Nonius Kappa CCD Siemens P2, Chem. Eur. J. 1998, 4, 469 —475.
system monoclinic monoclinic monoclinic [8] E.O. Fischer, A. Maasbol, Chem. Ber. 1967, 100, 2445 -
space group P2,/n P2,/n P2,/n 2456; b) E. O. Fischer, U. Schubert, W. Kleine, H. Fischer,
a[A] 9.9690(1) 10.0170(1) 9.611(2) Inorg. Synth. 1979, 19, 164-172.
b [A] 21.6190(2) 19.9560(2) 13.038(4) [9] a) L. Weber, O. Kaminski, Synthesis 1995, 158; b) L. N.
c[A] 10.8240(1) 11.2680(1) 19.150(4) Markovskii, V.D. Romanenko, T.I. Pidvarko, Zh.
AN 114.5330(3) 90.3570(4) 90.84(2) Obshch. Khim. 1982, 52, 1925.
VA 2122.19(3) 2252.42(4) 2399.4(10) [10] M. 1. Povolotskii, V. V. Negrebetskii, V. D. Romanenko,
Peatca [gem 1] 1.803 1.699 1.717 V. 1. Ivanchenko, T.V. Sarina, L.N. Markovskii, Zh.
zZ 4 4 4 Obshch. Khim. 1990, 60, 2238 —-2244.
F(000) 1120 1120 1216 [11] K. H. Détz, H.-G. Erben, J. Organomet. Chem. 1988, 355,
4 [mm1] 5.554 5.281 4922 177-191.
absorption corr. multiscan multiscan semiempirical [12] A.Marinetti, S. Bauer, L. Ricard, F. Mathey, J. Chem. Soc.

from equivalents from equivalents from ¥ scans Dalton Trans. 1991, 597 - 602.
26 range [°] 4<20<50 6<20<55 4<26<60 [13] P. Le Floch, L. Ricard, F. Mathey, Polyhedron 1990, 9,
T [K] 100 100 173 991-997.
refl. measured 50024 48316 7383 [14] L. Weber, I. Schumann, H.-G. Stammler, B. Neumann, Z.
unique refl. 3731 5140 7005 Naturforsch. 1992, 47b, 1134 -1140.
refl. used 3731 5140 7005 [15] A.H. Cowley, P. C. Kniippel, C. M. Nunn, Organometal-
refl (1) > 20(1) 3476 4852 5162 lics 1989, 8, 2490 -2492.
parameters 259 247 286 [16] a) G. Fritz, R. Uhlmann, K. D. Hoppe, W. Honle, H. G.
residual density [e A-3] 0.905 0.694 2.189 v. Schnering, Z. Anorg. Allg. Chem. 1982, 491, 83-94;
R1 (I>2(1)) 0.014 0.022 0.050 b) K. F. Tebbe, R. Frohlich, Z. Naturforsch. 1982, 37b,
wR2(all data) 0.033 0.047 0.1280 534-541.

remarks
positions (46:31:23)
disorder of C12 — C18

[>1eA
nearby W1

on two positions (58:42) [0.77-0.79 A]

disorder of C10 on three max. diff. peaks [17] K.F. Tebbe, Th. Heinlein, Z. Anorg. Allg. Chem. 1984,

515,7-18.
[18] Review: E. O.Fischer, Angew. Chem. 1974, 86, 651 —-663.
[19] Reviews: a) R. H. Grubbs, Prog. Inorg. Chem. 1978, 24,

(CO).y), 201.7 (d, J(P,C)=34.5Hz, (CO),,); *'P{'"H} NMR: 6 =114.1 (s,
J(P,W)=236.3 Hz); elemental analysis calcd for C,)H,sN,O,PW (620.24):
C 38.73, H 4.06, N 4.52; found C 38.45, H 4.18, N 4.41. [20]

X-ray structural determinations: Table 1 summarizes the important param-
eters. All data were collected using Moy, radiation (0.71073 A). Semi-
empirical absorption corrections applied. Programs used were DENZO
and SCALEPACK, Siemens SHELXTL PLUS and SHELXL 97. The
structures were solved by direct methods and refined by full-matrix least-
squares with anisotropic thermal parameters for all non-hydrogen atoms.’!
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Postulation of the Mechanism of the Selective Synthesis of Isotactic
Poly(methyl methacrylate) Catalysed by [Zr{(Cp)(Ind)CMe,}(Me)(thf) |(BPh,):
A Hartree — Fock, MP2 and Density Functional Study**

Markus Holscher, Helmut Keul, and Hartwig Hocker*!?!

Abstract: The bridged, C;-symmetric,
single-component zirconocene [Zr{(Cp)-
(Ind)CMe,}(Me)(thf)](BPh,) (Ind=in-
denyl, Cp = cyclopentadienyl) polymer-
ises methyl methacrylate (MMA) selec-
tively to isotactic poly(methyl meth-
acrylate) (PMMA) without further
cocatalysts or activators. To elucidate
the stereoselective steps of the polymer-
isation of MMA by using this catalyst we

with the derivative [Zr{(Cp)(Ind)CH,}-
{-O-C(OMe)=C(Me)(Et)}(MMA)]" by
ab initio calculations at the Hartree —
Fock(HF) level of theory. After the
initiation step, which consumes the first
two MMA molecules, each new catalytic

Keywords: ab initio calculations-
polymerization reaction mecha-
nisms- zirconium

cycle begins with the stereoselective
addition of a new MMA molecule at
the indenyl side of the zirconocene
fragment. At the same time the enolate
ring undergoes a stereoselective in-
plane ring shift to the side opposite to
the indenyl ring. These findings are used
to postulate a mechanism for the poly-
merisation that explains the stereoselec-
tive synthesis of isotactic PMMA.

studied the propagation steps occurring

Introduction

Various zirconocene derivatives have been well established as
catalysts for polymerisation of nonpolar olefins, and a large
number of reports on experimentall'l and theoretical work[®
has been published in this field. However, to our knowledge,
there were no theoretical studies reported on stereospecific
polymerisations of methyl methacrylate (MMA) with zirco-
nonocene catalysts. As the importance of zirconocene-based
polymerisations of functionalised olefins such as MMA is
growing Pl theoretical studies of the associated reaction
mechanisms are expected to contribute significantly to the
understanding of the selective processes. We were the first to
show that [Zr{(Cp)(Ind)CMe,}(Me)(thf)](BPh,) (Ind=in-
denyl, Cp =cyclopentadienyl) is a stereoselective one-com-
ponent catalyst that polymerises MMA selectively to isotactic
poly(methyl methacrylate) (PMMA) with no additional
cocatalysts or activators.!l Since no theoretical investigations
on stereoselective polymerisations of MMA with C;-symmet-
ric zirconocenes have been reported, we investigated our
catalyst system by means of Hartree — Fock calculations in an

[a] Prof. Dr. H. Hocker, Dr. M. Hélscher, Dr. H. Keul
Lehrstuhl fiir Textilchemie und Makromolekulare Chemie
der RWTH Aachen
Worringer Weg 1, 52074 Aachen (Germany)

Fax: (+49)241-8888-185
E-mail: hoecker@dwi.rwth-aachen.de

[**] Ind =indenyl, Cp =cyclopentadienyl.
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effort to gain a better insight into the mechanism of the
polymerisation.

The initial steps of the polymerisation of MMA were
investigated by Sustmann et al. who used a model system
consisting of unbridged [Zr(Cp),] fragments and acrylic acid
as model substrate.’! According to this work three different
mechanisms should be possible, each of which involves a
different active zirconocene species: a cationic, a neutral, and/
or a bimetallic one. Since on the basis of the results of our
experiments we were able to rule out the mechanisms
involving bimetallic and neutral zirconocene species for our
one-component catalyst system (vide infra), we considered
the cationic mechanism to be active: At first MMA
adds to the zirconium centre of the cationic species
[Zr{(L),CMe,}(Me)]* (L=Cp, Ind) to give [Zr{(L),CMe,}-
(Me)(MMA)]* (1) and then reacts with the methyl group at
the zirconium centre to yield the methylated enolate 2
(Scheme 1). Then the second MMA molecule coordinates to
the zirconium catalyst to yield 3, which undergoes an intra-
molecular reaction with the enolate moiety already present to
form 4 (Scheme 1). Hereafter, the polymerisation should
proceed by repeatedly coordinating a new MMA molecule to
the zirconium centre. This bound MMA molecule then reacts
with the enolate moiety bound to the zirconium centre. Since
our experimental work[* ¢l has shown that the single-compo-
nent catalyst [Zr{(Cp)(Ind)CMe,}(Me)(thf)](BPh,) yields
highly isotactic PMMA very efficiently, whereas syndiotactic
PMMA is obtained with [Zr{(Cp),CMe,}(Me)(thf)](BPh,),
we studied the influence of the indenyl system on the reaction
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Scheme 1. Initial steps of the polymerisation of MMA with single-
component cationic zirconocenes of the form [Zr(LL)(Me)(MMA)]* (in
this work LL’ = (Cp)(Ind)CMe,).

mechanism by means of HF calculations; the results of this
study are reported herein and a mechanism for the
stereospecific polymerisation of MMA is postulated. We also
relate this work to other studies by our group and
others in which two-component systems consisting of either

[Z1{(Cp)(Ind)CMe,} (Me)(thf)](BPh,)/[Zr{(Cp)(Ind)CMe.)-
(Me)(-OC(tBu)=CMe,)|" or  [Zr(Cp),(Me),]/(Ph;C)-
[B(C¢Fs),]*™ were used.

Computational Details

All calculations were carried out using the Gaussian98 program package.”!
Geometry optimisations were calculated at the HF/3-21G level of theory.
The 3-21G basis set gives geometries that are in good agreement with data
obtained from crystal structure analyses.[®] All geometries were checked by
frequency calculations to confirm that they were minima (zero imaginary
frequencies) or transition states (one imaginary frequency). All geometry
optimisations were carried out with no constraints or restraints, and all
energies (in kcalmol™') are given as obtained and with zero-point
correction (Table 1). B3LYP/Lanl2DZ and MP2(fc)/Lanl2DZ single-point
energy calculations were also carried out on the HF/3-21 geometries. All
metal complexes were calculated as monocations. Table 1 lists all calculated
energies.

Important note: In the following text the discussion is related to the HF/3-
21G energies only. But as can be seen from both Table 1 and Figures 1 -5—
in which the B3LYP and MP2 energy differences are given as well—the
same reasoning is valid for the B3LYP and MP2 energies. A general
comment on the computational methods and on the approach of the
problem used in this work is made in reference [8d].

Results and Discussion

The C—C bond forming step between enolate and MMA
proceeds by a redistribution of electrons between the enolate

Table 1. Energies [Hartree] of zirconocenes and MMA presented in this work. The geometries of all compounds were computed at the HF/3-21G level of

theory.

Compound HF/3-21G HF(ZPE)/3-21G B3LYP/Lanl2DZ MP2(fc)/Lanl2DZ
A —4817.0476 —4816.4965 —1356.6074 —1350.5258
B —4817.0493 —4816.4984 —1356.6056 —1350.5290
C —4817.0488 —4816.4982 —1356.6064 —1350.5280
D —4817.0450 —4816.4942 —1356.6024 —1350.5252
Al —4817.0633 —4816.5086 —1356.6146 —1350.5511
B1 —4817.0608 —4816.5097 —1356.6135 —1350.5442
C1 —4817.0622 —4816.5075 —1356.6143 —1350.5500
D1 —4817.0624 —4816.5077 —1356.6143 —1350.5488
Al-Me —4778.2437 —4777.7207 —1317.3089 —1311.4416
Al-1 —5120.0599 —5119.4009 —1663.0329 —1655.7222
Al-2 —5120.0613 —5119.4026 —1663.0349 —1655.7238
Al-3 —5120.0776 —5119.4185 —1663.0502 —1655.7370
Al-4 —5120.0757 —5119.4163 —1663.0485 —1655.7414
B1-1 —5158.8763 —5158.1869 —1702.3386 —1694.8312
B1-2 —5158.8835 —5158.1938 —1702.3441 —1694.8354
B1-3 —5158.9004 —5158.2104 —1702.3609 —1694.8545
B1-4 —5158.8846 —5158.1927 —1702.3468 —1694.8407
C1-1 —5158.8905 —5158.2004 —1702.3509 —1694.8488
C1-2 —5158.8917 —5158.2014 —1702.3527 —1694.8502
C1-3 —5158.8965 — 5158.2065 —1702.3559 —1694.8522
C1-4 —5158.8853 —5158.1956 —1702.3459 —1694.8403
D1-1 —5158.8876 —5158.1977 —1702.3489 —1694.8443
D1-2 —5158.8833 —5158.1936 —1702.3458 —1694.8417
D1-3 —5158.8956 — 5158.2059 —1702.3558 —1694.8533
D1-4 —5158.8825 —5158.1927 —1702.3460 —1694.8370
A1-3-1 —5120.0959 —5119.4331 —1663.0599 —1655.7646
Al1-4-1 —5120.0861 —5119.4236 —1663.0544 —1655.7587
B1-3-1 —5158.9176 —5158.2244 —1702.3693 —1694.8790
B1-4-1 —5158.9009 —5158.2078 —1702.3565 —1694.8644
TS(A1-3/A1-3-1) —5120.0432 —5119.3842 —1663.0294 —1655.7216
TS(A1-4/A1-4-1) —5120.0272 —5119.3676 —1663.0142 —1655.7118
TS(B1-3/B1-3-1) —5158.8676 —5158.1779 —1702.3397 —1694.8394
TS(B1-4/B1-4-1) —5158.8363 —5158.1460 —1702.3130 —1694.8123
MMA —341.8056 —341.6727 —345.7292 —344.2640
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and the coordinated MMA molecule (3—4 in Scheme 1).
During this process the nucleophilic carbon centre of the
enolate unit formally reacts with the =CH, group of the MMA
molecule. Therefore it is the relative orientation of the
enolate and the MMA molecule that determines the config-
uration of the asymmetric carbon atom to be formed. Since we
obtained highly isotactic PMMA, there must be stereospecific
reaction channels, which are energetically and/or structurally
clearly favoured over others.

Accordingly it has to be clarified first which diastereomers
are obtained when MMA is added to the [Zr{(Cp)(Ind)CH,}-
{-O-C(OMe)=C(Me)(Et)}]* fragment (2 in Scheme 1). Four
different complexes A—D are possible, each of which was
calculated (Figure 1).

The energies of diastereomers A—D do not differ signifi-
cantly, indicating that these four compounds will all be formed
in the reaction (order of stability relative to B: C +0.31, A
+1.07, D +2.70 kcal mol~"). Thus, there is no stereoselection at
this step and consequently all four reaction products need to
be investigated. First, the structural features are explained: In
A and B the enolate is located on the side opposite to the
indenyl ring. Furthermore, in A the carbon atom C1 of the
enolate resides above the O-Zr-O-plane, the carbon atom C2
of the MMA molecule below it. In the case of B the opposite
applies. In C and D the enolate moiety is located on the same
side as the indenyl ring and its C1 atom is above and below the
O-Zr-O-plane, in C and D, respectively (accordingly the C2
atom of MMA is below and above the O-Zr-O-plane, in C and
D, respectively). The reaction products according to Scheme 1
are compounds A1-D1, which were all calculated (Figure 1).
The products A1, B1, C1 and D1 are lower in energy by —9.90,
—1722, —841, and —10.9 kcalmol™! with respect to the
reactants A, B, C and D, respectively. Among the four
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products A1-D1, it is A1 that has the lowest energy, followed
by D1, C1 and B1, which have higher energies by + 0.60,
+0.70 and + 1.60 kcal mol !, respectively (Figure 1). Since the
energies of A1-D1 lie within such a narrow range, it is
reasonable to assume that stereoselection does not take place
at this step of the reaction. Thus, the reaction channels
evolving from A1-D1 require investigation.

From here on we shall refer to the enolate as the enolate
ring; it is the eight-membered cycle present in A1-D1, which
consists of one zirconium, two oxygen and five carbon centres.
One oxygen atom is an enolate oxygen atom that participates
in one O—C single bond and one O—Zr single bond, the other
oxygen atom is a carbonyl oxygen atom that coordinates to
the zirconium centre. The bonding pattern is highlighted in
Scheme 2. The whole ring is important for the stereoselectiv-
ity as will be shown.

A1, B1 C1,D1

Scheme 2. Bonding pattern in A1 and B1 as well as C1 and D1. Note the
positions of the enolate and the C=O group.

There are two different possibilities for the next reaction
step: 1) the dissociation of the coordinated O=C group from
the zirconium centre of A1-D1 to create a vacant coordina-

=L,
o £

R
=€ 4
C
+0.31.+0.13.+0.63,+0.63

cl ‘H‘aﬁ Ty ﬁé/’: ©
gt o

+2.7042.63 +3.14+2.38

-10.90,-8.47,-7.47,
-14.81

C1

+0.70,+1.38,+0.19+0.69  +0.60,+1.25.4+0.19,+] .44

Figure 1. Calculated structures of A-D and A1-D1 (the (Cp)(Ind)CH, ligand is shown in light gray and resides behind the drawing plane. Atoms in
decreasing size are Zr, C, and O. Carbon atoms of MMA units are slightly darker. The carbon atom of the methyl group, which was transferred at the
beginning of the reaction is dark gray. All hydrogen atoms are omitted for clarity. Energies of A to D and B1 to D1 are given relative to the energy of B and
Al, respectively (all energies were obtained on the HF/3-21G geometries and the energy differences are given in the following order HF/3 -21G, HF(zpe-
corrected)/3 -21G, B3LYP/Lanl2DZ, MP2(fc)/Lanl2DZ). C1 and C2 denote the reacting carbon atoms of enolate and MMA, respectively (for energies see
Table 1).
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tion site for the third MMA molecule or 2) the coordination of
one more ligand, that is, a third MMA molecule, which would
lead to a five-coordinate zirconium centre (two Cp rings, two
oxygen atoms of the enolate ring and one oxygen atom of the
third MMA molecule). The first possibility (dissociation of
the C=0 group) is energetically unfavourable as was shown
before by using model complexes.’] Furthermore, on breaking
the Zr--- O=C interaction the enolate moiety should be able
to rotate around the Zr—O,,g.e and the O, Cenolae DONA
which would make it even harder for a stereoselective
polymerisation to take place. Therefore we began with Al
and investigated whether it is energetically favourable for A1
to take up one more ligand (i.e. one additional MMA
molecule). It should be stressed at this point that structures
of this kind, that is, a zirconium centre coordinated by two Cp
rings and three oxygen atoms which are part of organic or
inorganic moieties are not unusual and have been charac-
terised by X-ray diffraction,®! “'Zr NMR spectroscopy®! and
computational studies.”!

How can MMA approach A1? It may approach from the
side opposite to the indenyl ring and shift the enolate ring with
the coordinated C=O group towards and partly below the
indenyl ring (Figure 2; A1-1 and A1-2); it also may approach
from the indenyl side moving the enolate ring in the opposite
direction (A1-3 and A1-4 in Figure 2). In both cases the
coordinated MMA molecule will be oriented with its =CH,
group residing either above the O-Zr-O plane of the enolate
ring or below it. Thus four different diastereomers are
possible, which were all calculated. Figure2 shows the
structures of the resulting products Al-1 to A1-4 (in these
compounds the ethyl group of Al was replaced by a methyl
group to save some computation time; to be able to compare
energies the same substitution was done for Al and the
resulting compound is designated A1—Me (not shown in
Figure 2). The energies of A1-1 to A1-4 are referenced to the
sum of energies of A1—Me + MMA). Structural details are
given in Table 2.

Al-1, A1-2, A1-3 and A1-4 are calculated to be lower in
energy by —6.65, —7.53, —1776 and —16.57 kcalmol,
respectively, than the sum of the energies of the reactants.
Thus, the addition of MMA to Al is clearly exothermic.
Interestingly, it is energetically much less favourable to have
the incoming MMA molecule shift the enolate ring below the
indenyl system. Therefore diastereomers Al-1 and A1-2 are
higher in energy by +11.1 and + 10.2 kcal mol !, respectively,
than A1-3 which is the lowest energy diastereomer. A1-4 is
only + 1.2 kcal mol~! higher in energy than A1-3. These results
indicate that the reaction will not involve the conformers A1-1
and A1-2 due to their significantly higher energies, that is,
the concentrations of Al-1 and A1-2 in the reaction mix-
ture can be assumed to be so profoundly low that these
two compounds can be neglected for the further progress
of the reaction. However, there is another fundamental
reason why A1-1 and A1-2 will not participate further in the
reaction: the =CH, group (Cl in Figure 2) of the MMA
molecule in Al-1 is much too far away to react with the
enolate carbon atom (C2 in Figure 2). The MMA molecule
would have to be moved towards the enolate carbon atom (C2
in Figure 2) and in this way it interferes disfavourably with the
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central Zr—O2 moiety, which blocks the way. The same is valid

for A1-2.
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TS(A1-4/A1-4-1)
+30.43,430.50,+21.52.+18.57

TS{A1-3/A1-3-1)
+21.59,421.52,+13.05.49.66

Al-3-1
-11.48.,-9.16,-6.09,-17.32

Al-4-1
-6.53,-4.58.-3.70,-10.86

Figure 2. Calculated structures and energies of Al-n diastereomers
(referenced to the energy of A1-3) and A1-3-1 as well as A1-4-1 together
with the corresponding transition states TS(A1-3/A1-3-1) and TS(A1-4/
A1-4-1) (energies of A1-3-1, TS(A1-3/A1-3-1) and A1-4-1, TS(A1-4/A1-4-
1) are referenced to the energies of A1-3 and Al-4, respectively; all
energies were obtained on the HF/3-21G geometries and the energy
differences are given in the following order HF/3-21G, HF(zpe-correct-
ed)/3-21G, B3LYP/Lanl2DZ, MP2(fc)/Lanl2DZ; see legend to Figure 1
for atom-labelling scheme). Dotted lines between C1 and C2 in TS(A1-3/
A1-3-1) and TS(A1-4/A1-4-1) denote the reacting carbon atoms of MMA
and enolate, respectively. For Zr—O and C1—C2 distances see Table 2
(energies see Table 1).

A1-3 and A1-4 are the molecules that can react directly:
They have considerably lower energies than A1-1 and A1-2,
their reactive carbon atoms are near enough to the enolate
carbon atom, and no other parts of the organic moiety or the
zirconocene fragment prevent the direct approach of C1 and
C2 to one another. Since the energy differences between A1-3
and Al-4 are negligibly low, both diastereomers will exist
under the reaction conditions employed. Upon reaction of the
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Table 2. Selected interatomic distances [A] of Al-n, Bl-n and Dl-n
diastereomers as well as transition states.

Compound Zr—01 Zr—02 Zr—03 C1—C2
Al-1 2.35 2.23 1.97 6.47
Al-2 2.27 2.29 1.98 5.23
Al1-3 2.30 1.98 2.33 4.15
Al-4 2.22 1.97 2.34 471
Al1-3-1 1.99 2.30 2.28 1.58
Al1-4-1 1.96 2.37 2.27 1.55
TS(A1-3/A1-3-1) 2.14 2.11 2.30 221
TS(A1-4/A1-4-1) 2.08 2.18 2.29 223
B1-1 2.30 2.27 1.97 5.28
B1-2 2.32 222 2.00 6.18
B1-3 2.22 1.96 2.34 3.88
B1-4 2.31 1.96 2.32 4.60
B1-3-1 1.98 232 2.26 1.59
B1-4-1 1.96 2.44 2.26 1.55
TS(B1-3/B1-3-1) 2.09 212 2.28 222
TS(B1-4/B1-4-1) 212 2.18 227 223
D1-3 2.26 1.99 227 6.10
D1-4 231 1.99 2.29 6.05

carbon atom C1 of the coordinated MMA with the carbon
atom C2 of the enolate ring in A1-3, with the rest of the
enolate ring not changing its position relative to the O-Zr-O-
plane (which is not possible since all three oxygen atoms at the
zirconium centre are coordinated all the time), the config-
uration of the newly created asymmetric carbon atom in the
resulting product A1-3-1 (C2) is S (it should be noted that one
of the methyl groups of the former enolate ring of A1-3 is an
ethyl group in reality (Figure 2). A1-3-1 is more stable by
—11.48 kcalmol~! than A1-3. However, if the MMA molecule
is located above the O-Zr-O-plane as in Al-4, the config-
uration of the new asymmetric carbon atom in the reaction
product A1-4-1 is R. A1-4-1 is more stable than A1-4 by
—6.53 kcalmol L. The activation barriers of these two reac-
tions differ significantly (Figure2): The energy of
the transition state TS(A1-3/A1-3-1) is higher by
+21.59 kcalmol~! than the energy of the reactant. However,

L

1,,1

”//u
- O
= \\‘\
L Ind

the energy of TS(A1-4/A1-4-1) is even higher
(+30.43 kcalmol~!) than that of the reactant and thus
+10.04 kcalmol~! higher than the energy of TS(A1-3/A1-3-
1). These results strongly suggest that the reaction should
proceed favourably via A1-3.

The results of this substep are as follows: Of the four
possible addition products of A1 and MMA, there are two
(A1-1, A1-2), which will not form the new C—C bond for
energetic and structural reasons. Two other diastereomers
(A1-3, A1-4), which are energetically and structurally much
more favourable, can react. Of these two A1-3 reacts via the
energetically considerably lower transition state TS(A1-3/A1-
3-1) (compared to the energy of TS(A1-4/A1-4-1)) to yield the
more stable product (A1-3-1), and thus this reaction sequence
is the one with a distinctly preferred energy profile. We
consider the route via A1-3 to A1-3-1 to be the active reaction
channel for the diastereomers following from the reaction of
A1l and MMA.

This cycle is then repeated with new MMA : Except for the
growing chain the locations and orientations of the latest
MMA molecule and the enolate moiety attached to the
zirconium centre is the same again, meaning that all following
steps start from A1-3- and Al-4-like diastereomers—with a
strong preference for the reaction of A1-3 to A1-3-1, as stated
before. Since a detachment of the central Zr—O bond in these
complexes followed by rotation of the enolate arm cannot be
considered an energetically possible alternative, reactions
proceeding via A1-3 will always selectively yield S-configu-
rated asymmetric carbon atoms. The postulated reaction
mechanism is depicted schematically in Scheme 3.

The enolate ring of 4 is shifted by incoming MMA
selectively away from the indenyl ring, and the MMA enters
the coordination sphere of the zirconocene stereospecifically
from the indenyl side (5). Thus, reactions to 5’ can be ruled out
(vide infra). After C—C bond formation (6) either 4 is formed
again or—more appropriately—the addition of new MMA
with detachment of the O=C1 group of 6 proceeds simulta-
neously in an Sy2-type reaction (6 —5). Since isotacticity

|+
chain

C-C bond formation

/
“\\“T ""”0\

cl)

(9]

detachment of C1=0 group

Scheme 3. Simplified reaction mechanism showing the selective shift of the enolate ring of 4 away from the indenyl ring system upon addition of MMA. An
Sx2-type reaction from 6 to 5 might also be possible. Reaction to give 5’ is not favourable (see text for details).
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reached very high values in our experiments, but was never
100% with [Zr{(Cp)(Ind)CMe,}(Me)]* as the catalyst, it
follows that the mechanism proceeds via one diastereomer
(i.e. A1-3) for a large number of cycles and occasionally
switches to the other orientation (A1l-4-like) upon the
addition of MMA (presumably due to collisions with solvent
or other MMA molecules, which have enough energy to
enable the more unfavourable reaction path via A1-4). Most
probably it will also switch back again. But neither does it
switch back and forth after each cycle nor does it switch very
often. This also explains why we obtained higher isotacticities
at low reaction temperatures (mmmm pentads and mm triads
amount to 91.5 and 94.7 %, respectively, at —30°C) and lower
isotacticities at higher reaction temperatures (mmmm pen-
tads and mm diads amount to 74.9 and
84.3%, respectively, at +30°C). This
can be attributed to conformational
reorientation of the enolate ring and
MMA due to increased thermal motion
and stronger collisions with other mol-
ecules (e.g. solvent). Actually this
mechanism might also be an explana-
tion for our results and those of others
who found the (Cp)(Flu)CMe, ligand
to yield an inactive catalyst:l'>'? No
matter in which direction the enolate

ring moves, the resulting product is ﬂ ‘*r’““ OF{
energetically not favourable.

Before considering the other diaster-
eomers (B1, C1 and D1), we should ‘\%\\Cz
clarify why a two-component catalyst
system consisting of [Zr{(Cp)(Ind)- ] 4 B1-3
CMe,}(Me)(thf)](BPh,) and the eno- 0.00.0.00.0.00.0.00

late  [Zr{(Cp)(Ind)CMe,}(Me)(-O-C-
(OrBu)=CMe,] polymerises MMA dif-
ferently. We carried out polymerisa-
tions with different ratios of the two
catalyst components and found the
isotacticity (rm triads) to increase with
a decreasing amount of enolate, while
the overall yield of polymer is practi-
cally the same.l'!l The enolate itself is
inactive. This means that the two-com-
ponent zirconocene mechanism, as was
postulated by others,?>< 3 is truly op-
erative beside the single-component
mechanism, but the stereoselective re-
action is the result of the single-com-
ponent cationic mechanism only. Thus,

in our one-component catalyst system JL

the reaction proceeds solely by the
cationic mechanism outlined in
Scheme 3. In the two-component cata-
lyst system with a ratio of cationic
species to enolate species >1 both the
bimetallic and the cationic mechanisms
are operative, but, as the experiments
show, the bimetallic mechanism does
not yield isotactic PMMA.
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+15.12.414.74,+13.99.+14.62

TS(B1-3/B1-3-1)
+20.60,+20.39,+13.30,+9.48

B1-3-1
-10.80,-8.78,-5.27,-15.37
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It should also be noted that unbridged zirconocene
[Zr(Cp),(Me)]* is inactive as a catalyst for the polymerisation
of MMA when BPh," is the counterion,['! whereas it is active
when MeB(CgFs); 1'% 2 or B(CgF5), B are the counterions.
These differences were investigated in detail.'¥l Thus, the
reaction mechanism depends on the counterion present.
Consequently one has to bear in mind that the results we
report here on the mechanism of the single-component system
with BPh,~ as counteranion cannot be transferred to catalyst
systems with different counterions without modifications.

What would happen if MMA were added to B1? The
corresponding diastereomers B1-1 to B1-4 are shown in
Figure 3. They are more stable than the sum of the energies of
the reactants (B1 and MMA) by —6.21, —10.73, —21.33 and

+9.91.4+9.91,+8.85,+8.66

=
“ ij%ﬂ——dﬁ C2
. =
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& .Q::‘f—} % O&
C2 o g o

® Cl
TS(B1-4/B1-4-1)
+30.31.+30. *'al:} +21.21.+17.82

& g&

P

Bl1-41 C2
-10.23,-8.28.-6.09.-14.87

Figure 3. Calculated structures and energies of B1-n diasteromers (referenced to the energy of B1-3)
and B1-3-1 as well as B1-4-1 together with the corresponding transition states TS(B1-3/B1-3-1) and
TS(B1-4/B1-4-1) (energies of B1-3-1, TS(B1-3/B1-3-1) and B1-4-1, TS(B1-4/B1-4-1) are referenced to
the energies of B1-3 and B1-4, respectively; all energies were obtained on the HF/3-21G geometries
and the energy differences are given in the following order HF/3-21G, HF(zpe-corrected)/3 -21G,
B3LYP/Lanl2DZ, MP2(fc)/Lanl2DZ; see legend to Figure 1 for atom-labelling scheme). Dotted lines
between Cl and C2 in A1-3 and A1-4 denote the reacting carbon atoms of MMA and enolate,
respectively. For Zr—O and C1—C2 distances see Table 2 (energies see Table 1).
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—11.42 kcalmol~!, respectively, indicating, that they are
clearly exothermic products.

Again there are two complexes (B1-1 and B1-2) in which
the enolate ring resides below the indenyl ring. B1-1 and
B1-2 are substantially higher in energy (+15.12 and
+10.60 kcal mol~!, respectively) than the lowest energy dia-
steromer B1-3. Since complexes B1-1 and B1-2 are so much
higher in energy and show the same structural features as Al-
1 and A1-2 (i.e. the reacting carbon atoms are too far away
and the central Zr—O2 unit blocks the approach path), they
are not anticipated to participate further in the reaction. In
this case B1-4 has a considerably higher energy than B1-3
(+9.91 kcalmol~'), which presumably prevents further reac-
tions of B1-4, but we still considered it (vide infra). The
two products B1-3-1 and B1-4-1 are —10.79 and
—10.23 kcalmol~!, respectively, lower in energy than the
corresponding reactants. B1-3-1 and B1-4-1 are formed via the
transition states TS(B1-3/B1-3-1) and TS(B1-4/B-1-4-1),
which are higher in energy by +20.60 and +30.31 kcalmol !,
respectvely, relative to the energies of the reactants. Thus, the
reaction is strongly favoured to proceed via TS(B1-3/B1-3-1).
This means, that starting from B1 it is only the reaction
channel proceeding via B1-3 which is operative and B1-4 will
not be active. In this way R-configurated carbon atoms are
produced in each new cycle.

MMA could also add to C1 or D1. We shall restrict
discussion to the reaction steps of D1, since from the
discussion on A1 and B1 this is sufficient. However energies
for C1 and C1-n diastereomers are given in Table 1. In D1 and
in C1 the bonding situation is reversed compared to that in A1
and B1: enolate and carbonyl oxygen atoms have “ex-
changed” their positions (Scheme 2). The addition of MMA
to D1 leads to the formation of four different isomers D1-1 to
D1-4 which were all optimised (Figure 4).
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&@%&—% N e
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o
%]

D1-1

%%
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® 2
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D1-2

+8.22 +8.28,+0.15,+10.23

Figure 4. Calculated structures and energies of D1-n diastereomers (energies given are referenced to the energy
of D1-3; all energies were obtained on the HF/3-21G geometries and the energy differences are given in the
following order HF/3-21G, HF(zpe-corrected)/3-21G, B3LYP/Lanl2DZ, MP2(fc)/Lanl2DZ; see legend to
Figure 1 for atom-labelling scheme). Zr—O distances are given in Table 2 (energies see Table 1).
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Again in all four cases the addition of MMA is an
exothermic process leading to energy gains of —12.3, —9.6,
—173 and —9.1 kcalmol~! for D1-1, D1-2, D1-3 and D1-4,
respectively (relative to the sum of the energies of D1 and
MMA). It is diastereomer D1-3, which is energetically clearly
favoured, and again this is a compound in which the MMA
resides below the indenyl system.

The C1 atom of the MMA molecule in D1-3 now needs to
react with the C2 carbon of the enolate ring, which is not only
far away, but also hidden behind the O=C group coordinated
to the zirconium centre. This means that with D1-3 the same
structurally based problem arises as with Al-1 and Al-2
(as well as B1-1 and B1-2): The central Zr--- O=C interac-
tion prevents the approach of the carbon atoms to allow
reaction.

As a result this reaction channel is a dead end road.
However, on raising the reaction temperature (and decreasing
isotacticity, vide supra) D1-1 and D1-2 will be present in more
than negligible concentrations and thus can give rise to error
pentads, since they are able to react from a structural point of
view (C1 and C2 can approach each other with no hindering
groups between them).

Conclusion

Polymerisation favourably proceeds via A1-3 and B1-3
diastereomers, in which the enolate ring has undergone an
in-plane shift to the side opposite to the indenyl ring, since it is
energetically clearly favourable for the enolate ring not to
reside below the indenyl ring. The other Al-n and Bl-n
diasteromers can be ruled out energetically and/or structur-
ally from participating in the reaction to a significant extent.
Exceptions are error pentads created by Al-4 and B1-4 at
higher temperatures. Polymer-
isations via D1-3 (C1-3) are not
possible for structural reasons
(blocking units between the re-
— 8 acting carbon atoms), and D1-1
b and D1-2 are energetically dis-
favoured (so are C1-1 and C1-2;
however the energy differences
to C1-3 are considerably lower,
which means that C1-1 and C1-
2 will participate more pro-
nounced in the reaction com-
pared to D1-1 and D1-2). Thus
at low reaction temperatures all
7 D1-n diastereomers (and be-
cause of the same bonding pat-
tern also all Cl-n diastereom-
ers) only participate to small
extents, which explains the er-
ror pentads obtained. D1-1 and
D1-2 (as well as C1-1 and C1-2)
whose structures permit a reac-
tion, can play a role at higher
reaction temperatures, and thus
explain the decreasing isotac-

Cc2
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ticity. Further theoretical and experimental work is underway [5]
in this field.
(6]
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Comproportionation Reaction and Hindered Rotation of Coordinated
Pyridine Rings in an Acetate-Bridged Tetraplatinum() Cluster with
Pyridine-Based Ligands in the Cluster Plane

Tadashi Yamaguchi,*!*] Akira Shibata,!* " and Tasuku Ito*!*]

Abstract: A series of pyridine-substitut-
ed derivatives of octaacetatotetraplati-
num(1y), [Pt,(CH;COO)s_,(L),]"" (L=
4-dimethylaminopyridine (dmap), pyri-
dine (py), 4-cyanopyridine (cpy); n=1-
4) were prepared, and the tetra- and
octasubstituted forms (n =2 and 4) were
isolated. '"H NMR spectra showed that
this type of cluster undergoes a compro-
portionation reaction. Reactions be-
tween clusters in which n=0 and 2,
n=0 and 4, and n =2 and 4 afforded Pt,

(5a(Cl0,),-4H,0), have been structur-
ally characterized. Both 3a and Sa have
a square-planar cluster core comprised
of four Pt" ions, and all eight out-of-
plane coordination sites are occupied by
acetate ligands in a bridging mode. In
Sa, all of the in-plane sites are occupied
by dmap ligands. In 3a, four dmap
ligands occupy the coordination sites at
the two mutually opposite edges of the
square planar cluster skeleton, giving

[Pt,(CH;COO)g] (1). In octasubstituted
5a, adjacent dmap ligands are so closely
arranged that the Pt—N distances
(2.20(3), 2.30(3) A) are longer than
those in tetrasubstituted 3a (2.13(1),
2.15(1) A) and related Pt, clusters. Fur-
thermore, rotation of the dmap ligand
about the Pt—N bond in Sa was restrict-
ed, and the rate constant of the rotation
was 4.5s7! at 20°C from dynamic
NMR study. Cluster [Pt,(CH;COO)s-

clusters with n =1, 2, and 3, respectively,
as a main product in acetonitrile.
The dmap-substituted clusters, trans-
[Pt,(CH;COO),(dmap),](ClO,),*

3CH;NO, (3a(ClO,),:3CH;NO,) and
[Pty(CH;COO),(dmap);](ClO,),-4H,0

rotation

Introduction

Octaacetatotetraplatinum(i) [Pt,(CH;COO),] (1) is a well-
known Pt" cluster complex with a unique structurel!l and
reactivity.>4 It has a square-planar cluster core comprised of
the four Pt ions. The coordination geometry around each
platinum(ti) ion is a distorted octahedron if the Pt—Pt bonds
are included.
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Supporting information for this article is available on the WWW under
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tains a) time course of "H NMR peak intensities during comproportio-
nation; b) temperature dependent 'H NMR spectra of 3'a; c) Eyring
plots for the ring rotation in 4a and Sa.
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a trans tetrasubstituted form of (dmap)s** (4a) also exhibited similar

hindered rotation with the rate con-

Keywords: cluster compounds stants of 2.0s7!, 12s7! and ~10*s! at

comproportionation - metal —metal 20°C depending on the coordination
interactions - platinum - restricted sites of the dmap ligands in 4a.

Previously, we reported that
the acetate ligands in 1, which
are in the plane of Pt, cluster
core, are labile, whereas the
out-of-plane ligands are inert
to substitution.l Thus, we pre-
pared some derivatives of the
Pt, cluster in which all or some
in-plane acetates are replaced by bidentate or hexadentate
ligands.*1 We reported also that 1 undergoes a novel cluster
core transformation to Pt¥ clusters with a triangular cluster
core when 1 was allowed to react with bulky ligand such as
dioximes or N,N'-dimethylethylendiamine.'’) It was shown
that the cluster core transformation was induced by the in-
plane ligand substitution of 1.

In this paper, we report the unprecedented chemistry
exhibited by the monodentate ligand (L) substituted deriva-
tives of 1. Using 4-dimethylaminopyridine (dmap, pK,=9.7),
pyridine (py, pK,=5.2), and 4-cyanopyridine (cpy, pK,=1.7),
we prepared a series of di-, tetra-, hexa-, and octasubstituted
clusters, [Pt,(CH;COO);_,(L),,]"".

[Pt,(CH;CO0)g] (1)

0947-6539/01/0724-5409 $ 17.50+.50/0 — 5409
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Very interestingly, Pt, clusters of this type undergo a
comproportionation reaction. The reaction between
[Pt,(CH;COO)s_, (L), J"* and [Pty (CH;COO)s_,, (L), ]""
affords [Pt,(CH;COO)g (L), )" (ns=(n + ny)/2) (see
Figure 1 for their structures). The reaction product was, in

—| +
o i
o—T—T-o _(o—rit T@
_<O-—Pt—-Pt—O>_ o—Rt—p-NS>R
7 b6
Y T

[Pt4(CH3C00)g] (1) [Pty(CH3C00);(dmap),]* (2a)

[Pt4(CH3CO0)7(py)2]* (2b)
[Pt4(CH3COO)7(cpy)al* (2¢)

2+ 2+
Py Ay
H—@N-Fit—Fit—@—R _(O—T—Fit—@ﬂ
O—Pt-—Pt—

R—<S N-Rt=—PRt—-N&>—R
&Té

09

Results and Discussion

Isolation of tetra- and octasubstituted clusters: Reaction of 1
with pyridines (L = dmap, py, cpy) gives Pt, clusters in which
the in-plane acetate ligands are replaced by L [Eq. (1),n=1-
4]. In this reaction, each acetate ligand is substituted by two
monodentate L’s, and the degree of substitution increases
depending on the amount of added L.

[Pt,(CH;COO),] +2nL —> [Pty(CH;COO);_ (L), ]"" +1nCH,COO~ (1)

The tetrasubstituted, trans-[Pty(CH;COO)4(L),J** (L=
dmap (3a), py (3b), cpy (3¢)), and octasubstituted,
[Pty(CH5COO0),(L)s]** (L=dmap (5a), py (5b), cpy (5¢)),
clusters were successfully isolated as perchlorate salts
[Eq. (1)]. For example, when 1 was allowed to react with
four or nine equivalents of dmap and an excess of NaClO, was
added to the resulting solution, precipitates of 3a(ClO,), or
5a(ClO,),, respectively, were easily obtained. For the less
donating ligands (py and cpy), a stoichiometric amount, or
excess, of Ba(ClO,), was added to the reaction mixture to
remove acetate ligands from 1 as Ba(CH;COO),, and use of
excess of L was required.

For the tetrasubstituted clusters [Pt,(CH;COO)¢(L),]**,
there are two possible isomers, trans (3) and cis (3'), but the
reaction depicted in Equation (1) with n=2 afforded exclu-

sively the trans isomer (3). This probably occurs as a result of
the trans effect of the pyridyl ligands through the Pt—Pt
bond; this has been reported for other Pt, clusters of this

trans-[Pty(CH3CO0)g(dmap)4]1** (3a) cis-[Pt4(CH3COO)6(dmap)4]2+ (3'a)

trans-[Pt4(CH3COO)6(cpy)al?* (3¢)
—| 3+

o ¢y
H—@N—T—Fit—v@—ﬂ H—@N—T—T—»@-ﬂ
A—<EN-f—ht-NS—R R—CaN-Rt—ht-NS>—R

09 09

[Pt4(CH3COO)s(dmap)e]** (4a) [Pt4(CH3COO)4(dmap)g]** (5a)
[Pt4(CH3CO0)s5(py)sl>* (4b) [Pt4(CH3C00)4(py)gl** (5b)
[Pt4(CH3CO0)s(cpy)sl** (dc) [Pt4(CH3COO0)4(cpy)s]* (5¢)

Figure 1. Pt, clusters prepared in this study. Out-of-plane acetates are
omitted for clarity.

trans-[Pty(CH3CO0)6(py)a]** (3b)
T 4+
& é
N

principle, a single compound with a mean number of
coordinated pyridyl ligands and not a mixture of compounds
with a statistically distributed number of pyridyl ligands. To
our knowledge, such a comproportionation involving ligand
scrambling is very rare. In this study, Sa and 4a were found to
exhibit a novel restricted rotation of the coordinated dmap
ligands about the Pt—N bond. Studies thus far reported
on hindered rotation about the metal-ligand o bond in
coordination compounds have been limited to complexes with
rather large condensed ring ligands.['!l This appears to be the
first report involving the hindered rotation of coordinated
pyridines that do not have substituent at the 2- and
3-positions.

5410
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type.l"’] In the comproportionation reaction between 1 and
[Pt,(CH;COO),(dmap)g]** (5a), the formation of a small
amount of cis isomer in addition to a large amount of trans
isomer was confirmed (vide infra).

Comproportionation reaction that gives di- and hexasubsti-
tuted clusters: In contrast to the tetra- and octasub-
stituted clusters, the di- and hexasubstituted clusters,
[Pt,(CH;COO)s_,(L),,]"" (n=1 and 3; L=dmap, py, cpy),
could not be isolated as pure compounds from the reaction in
Equation (1). However, they can be produced in an acetoni-
trile solution as the main component of an equilibrium
mixture from the comproportionation reactions between the
non- (n=0) and tetrasubstituted (n =4) cluster and between
the tetra- (n =4) and octasubstituted (n = 8) clusters, respec-

tively [Egs. (2)-(5)].
[Pt,(CH;COO)s] + [PtA(CHscoo)ﬁ(L)A]H%Z[PU(CHSCOO%(L)ZV ()

[Pty(CH;COO)s(L)sJ**+[Pty(CH;COO)y(L)s]** %2 [Pty(CH;COO)s(L)el* (3)

Bk )
Tk )
Wk 5
°TEE ka ©)

Figure 2 shows the 'H NMR spectral change over time of
the comproportionation reaction of an equimolar mixture of 1
and 3a in CD;CN at 50°C. The intensities of the two singlets
of 1 (in- and out-of-plane acetate methyls with relative
intensity ratio of 1:1) and the three singlets of 3a (one in-plane

0947-6539/01/0724-5410 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 24
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Figure 2. 'H NMR spectral change in the acetate methyl region during the
comproportionation reaction between 1 and 3a: a)2 h,b) 32 h,and ¢) 194 h
after the reaction initiation. Subscripts, in and out, denote in-plane and out-
of-plane acetate, respectively. (#,*:solvent and contaminated water)

and two out-of-plane methyls with intensity ratio of 1:1:1)
decreased, and concomitantly the five singlets due to 2a (two
in-plane and three out-of-plane with 1:2:1:1:2) increased with
time (see the '"H NMR section and Figure 9 later for assign-
ments). After a week, the reaction reached equilibrium, at
which the 2a to 1 concentration ratio was 6.8:1.0. Although
the rate law of the reaction is complicated, it can be simplified
when the initial concentrations of both reactants are equal. In
fact, the time course of 'H NMR peak intensity of 2a during
the reaction under such conditions was fitted well by assuming
the second-order reaction (Figure S1 in the Supporting
Information). From the obtained rate constant for the forward
reaction (k;) and the comproportionation constant in Equa-
tion (4) (K. =ki/k_,), which is evaluated from the concen-
tration ratio of the equilibrium mixture, the rate constant of
the backward reaction (k_;) was calculated. For the reaction
given in Equation (2) between compounds 1 and 3a, K, =46,
ki=52x10"*m"'s7!, and k_;=11x10"3m!s7! were ob-
tained. In the same way, comproportionation constants and
rate constants for various L’s in the reactions given in
Equations (2) and (3) were obtained, and they are summar-
ized in Table 1. The comproportionation in Equation (3)

Table 1. Rate constants for the comproportionation reactions in Equa-
tions (2) and (3).

L kyv's™] ko MotsT] kg [MotsT ko, s Ky Ko
dmap 52x107* 1.1x107° 6.1x10°  6.8x107° 46 90
py 5.4 x1072 1.4 %1073 1.8 x 10! 43 %1073 39 42
cpy 30x107"  1.5x107? Ll [l 20 -l
[a] See text.
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involving cpy was not studied because the solubility of 5c¢ in
acetonitrile is very small and the cpy ligand partially
dissociates in solution.

Both the forward and backward rate constants in the
reactions given in Equations (2) and (3) are larger for the
comproportionation reactions involving an L with a lower
basicity. The fact that the rate constants depend strongly on
the kind of pyridyl ligand (three orders of magnitude differ-
ence for dmap and cpy) suggests that pyridyl ligand dissoci-
ation process contributes largely to the rate constants. A
weaker Pt—L bond results in larger rate constants both for the
disproportionations and the comproportionations. As dis-
cussed later, Pt—N distances in octa- and hexasubstituted
clusters are elongated as compared with those in clusters with
n <2, possibly causing the general trends, k; <k, and k_; <
k_,. The comproportionation constants are slightly larger for
reactions involving an L with a stronger basicity.

Comproportionation reaction between non- and octasubsti-
tuted clusters: In a similar way, the reaction between 1 and the
octasubstituted cluster Sa afforded the tetrasubstituted clus-
ter [Pt,(CH;COO)4(dmap),]** (3a, 3'a). Figure 3 shows the
'H NMR spectrum of the equilibrated solution from an
equimolar reaction between 1 and 5a in CD;CN.

trans trans trans

cis is| cis

25 20

Figure 3. '"H NMR spectrum in the acetate methyl region of an equili-
brated solution in the equimolar reaction between 1 and 5a, showing
signals of 3a (trans) and 3'a (cis) (see text).

Interestingly, this reaction proceeded almost to completion,
and only trace amounts of the starting compounds 1 and Sa
were detected in the equilibrated solution. Furthermore, both
the “trans” 3a and “cis” 3'a isomers were produced with the
ratio of 7:3 (Figure 3). As mentioned earlier, the cis isomer
was not obtained from the reaction between 1 and free dmap
[Eq. (1)]. The trans effect can be used to explain the
appearance of the cis isomer. The bold arrows in Scheme 1
show two possible main pathways from the formation of the
two isomers, 3a and 3'a.

When the disubstituted cluster [Pt,(CH;COO),(L),]** is
formed from 1, the acetate ligand trans to the dmap should be
more labile.'l Thus the trans product will be the predominant
product. Starting from 5 a, substitution of two dmap ligands by
free acetate leads to the formation of the hexasubstituted
cluster 4a. The dmap ligands mutually trans to each other
should be more labile. Substitution of further pair of dmap
ligands by acetate would give the cis isomer 3'a.
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Scheme 1. Reaction pathways for the comproportionation of 1 and Sa. Out-of-plane acetates are omitted for clarity.

Structures of the tetra- and the octasubstituted clusters
with dmap ligands: The crystal structures of trans-
[Pt,(CH;COO)4(dmap),](ClO,), -3 CH;NO, (3a(ClOy),-
3CH;NO,) and [Pty (CH;COO),(dmap)](ClO,),-4H,0O
(5a(Cl0O,),+4H,0) have been determined by X-ray analyses.
Crystallographic and structural determination data are listed
in Table 2. An ORTEP drawing of tetrasubstituted cluster 3a
is shown in Figure 4.

The structure of 3a can be rationalized by comparing it with
[Pt,(CH;COO);] (1). Two of the in-plane acetates in 1 have
been replaced by four dmap ligands, which occupy coordina-
tion sites on the two mutually opposite edges of the square- Figure 4. An ORTEP drawing of trans-[Pt,(CH;COO),(dmap),]** (3a) in
planar Pt, cluster skeleton, giving the tetrasubstituted trans 3a(ClO,),-3CH;NO,. Atoms are drawn at the 30% probability level.
form (Figure 1). Four out-of-plane acetates and two in-plane

acetates of 1 remain essentially unchanged. There is a plane. Selected bond lengths and bond angles are given in
crystallographic twofold axis perpendicular to the Pt, cluster Table 3. The Pt—Pt bond frans to dmap ligand (Pt1-Pt2=
2.5299(8) A) is longer than those in 1 (2.492(1)-

2.501(1) A).l" This is a consequence of the trans influence of

Table 2. Crystallographic data and X-ray experimental conditions for the dmap ligand, which has been seen in other Pt, clusters with
3a(C10,), - 3CH;NO, and 5a(C10), - 4 H,O. nitrogen donor ligands.* 71 The Pt—Pt bond cis to the Pt—dmap

3a(ClO,),-3CH;NO, 5a(ClO,),-4H,0 bond is also elongated (Pt1-Pt2’ =2.5452(8) A), but this is due
formula Pt,C,;HoN CLO,  PtCoH N, CLO,,  to steric repulsion between adjacent dmap ligands as well as
M, 2005.28 2463.71 the absence of bridging ligand in the cluster plane. The Pt—N
crystal system monoclinic tetragonal
space group C2/c (#15) PA2,c (#114) .
T [K] 293 293 Table 3. Selected bond lengths [A] and angles [°] for 3a(ClO,), -3 CH;NO, and
a[A] 27.361(3) 15.516(2) 5a(ClO,),-4H,0.
b[A] 13.7102) 15.516(2) 3a(ClO,),-3 CH;NO, 5a(ClO,),-4H,0
c[A] 17.642(2) 20.312(2)
@[] 90 90 Pt1-Pt2 2.5299(8) Pt1-Pt2 2.5452(8) Pt1-Ptl’ 2.577(2)
BT 107.86(1) 90 Pt1-O1 2.18(1)  Pt1-N1 2.16(1)  PtI-N1 230(2)
v ] 90 90 P12—-02 212(1)  P©2-N2 212(1)  Pt1-N2 2.19(3)
1% [AZ] 6299(1) 14890(1) Pt1-0O4 1.987(8) Pt1-0O5 2.009(9) Pt1-O1 2.02(2)
2 (Moy,) [A] 0.71069 0.71069 Pt2-03 2.002(9) Pt2-06 2.024(9) Pt1-02 2.03(2)
data collected 7695 4334 Pt2’-Pt1-Pt2  88.44(3) Pt2-Pt1-O1  86.6(3) Ptl’-Pt1-Pt1”  88.64(1)
independent data [(F,) > 30(F,)] 3652 1332 Pt2-Pt1-N1 170.7(3)  Pt2-Pt1-O1 172.4(3)  PtI-PtI-N1  94.0(7)
parameters 355 238 Pt2’-Pt1-N1 100.0(4) O1-Pt1-N1  85.4(4) Pt1“-Pt1-N1  173.6(7)
RI 0.047 0.052 Ptl’-Pt2-Ptl  90.92(3) Pt1-Pt2-O2  85.5(3) Pt1”-Pt1-N2  94.3(7)
R 0.056 0.058 Pt1-P12-N2  169.3(4) Ptl’-P12-02 172.9(3) Pt1'-Pt1-N2  174.6(7)

Ptl’-Pt2-N2  98.4(4) O2-Pt2-N2  85.8(5) N1-Pt1-N2 83(1)

[a] R=2(|F, | = | Fe| VZ| Fy|. [b] Ry=[Zw(|F, | = | Fe| ) 1Zw] F,|*]™.
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bond lengths of 2.12(1) and 2.16(1) A are somewhat longer
than those of mononuclear platinum —pyridine complexes;"*!
this is ascribed to the trans influence of Pt—Pt bond commonly
observed in analogous Pt, clusters. 1 The pyridine rings of
the dmap ligands are almost perpendicular to the Pt, cluster
plane, and two adjacent pyridine rings are not parallel, but are
splayed away from each other. The separation between
adjacent pyridine nitrogens (N1---N2'=3.23(1) A) is longer
than the Pt—Pt distance, and the adjacent amino nitrogens are
even further apart (N3+--N4'=4.46(3) A). The Pt—O bond
lengths of the in-plane acetates are 2.12(1) and 2.18(1) A, and
the average value is comparable to those in 1. The maximum
deviation of the Pt atoms from the Pt, best plane is 0.095 A,
which is similar to that in 1 (0.116 A).1!

An ORTEP drawing of the octasubstituted cluster Sa is
shown in Figure 5. The structure is described as having all the
four of the in-plane acetates in 1 replaced by eight dmap
ligands and the four out-of-plane acetates remain unchanged.

Figure 5. An ORTEP drawing of [Pt,(CH;COO),(dmap)g]** (5a) in
5a(ClO,),-4H,0. Atoms are drawn at the 30 % probability level.

There is a crystallographic 4 axis at the center of the cluster.
Selected bond lengths and bond angles are given in Table 3.
The Pt—Pt distance of 2.577(2) A in 5a is longer than in 1 and
3a. This arises from three combined effects: the trans
influence of the dmap ligand, the absence of in-plane bridging
ligands, and the steric repulsion of adjacent two dmap ligands.
The Pt—N bond lengths of 2.19(3) and 2.30(3) A are far longer
than those in 3a. In addition to the trans influence of Pt—Pt
bond, the steric repulsion between adjacent pyridine rings is
again responsible for the elongation. The pyridine rings of
dmap are nearly perpendicular to the Pt, cluster plane. In
contrast to 3a, the adjacent dmap ligands are nearly parallel.
If all dmap ligands are bent toward the outside as in 3a, the
N-Pt-N angle would be smaller than the observed angle of
83(1)° and would cause higher distortion of an octahedral
geometry around Pt. The distance between adjacent pyridine
nitrogens (N1 +.-N2' =2.98(4) A) is far shorter than that in 3a.
This short contact between two adjacent dmap ligands leads to
unprecedented hindered rotation of the pyridine rings dis-
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cussed below. The maximum deviation of the Pt atoms from
the Pt, best plane is 0.198 A in 5a, which is slightly larger than
in 1 and 3a but similar to the ethylenediamine complex
[Pt,(CH;COO),(en),]* (0.203 A)."

Pyridine ring rotation

[Pt,(CH;COO) (dmap)s]** (5 a): Even though this compound
has D,y symmetry and has only one kind of the dmap ligand,
its 'TH NMR spectrum showed two signals with equal intensity
for both the a and j pyridine ring protons of the dmap ligand,
respectively. Figure 6a shows the temperature-dependent
'H NMR spectra of 5a in the § proton region.

a) observed b) simulated

=75s1

=

k=37s"!

k=13s1

SN
I
S
M

=5

—M k=1.8s1
JMRF 075

Figure 6. Temperature-dependent 'H NMR spectra of the dmap f proton
in Sa and the simulated spectra.

Two doublet of doublets with equal intensities at 0°C
broaden gradually and coalesce as the temperature rises. This
observation is understandable if the rotation of the pyridine
rings about the Pt—N bond is restricted. With the restricted
rotation, there are two environments for the pyridine ring
protons, up (a and ) and down (a* and 5*) with respect to the
Pt, plane, since the arrangement of the out-of-plane acetates
exerts different chemical environment on the a, 5 and a*, 5*

sites.
)\O)\

(0] )

= o —
g
/,\ T NMe,

5 fo) N\ N
O
j/ \(a / NMe;
B

The temperature-dependent 'H NMR spectra were ana-
lyzed by the conventional dynamic NMR method. The
simulated spectra are shown in Figure 6b, and the kinetic
parameters for the rotational process are listed in Table 4. It is

evident that the hindered rotation arises from the stereo-
chemical consequence of the dmap ligands in Sa as discussed

o a* ﬂ*

~
—
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Table 4. Rotational rate constants and activation parameters for 4a and 5a
in CD;CN.

k[s7'] (at20°C)  AH* [kJmol™!]  AS* [Jmol'K™]
Sa 4.5 68+2 0+7
4a (site Al 2.0 69+4 —4+12
4a (site B)l) 12 5843 —8+11
4a (site C) ca. 10*
3a >10°

[a] See Figure 8.

in the previous section. The very small AS* value also supports
the restricted rotation of coordinated pyridine ring.

[Pt,(CH;COO)s(dmap)sJ** (4a): Similar temperature-de-
pendent '"H NMR spectra, showing hindered rotation of the
coordinated dmap ligands, were also observed for the
hexasubstituted cluster 4a. Three coalescence patterns were
observed in temperature-dependent 'H NMR spectra of 4a
(Figure 7), reflecting three chemical environments for the
coordinated dmap in 4a (A, B, and C in Figure 8).

In Figure 7a, the '"H NMR spectra due to the § ring proton
of dmap in 4a are shown. Spectra simulated by dynamic NMR

a) observed b) simulated

site B site A

SOOCJ m AN
40°CJ e
e e

w°cju/\m

A 505!
o T

6.25 6.0

Figure 7. a) Temperature-dependent 'H NMR spectra of the dmap f
proton in 4a. b) Simulated spectra with rate constants. (X : contaminated
3a and 5a). See Figure 8 for sites A, B, and C.
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Figure 8. Schematic representation of the three dmap sites in 4a. Out-of-
plane acetates are omitted for clarity.

R = N(CHj3),

analyses are shown in Figure 7b for sites A and B. A slightly
broadened doublet at 0=6.36 became sharper with an
increase in temperature, but remained unchanged above
0°C; this behavior is similar to the tetrasubstituted cluster 3a
(vide infra). This indicates that rotation at this site is not
strongly hindered, and, therefore, the signal is assigned to site
C. The two sets of doublet of doublets at 6 =6.22, 6.09 and
6.17, 6.14 are assigned to sites A and B, respectively, because
the rotation of the former site is more hindered. Rate
constants and activation parameters obtained separately for
the three sites are summarized in Table 4. As was expected,
the rate constant and activation parameters for site A in 4a
are comparable to those for the dmap rotation in Sa.

[Pt,(CH;COO)q(dmap),J** (3a and 3'a): In contrast to the
octa- and hexasubstituted clusters, the 'H NMR spectrum of
3a at room temperature shows only two doublets correspond-
ing to the a and § pyridine ring protons of the dmap ligand.
However, the a proton doublet became broad when the
temperature was lowered down to —30°C. The rotational rate
constant was estimated to be ~3x 10*s~! at —30°C and
>10°s7! at room temperature by assuming that the chemical
shift difference between two environments at slow rotation
limit is 1.2 ppm, as is in Sa. The observations show that the
dmap ring in 3a rotates freely at room temperature, but the
rotation is restricted at lower temperature. Ease or difficulty
with which 5a and 3a undergo the coordinated pyridine rings
rotation may be inferred from their X-ray structures. In 3a,
the mutually adjacent dmap ring splay out (see Figure 4),
making the rotation easier than in Sa.

On the other hand, the cis isomer 3'a shows site-dependent
rotation of the dmap ligand as does 4a. In this case, there are
two sites similar to sites B and C in Figure 8, and rotation at
site C is much faster than at site B. In fact, both characteristics
were observed in the temperature-dependent 'H NMR of 3'a
(Figure S2 in the Supporting Information).

!H NMR spectra of [Pt,(CH;COO);_,(L),,]*": The 'H NMR
chemical shifts of the acetate methyl protons in this series of
substituted clusters change systematically as a function of the
number of pyridyl ligands (n) (Figure 9).

Spectral assignments were easily made by taking into
account the systematic chemical shift change with change in n;
this can be divided into two series. In one series, the chemical
shift increases with an increase in 7, while it decreases slightly
in the other. The acetate ligands in the Pt, cluster plane show
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Figure 9. Chemical shifts of the acetate methyl protons in
[Pty(CH;COO)s_,(L)2]"" (L =dmap, py, cpy; n=0-4).

the latter trend, and the out-of-plane acetates the former. The
ring current effect of L causes the change in chemical shift,
because the pyridyl ligands are coordinated perpendicularly
to the Pt, cluster plane. The in-plane and out-of-plane acetates
are in the shielding and deshielding region, respectively, and
the ring current effects increase with an increase in n. The
chemical shift of the out-of-plane acetate depends also on the
basicity of L. A lower field shift occurs when the pK, of L is
smaller. Thus the out-of-plane acetate signal for Sc¢ occurs at
the lowest field, d = 3.28, among the present series of clusters.

15pt NMR spectra: The Pt NMR chemical shifts of this
series of clusters, [Pt,(CH;COO)s_,(L),,]"", are also depen-
dent on the substitution number (n) and basicity
of L. The tetra- and octasubstituted clusters, trans-
[Pt,(CH;COO)4(L),]** (3a-3¢) and [Pt,(CH;COQO),(L)s]**
(5a, 5b), showed only one singlet, as expected from their
molecular structures. For each type of cluster, the observed
peak shifted to higher fields with an increase in the pK, of L
(Table 5).

The di- and hexasubstituted clusters, [Pt,(CH;COO),(L),]"
(2a-2c¢) and [Pty(CH;COO)s(L)4]** (4a—4c), show relatively
complicated Pt NMR spectra due to the presence of two
chemically different Pt atoms (Figure 10), a large Pt—Pt
coupling constant, and the presence of isotopomers (natural
abundance of '“Pt=33.8%). An arrangement of the
four Pt atoms in 2a-2c¢ and 4a-4c¢ is of an AA'BB’
type, and, therefore, the Pt NMR spectrum of each
cluster should be the result of the summation of the
resonances for nine isotopomers (A, A,, B, B,, AB, AB/,

Chem. Eur. J. 2001, 7, No. 24
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Table 5. Pt NMR chemical shifts and coupling constants (Jp_p) for
[Pt,(CH,COO);,(L),,|"" (L =dmap, py, cpy; nn=0-4).1

0 Joep [Hz]
[Pt,(OAc),(dmap),]* (2a) 1113.1 1117.4 (o
trans-[Pt,(OAc)s(dmap),]** (3a) 1155.7 -
[Pt,(OAc)s(dmap)]** (42) 1055.7 1080.6 6900
[Pty(OAc),(dmap)g]*+ (5a) 989.0 -
[Pt,(OAC)(py)s]* (2b) 1009.1 1193.5 6440
trans-[Pt,(OAc)s(py)s)** (3b) 1113.5 -
[PL(OAC)s(py)** (4b) 920.1 11122 6760
[PL(OAC)(pY)s]** (5b) 919.6 -
[Pt,(OAC)(cpy).]* (2¢) 933.1 1248.4 6790
trans-[Pt,(OAc)q(cpy)s]** (3¢) 1087.2 -
[Pt,(OAC)s(cpy)s]* (dc) 840.6 1154.4 e

[a] The chemical shift of 5¢ was not obtained due to the low solubility.
[b] Not determined due to small difference in chemical shifts of the two
sites. [c] Not determined due to the low solubility.

CH,

Figure 10. Schematic representation of two Pt sites in 2 (left) and 4 (right).
Out-of-plane acetates are omitted for clarity.

AA'B, ABB’, and AA’'BB’) with relative intensity ratios
corresponding to their natural abundances. Figure 11a shows
the Pt NMR spectrum of 2b, that is, the equilibrated
solution of equimolar mixture of 1 and 3b, which contains two
signals due to 1 and 3b (vide ante).

> L«_u&i

A B
3b 1
AB AB
1 1
Y L,,,_._A——‘
— T T T T T LA
1200 1100 1000

8 vs KoPtCly / DO

Figure 11. Pt NMR spectrum of [Pt,(CH;COO),(py),]* (2b): a) Ob-
served spectrum of an equilibrated solution of 1 and 3b, which still contains
a certain amount of 1 and 3b. b) Simulated spectrum.

The spectrum was analyzed to obtain chemical shifts and
coupling constants, J,g, in the same way as reported pre-
viously for [Pt,(CH;COO)s_,,(CH;CONH),,] (m=1, 3)[ and
[Pt,(CH;COO),(L-proline),],™ both of which have analogous
1Pt NMR patterns. It is evident that two main singlets at 6 =
1009 and 1194 come from two chemically different Pt atoms in
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2b, and that an AB quartet can be assigned as shown in
Figure 11 (Jog = 6440 Hz). Simulation also supports the as-
signments (Figure 11b).! The 'SPt NMR parameters for
2a-2c and 4a-4c¢ were obtained in a similar way (Table 5).
Figure 12 shows effects of the pK, of L on the Pt chemical
shifts for the series of clusters 2 and 4.

1300 —

1200 —

inD,0

=~ 1100 —

1000 —

dvs K,PtCl

900 -

800 —

Figure 12. Plots of 1Pt NMR chemical shifts of [Pt,(CH;COO);_,(L),,]"*
(L =dmap, py, cpy; n=1,3) versus pK, of the coordinated ligand.

For all the clusters in each series, the higher field signal is
assigned to site B (the Pt nuclei with more L), and the lower
field peak to site A (Figure 10). This assignment was made
because the chemical shift of the signal at the higher field
depends more strongly on the basicity of L than that at the
lower field. In both series 2a—2¢ and 4a—4c, the signal due to
site A nuclei shifts to a lower field and the site B signal shifts
to a higher field as the basicity of L becomes lower. It is
evident that L affects the chemical shift not only of the Pt
bound directly to L (Ptdieet) but also Pt trans to the Pt—L bond
(Ptremete); this is related to the “direct and remote effect” on
1%5Pt NMR chemical shifts of Pt dimers with a Pt—Pt bond
reported by Appleton et al.l']

The substitution number () also has an effect on the Pt
chemical shifts for [Pt,(CH;COO),_,(L),,]"*. For clusters with
n=2 and 6, averaged chemical shifts between sites A and B,
(Figure 10), will be used. Irrespective of L, the chemical shift
decreases significantly on going from n =4, to 6 and to 8, while
it increases slightly on going from n=0, to 2, and to 4. The
remarkable trend observed for the n=4, 6, 8 series can be
ascribed to the stereochemical consequence of the coordi-
nated pyridyl ligands. The lengthening of Pt—N bond length
found in [Pt,(CH;COO),(dmap)s]** relative to those in
[Pt,(CH;COO)4s(dmap),]** corresponds to decrease in pK,
of the coordinated dmap ligand in the former.

The Pt—Pt coupling constants (J,p) of the present series of
Pt, clusters were about 6500 Hz (Table 5), indicating existence
of metal —metal bond. Other Pt, clusters have similar coupling
constants (5500-7700 Hz).> !

Conclusion
In this study we prepared a series of tetraplatinum cluster
complexes with pyridyl ligands [Pt,(CH;COO)g_,(L),,]""
(L=dmap, py, cpy; n=1-4). These clusters undergo a
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comproportionation reaction with respect to the number of
coordinated L. The comproportionation constants for forming
the tetrasubstituted clusters (n =2) were quite large, whereas
those for di- and hexasubstituted clusters were of the order of
10'-10?. The comproportionation rate constants depended
strongly on pK, of pyridyl ligand (L), and decreased three
orders of magnitude on going from electron-withdrawing cpy
to electron-donating dmap. The octa- and hexasubstituted
clusters S5a and 4a show the restricted rotation of the
coordinated pyridine ring. Such restricted rotations of small
aromatic ring about the metal-ligand ¢ bond have been
scarcely reported. As is seen in the X-ray structures of 3a and
5a, two dmap ligands are so closely arranged that two ligand
planes have to be approximately parallel. Such stereochem-
istry characteristic of Pt, clusters brings about the restricted
rotation.

Experimental Section

trans-[Pt,(CH;COO)4(dmap),](Cl10,),-H,0 (3a(Cl0,),-H,0): A solution
of dmap (49 mg, 0.4 mmol) in acetonitrile (5 mL) was added to a solution of
1 (125 mg, 0.1 mmol) in acetonitrile (10 mL). After several hours the
solution was evaporated using a rotary evaporator. The residue was
dissolved in water (2mL), and a solution of NaClO, (100 mg) in water
(2 mL) was added. An orange precipitate was collected and dissolved in
acetonitrile/dichloromethane and hexane was allowed to slowly diffuse into
the solution. Yield 100 mg (55%); '"H NMR (CDCl;, TMS): 6 =2.08 (s 6 H;
OAc-CHj;), 2.22 (s 6H; OAc-CH;), 2.27 (s, 6H; OAc-CH;), 3.03 (s, 24H;;
dmap-CHj;), 6.38 (d, 8H; dmap-m), 747 (d, 8H; dmap-o0); Pt NMR
(CD4CN, K,PtCl/D,0): 6=1156; elemental analysis caled (%) for
Pt,C,HgNgCLO,, (1840.2): C 26.11, H 3.29, N 6.09; found C 26.06, H
3.09, N 6.09.

[Pt,(CH;CO0),(dmap);s](C10,4),-4H,0 (5a(C10,),-4H,0): A solution of
dmap (110 mg, 0.9 mmol) in acetonitrile (5 mL) was added to a solution of
1 (125 mg, 0.1 mmol) in acetonitrile (10 mL). After several hours the
solution was evaporated using a rotary evaporator. The residue was
dissolved in water (2 mL), and a solution of NaClO, (100 mg) in water
(2 mL) was added. An orange precipitate was collected and recrystallized
from acetonitrile/water. Yield 180 mg (73%); 'H NMR (CD;CN, TMS):
0=2.76 (s, 12H; OAc-CHj;), 2.90 (s, 48 H; dmap-CH}), 6.05 (dd, 4 H; dmap-
m), 6.22 (dd, 4H; dmap-m’), 6.94 (d, 4H; dmap-o), 7.60 (d, 4H; dmap-o');
%Pt NMR (CD;CN, K,PtCl,/D,0): 6 =989; elemental analysis caled (%)
for Pt,Cg,H,poN;6C1,0,5 (2463.8): C 31.20, H 4.09, N 9.10; found: C 31.19, H
3.79, N 8.79.

trans-[Pt,(CH;COO)4(py)41(C10,),- H,O (3b(Cl0,),-H,0): A solution of
py (50 mg, 0.6 mmol) in acetonitrile (5 mL) was added portion wise to a
solution of 1 (125 mg, 0.1 mmol) and Ba(ClO,), (37 mg, 0.11 mmol) in
acetonitrile (10 mL), and the mixture was stirred for 1 day. Ba(CH;COO),
was filtered off, and the filtrate was evaporated using a rotary evaporator.
Acetonitrile (10 mL) and methanol (10 mL) were added to this residue, and
the solution was evaporated to give red crystalline solid. This was
recrystallized by slow diffusion of hexane into a solution of the residue in
acetonitrile/dichloromethane. Yield 80 mg (48%); 'H NMR (CD;CN,
TMS): 6 =2.11 (s 6H; OAc-CHj;),2.35 (s 6H; OAc-CHj), 2.39 (s, 6 H; OAc-
CH;), 739 (t, 8H; py-m), 7.92 (t, 4H; py-p), 8.06 (d, 8H; py-0); Pt NMR
(CD;CN, K,PtCl/D,0): 6=1114; elemental analysis caled (%) for
Pt,C3,H,N,CLO,, (1668.0): C 23.04, H 2.42, N 3.36; found: C 23.06, H
2.17, N 3.29.

[Pt,(CH;CO0),(py)s]l(Cl10,),- CH;CN (5b(Cl0,),- CH;CN): A solution of
py (200 mg, 1.2 mmol) in acetonitrile (5 mL) was added portion-wise to a
solution of 1 (125 mg, 0.1 mmol) and Ba(ClO,), (100 mg, 0.3 mmol) in
acetonitrile (10 mL), and the mixture was stirred for 1 day. Ba(CH;COO),
was filtered off and the filtrate was evaporated to about 2 mL by using a
rotary evaporator. After several hours, orange crystalline solids formed.
The crude crystals, which contained the hexasubstituted cluster, were
dissolved in acetonitrile (25 mL), and Ba(ClO,), (100 mg) and py (1 g)
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were added to this solution. This process was repeated until none of the
hexasubstituted cluster remained. The solution was treated in the same way
as above to give finally orange crystals. Yield 80 mg (38%); 'H NMR
(CD;CN, TMS): 6 =3.07 (s, 12H; OAc-CH;), 718 (t, 8H; py-m), 7.33 (t,
8H; py-m'), 7.57 (d, 8H; py-0), 8.32 (d, 8H; py-0'), 7.72 (t, 8H; py-p); Pt
NMR (CD;CN, K,PtCl,/D,0): 6 =920; elemental analysis calcd (%) for
Pt,Cs0HssNoClL,O,, (2088.2): C 28.76, H 2.65, N 6.04; found: C 28.81, H 2.67,
N 5.86.

trans-[Pt,(CH,COO),(cpy)4](Cl0,),-2CH;CN (3¢(Cl0,),-2CH;CN): A
solution of cpy (41 mg, 0.4 mmol) in acetonitrile (5 mL) was added by small
portions to a solution of 1 (125 mg, 0.1 mmol) and Ba(ClO,), (37 mg,
0.11 mmol) in acetonitrile (10 mL), and the solution was stirred for 1 day.
Ba(CH;COO), was filtered off, and the filtrate was evaporated using a
rotary evaporator. Acetonitrile (10 mL) and methanol (10 mL) were added
to the resulting oil, and the solution was evaporated to give an orange
crystalline solid. Yield 90 mg (50 % ); '"H NMR (CD;CN, TMS): 6 =2.11 (s
6H; OAc-CHj;), 2.38 (s 6H; OAc-CHj;), 2.41 (s, 6H; OAc-CH;), 7.80 (d,
8H; cpy), 8.28 (d, 8H; cpy); 1Pt NMR (CD;CN, K,PtCl,/D,0): 6 =1087;
elemental analysis calcd (%) for Pt,C,0H,N;,CLO,, (1832.1): C 26.22, H
2.20, N 7.05; found: C 26.08, H 2.22, N 6.72.

[Pt,(CH;COO0),(cpy)sl(Cl10,),-SH,0 (5¢(Cl0,),-5H,0): A solution of
cpy (100 mg, 0.95 mmol) in acetonitrile (5 mL) was added by portions to a
solution of 3¢ (50 mg, 0.03 mmol) and Ba(ClO,), (100 mg, 0.3 mmol) in
acetonitrile (10 mL), and the mixture was stirred for 1 day. Ba(CH;COO),
was filtered off, and the filtrate was evaporated to about 2 mL by using a
rotary evaporator. After several hours, orange crystalline solids formed.
The crude crystals, which contained tetra- and hexasubstituted clusters
were dissolved in acetonitrile (25 mL), and Ba(ClO,), (200 mg) and cpy
(200 mg) were added to this solution. This was carried out until the
substitution was complete. The solution was treated in the same way as
above to give finally yellow crystals. Yield 20mg (31%); 'H NMR
(CD4CN, TMS): 6 =3.28 (s, 12H; OAc-CHs;), 8.3-9.0 (br, cpy); elemental
analysis calcd (%) for Pt,Cs¢Hs,NCl1,0, (2337.3): C 28.78, H 2.33, N 9.59;
found: C 28.84, H 2.28, N 9.49.

Formation of [Pt,(CH;COO),(L),]* (L =dmap (2a), py (2b), cpy (2¢)) in
solution: An equimolar mixture of 1 and [Pt,(CH;COO)4(L),]*" in CD;CN
(ca. 4mm) was kept for 2 h at 50°C; the '"H NMR spectra of the resulting
solutions showed the formation of 2.

Data for 2a: "H NMR (CD;CN, TMS): 6 =2.01 (s, 3H; OAc-CH;), 2.09 (s,
6H; OAc-CHj;), 2.20 (s, 3H; OAc-CHj;), 2.22 (s, 3H; OAc-CHj;), 2.38 (s,
3H; OAc-CHj;), 3.02 (s, 12H; dmap), 6.36 (d, 4H; dmap), 7.36 (d, 4H;
dmap).

Data for 2b: "H NMR (CD;CN, TMS): 6 =2.07 (s, 3H; OAc-CH;), 2.15 (s,
6H; OAc-CHj;), 2.23 (s, 3H; OAc-CHj;), 2.26 (s, 3H; OAc-CH;), 2.41 (s,
3H; OAc-CHj;), 734 (d, 4H; py-m), 7.88 (d, 2H; py-p), 7.96 (d, 4H; py-o0).
Data for 2 ¢: '"H NMR (CD;CN, TMS): 6 =2.09 (s, 3H; OAc-CHj), 2.16 (s,
6H; OAc-CH;), 2.23 (s, 3H; OAc-CH;), 2.26 (s, 3H; OAc-CH;), 2.42 (s,
3H; OAc-CHj3), 7.75 (d, 4H; cpy), 8.20 (d, 4H; cpy).

Formation of [Pt,(CH;COO)s(L)s]** (L = dmap (4a), py (4b), cpy (4¢)) in
solution: An equimolar mixture of [Pt,(CH;COO)((L),]** and
[Pt,(CH;COO),(L)g]** in CD;CN (ca. 4 mm) was kept for 2 h at 50°C.
'"H NMR spectra of the resulting solutions showed formation of 4.

Data for 4a: "H NMR (CD;CN, TMS): 6 =2.04 (s, 3H; OAc-CH;), 2.34 (s,
3H; OAc-CHj;), 2.49 (s, 6H; OAc-CHj;), 2.59 (s, 3H; OAc-CHj;), 2.92 (s,
12H; dmap), 2.93 (s, 12H; dmap), 3.01 (s, 12H; dmap), 6.0 7.6 (br, dmap).
Data for 4b: "H NMR (CD;CN, TMS): 6 =2.08 (s, 3H; OAc-CH;), 2.54 (s,
3H; OAc-CH;), 2.70 (s, 6H; OAc-CHj;), 2.84 (s, 3H; OAc-CH;), 7.1-8.2
(br, py).

Data for 4¢: "HNMR (CD;CN, TMS): 6 =2.07 (s, 3H; OAc-CHj), 2.58 (s,
3H; OAc-CHj;), 2.74 (s, 6H; OAc-CH;), 2.89 (s, 3H; OAc-CHj;), 7.5-8.8
(br, cpy).

X-ray data collection and structure determination: For both 3a(ClO,),-
CH;NO, and 5a(ClO,),-4H,0, a suitable crystal coated with epoxy glue
was attached to a glass fiber and mounted on a Rigaku AFC7S four-circle
diffractometer. The unit cell parameters were obtained by a least-squares
refinement of the angular settings of 20 high-angle (22.58 <26 < 30.08)
reflections. Crystallographic and structural determination data are listed in
Table 2. Intensity data in the range 3 <26 < 55° were measured by using a
20-w scan and at a scanning rate of 4.0°min~". The intensities of three
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standard reflections did not vary significantly throughout the data
collection. Lorentz, polarization, and absorption correction (DIFABS!'7)
were applied to the intensity data. All calculations were performed using
the teXsan crystallographic software package.¥! Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-151712 and CCDC-151713. Copies
of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Data for 3a(ClO,),-3CH;NO;: A red crystal (0.35 x 0.20 x 0.06 mm?) of
3a(ClO,), -3 CH;NO, recrystallized by diffusion of hexane into a solution
of 3a(ClO,), in CH;NO,/CHCI; was used for data collection. A total of
7695 independent reflections were measured at room temperature. The
structure was solved using automatic Patterson analysis method (DIR-
DIF92 PATTY!") and successive difference Fourier syntheses and refined
by full-matrix least-squares. The nitromethane molecules were disordered
at three sites with 0.5 occupancy each and were refined as rigid body.
Anisotropic temperature factors were applied to all non-hydrogen atoms
except for the disordered solvent molecule. The final refinement gave R =
0.048, and R,,=0.057 for 3652 independent reflections with [(Z,) >3 0(Z,)]
and 355 independent parameters.

Data for 5a(ClO,),-4H,0: A red crystal (0.25x 0.25 x 0.20 mm®) of
5a(ClO,),-4H,0 recrystallized by slow evaporation of a solution of
5a(ClO,), in CH;CN/H,O was used for data collection. A total of
4334 independent reflections were measured at room temperature. The
structure was solved using automatic Patterson analysis method (DIR-
DIF92 PATTY!") and successive difference Fourier syntheses, and refined
by full-matrix least-squares. The perchlorate anion was found to be
disordered, and one of four oxygen atoms could not be determined and was
not included in refinement. Anisotropic temperature factors were applied
to all non-hydrogen atoms except for the lattice water. The final refinement
gave R=0.054, and R,=0.061 for 1332 independent reflections with
[(1,) >30(1,)] and 238 independent parameters.

Determination of rotational rate constants of dmap clusters: The rotational
rate constants were determined by comparison of observed and simulated
spectra. The simulation of the spectrum was performed by DNMR-SIM
program.’! The chemical shifts and coupling constants used in the
calculation were taken from the observed spectrum at —30°C at which
the rotation was regarded to be stopped.

Apparatus: 'H and Pt NMR spectra were recorded on a JEOL GSX-270
FT-NMR or BRUKER DPX-300 spectrometer. The chemical shifts of 1Pt
NMR were referenced to D,O solution of K,PtCl,, using the high-
frequency positive-shift sign convention. Variable-temperature '"H NMR
were recorded on a BRUKER AM-600 spectrometer. Elemental analyses
were carried out at Instrumental Analysis Center, Tohoku University.
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