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CONCEPTS

Configurational Control in Stereochemically Pure Ligands and
Metal Complexes for Asymmetric Catalysis**

Kilian Muniz®?! and Carsten Bolm*!2!

Dedicated to Professor José Barluenga on the occasion of his 60th birthday

4 D)

Abstract: Enantioselective synthesis relies on suitable
chiral mediators, which, in many cases, owe their stereo-
chemical information to chiral ligands coordinated to
metals. Like nature, which uses (diastereomerically pure)
enzymes with several stereogenic centers to catalyze
biological processes, chemists, for their purposes, tend
more and more to turn their attention towards ligands
and metal complexes with more than one stereogenic
center or element of chirality. Selected issues of the
resulting diastereomeric interactions as well as the
advantages that result from the use of such complexes
in catalysis are presented and discussed here.

Keywords: asymmetric catalysis - catalysts - chirality -
ligand effects - metal complexes
\_ J

Introduction

The asymmetric synthesis of enantiopure compounds is of
primary importance in synthetic organic chemistry and, within
this area, catalytic approaches are considered most favorable.
Nature utilizes enzymes for this purpose and relies on
configurational and conformational optimization by structur-
al variation of homochiral building blocks.[" 2 In “man-made”
asymmetric catalysis, approaches involving metals are by far
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[**] Abbreviations used in this article: BINAP = 2,2'-bis(diphenylphosphi-
n0)-1,1-binaphthyl, BINOL = 2,2'-dihydroxy-1,1"-binaphthyl, BIPHEP =
2,2"-bis(diphenylphosphino)biphenyl,  chiraphos = 2,3-bis(diphenyl-
phosphino)butane, DHQ = dihydroquinine, DHQD = dihydroquini-
dine, DIOP =2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenyl-
phosphino)butane, DIPT =di-isopropyl tartrate, DPEN = 1,2-di-
phenyl-ethylenediamine, dppe = 1,2-bis(diphenylphosphino)ethane,
PHAL = phthalazine, TADDOL =2,2-dimethyl-a,a,a’,a’-tetraphen-
yl-1,3-dioxolane-4,5-dimethanol, Tol-BINAP = 2,2'-bis(di-4-tolyl-
phosphino)-1,1"-binaphthyl.

Chem. Eur. J. 2000, 6, No. 13

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

the most developed ones and in some cases equal enzymatic
procedures with regard to selectivity and/or substrate scope.l!
Such metal catalysts usually consist of a metal center and a
ligand bearing the stereochemical information in order to
ensure the catalysis to proceed in a stereoselective manner.

In the early stages of ligand-induced multiplication of
chirality, C, symmetry was believed to be most efficient;™ this
lead to an extensive use of ligands such as Kagan’s DIOP and
Noyori’s BINAP (asymmetric hydrogenation), diols like
tartrates (Sharpless epoxidation), BINOL and Seebach’s
TADDOL or nitrogen-based semicorrins introduced by
Pfaltz.P!

Subsequently, the synthesis of more complex ligand struc-
tures bearing different chelating groups has emerged and
among them ligands with more than one element of chirality
have become very popular. While the classification of
diastereomeric interactions in stoichiometric asymmetric syn-
thesis has already been developed and summarized in the
seminal article by Masamune,[®! a detailed insight into the role
of the various elements of chirality in asymmetric metal
catalysis is still missing.

In this article we highlight some recent efforts on the
structural characterization and elaboration of ligands and
metal complexes with multiple stereogenic elements!”) and
comment on the challenges and chances that arise from the
use of such catalysts.

Discussion

Diastereomeric interactions by combination of enantiomeric
ligands: Several distinct approaches are known in this area.
Within the scope of this article, non-linear effectsl®! will be
omitted, as will be the phenomenon of a partial, selective
deactivation of a racemic catalyst precursor by an enantiopure
additive (chiral poisoning).’! The opposite strategy of the so-
called chiral activation" consists of a stereoselective recog-
nition of only one enantiomer of a racemic mixture by the
optically active additive and is of more interest in this context,
since as a consequence the generated catalyst is of diastereo-
meric composition. Along these lines, Mikami described an
asymmetric Ti"V-catalyzed carbonyl-ene reaction by activation
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ence of 3a, it was deduced that
the metal complex of kinetic
preference had been the
(R,R,R) diastereomer.
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Scheme 1. Asymmetric activation of racemic Ti-BINOL complexes.!'!)

of racemic Ti-BINOLate 1.1 Enantiomerically pure diols like
(R)-BINOL were used as activators to give complex 2
(Scheme 1), as confirmed by independent NMR studies. It
was then found that a given reaction in the presence of (R,R)-
2 was about 26 times faster than with (R)-1. Thus, the catalysis
benefits from the in situ formation of a diastereomeric catalyst
that has significantly higher activity than its single-enantiomer
counterpart (R)-1.

A different but somehow related approach is the applica-
tion of conformationally flexible ligands instead of racemic
ones. Upon binding of such a compound to a metal complex
that already bears an enantiopure ligand, the former adopts a
preferential conformation that leads to a diastereomeric
complex. Here, important contributions were made by Noyori
and Mikami['? and Reetz.['¥] Reetz reported on the advantage
of incorporating conformationally flexible biphenols into
chiral diphosphites. When diphosphite 3a bearing (R)-BI-
NOL (Figure 1) was used in the Rh'-catalyzed hydrogenation

o. a: COH = (R)-BINOL

(O/PO H OH
T b: COH = (S)-BINOL

L o OH

H opl )
° i Oad,
C: -

(R)-3a-c OH
00
H H

Figure 1. Diphosphite ligands 3a-c incorporating an enantiopure bicyclic
backbone and biaryls.!"’!

of dimethyl itaconate, an ee of 95% was obtained for the
saturated hydrocarbon. Ligand 3b which results from the
replacement of the (R)-BINOL group by its enantiomer
(Figure 1) gave the product of opposite configuration in
somewhat lower ee of 88 %. Thus the transfer of the stereo-
chemical information is dominated by the chiral binaphthyl
and not the bicyclic backbone, and use of (R)-BINOL leads to
the more effective combination. However, these results could
even be improved when the enantiopure BINOL groups were
replaced by conformationally flexible biphenols. Thus ligand
3¢ (Figure 1) proved to be superior to 3a affording the
product with 98 % ee. Given the fact that for 3¢ the existence
of three interconverting diastereomeric diphosphites is to be
expected [(R,R,R), (R,S,S), (R,R,S)], from the observed high
enantiomeric excess the authors concluded that the catalytic

2310
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The flexibility of the coordi-
nation behavior of biaryls in
ligand-to-metal binding has

nicely been demonstrated by Gagné and co-workers.'] They
investigated platinum(in)-diphosphine complexes of type 4
(Figure 2) and found for 4a, which contains dppe and axially
chiral (S)-BINOL, a preferred A-skew conformation of the

R A
) Ph; P
R P p©
J:P/ o)
N OE
R
4a:R=R'=H 5 (R = Me)
4b:R=H, R'=Me
4c: R=R'=Me
Cllegr. O Clgr
P N gt
Ru Ru
PN P& N
IR SOLELY
Z
6 (R =Tol) 7 (R=Tol)

Figure 2. Isomeric Pt"" complexes 4 and 5 bearing chiraphos and axially
chiral binaphthols!'***! and diastereomeric Ru" complexes 6 and 7 as
catalyst precursors for highly enantio- and diastereoselective ketone
reductions.[”)

diphosphine ligand. Consequently, for chiraphos, which
represents a chiral derivative of dppe, the existence of
matched and mismatched cases was expected because its
backbone substitution only allowed limited space for constitu-
tional flexibility. Indeed, while a single defined solid-state
structure was determined for the matched case [(S),(S,5)-4b],
the constraint (R),(S,S)-4b (mismatched combination) re-
vealed the existence of up to eight different conformational
isomers in the elemental cell.'*! In a subsequent elegant
investigation, Gagné showed that such conformational strain
must be limited; while the coordination of (§)-3,3'-dimethyl-
BINOL and (S,S)-chiraphos to a Pt center leads to a
stereochemically preferred complex (S),(S,S)-4¢, the corre-
sponding mismatched complex is not obtained. Instead, the
BINOL fragment is altered by a keto-enol dearomatization
that results in the formation of complex 5, which displays
coordination through the a-carbon (Figure 2).[4]

In 1995, Noyori introduced a novel asymmetric hydro-
genation of ketones catalyzed by Ru™-BINAP-1,2-diamine
complexes.I”) The combination of two chiral ligands was
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essential to render the catalytic system highly enantioselec-
tive, and the use of enantiopure diamines guaranteed both
excellent enantioselectivities and high chemoselectivities.
Combinations in which the Ru-complex was formed from
either an achiral bisphosphine or diamine resulted in much
lower enantioselectivity.'* In an interesting study, a drastic
synergistic effect for the complex derived from BINAP and
DPEN was found in the reduction of (R)-carvone. While all
four diastereomeric catalysts led to complete reduction, the
diastereomeric ratios of the products were in the range of
100:0 to 34:66!1>< For this ruthenium-based system, the two
diastereomers formed from the reaction of the polymeric
ruthenium complex [(Tol-BINAP)RuCl,(dmf),] with DPEN
were structurally characterized."¥ In the reduction of 2,4,4-
trimethyl cyclohexenone, (S)-(R,R)-6 (Figure 2) proved to be
a highly successful complex giving the correponding (R)-
configured alcohol with 96 % ee. Interestingly, the reduction
of 2-methylacetophenone was most efficiently catalyzed with
diastereomer (S)-(S,S)-7 (Figure 2) to give the (R) product
with 97.5% ee, while (S)-(R,R)-6 led to the formation of a
product with the same configuration, but much lower ee
(8%).01

These results are of importance when it comes to a
discussion of an apparently unselective chiral activation as
described by Noyori and Mikami.l'®! An attempted activation
of racemic [(Tol-BINAP)RuCl,(dmf),] with enantiopure
(85,5)-DPEN resulted in formation of an equal mixture of
(5)-(S,S)-7 and its (R)-(S,S) diastereomer [ent-6]. Control
experiments revealed that the reaction equilibrium was far on
the side of the mixed-ligand complex and that the complex-
ation of the diamine was irreversible. Thus, enantiomeric
excesses depend on the respective enantioselectivities and
relative reaction rates of the two competing diastereomers.
For example, reduction of 2,4,4-trimethyl cyclohexenone was
accomplished with 95% ee, a value close to the 96 % ee
obtained with complex ent-6 prepared from enantiopure (R)-
Tol-BINAP and (S,S5)-DPEN; this indicates that this complex
dominates the catalysis largely over its diastereomeric coun-
terpart.

As already indicated before, the same authors also inves-
tigated the incorporation of prochiral BIPHEP ligands in
ruthenium diphosphine/DPEN complexes. In the presence of
enantiopure diamines, the formation of unequal mixtures of
diastereoisomers was observed by NMR spectroscopy. The
superiority of the thereby generated ruthenium complexes
over the corresponding ones generated from racemic BINAP
ligands was shown by comparison of the respective enantio-
selectivities in asymmetric catalytic hydrogenations of ke-
tones.['2]

Finally, from a preparative point of view the most conven-
ient approach would consist of an in situ self-organisation of
the catalyst in the presence of various potential chiral ligands.
The general possibility of such a concept has been devised by
Mikami.l'”l For the most simple case of equal substoichio-
metric amounts of metal source and two different ligands, for
example, for Ti(O-iPr),, (R)-BINOL, and (R)-5-CI-BINOL, a
smart self-assembly of all components was observed and an ee
of 97 % was obtained in an asymmetric catalytic carbonyl-ene
reaction. Similar observations were made for other ligand

Chem. Eur. J. 2000, 6, No. 13
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combinations including TADDOL and DIPT. In all cases,
higher enantiomeric excesses were observed than for those
reactions that only relied on a single enantiomeric ligand.

Given the fact that in asymmetric processes fine-tuning of
the chiral mediators is of primary importance, the use of
diastereomeric complexes derived from a combination of
enantiomeric ligands, as presented here, represents a powerful
conceptual approach. As described above, either careful
optimization of stereochemical interactions or in situ self
organization may thus lead to the finding of suitable chiral
complexes. It is also important to note that for different
substrate structures two diastereomers within a given set of
catalysts can both be highly efficient.

Diastereomeric chiral-at-metal complexes: Interactions of
chiral ligands with suitable metal precursors might also result
in the formation of a stereogenic metal center (chiral-at-metal
complexes).'! Thorough investigation into the role of such a
chiral metal center during the course of catalysis is often
hampered by the fact that both diastereomers are not
available in stereochemically homogeneous form. Instead,
most often an epimeric mixture is obtained.

In a recent study, Carmona, Cativiela et al. showed that in
the course of an asymmetric Diels—Alder reaction an
epimerized ruthenium center was preserved even during the
complexation step of the substrate.l'’) However, an epimeric
ratio of 82:18 was found to undergo a change to 90:10 during
coordination of the dienophile; this makes a definite con-
clusion on the role of the stereogenic metal center in catalysis
almost impossible. Furthermore, the degree of epimerization
was shown to be highly solvent dependent. Related observa-
tions have been reported by Brunner for asymmetric isomer-
isation processes in the presence of diastereomeric mixtures
of ruthenium complexes.?’]

By far the best investigated system is based on the
ruthenium-diamine complexes 8—10 as described by Noyori
and co-workers (Scheme 2).2! Two facts on these catalysts for

o >

oothumy Tos _KOH R POH b Tos
R —— /N -~ h
U NEtHCI HN”  N=Tos Me,CO i
HzN HzN
AN o AN
Ph Ph  Ph Ph
8 9 10

Scheme 2. Diastereomeric chiral-at-metal complexes 8 and 10 and inter-
mediate 9 for asymmetric transfer hydrogenation.?!]

asymmetric transfer hydrogenations of ketones are especially
noteworthy. First, formation of only one diastereomeric
catalyst precursor 8 was observed, and, more importantly,
formation of the catalytically active species 10 takes place in a
completely stereospecific manner via intermediate 9. In this
sequence all steps are reversible, and it can therefore be
considered as a rare example of a constant regeneration of
metal stereocenters??! in diastereomeric complexes. Further-
more, the present example is unique in that for this chiral
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catalyst system all species involved, the catalyst precursor (8),
an intermediate (9), and the active catalyst itself (10), have
been fully characterized by solid-state structures. Since
monotosylation of the diamine is crucial for high enantiose-
lectivity the overall diastereomeric composition of the
catalytic species cannot be altered.

Asymmetric catalysis with enantiomeric chiral-at-metal
complexes is still unknown. Yet, compounds of diastereomeric
configuration, in which the configuration of the chiral metal
center is (pre-)determined by the attached chiral ligand,
represent the only approach to generate suitable catalysts of
this type.

Diastereomeric interactions in ligands with more than one
element of chirality: In the large field of diastereomeric
ligands, many examples are known in which the ligand
structure is determined by a combination of stereogenic
carbon centers. In most cases only one of such diastereomers
acts as successful ligand, whereas the other leads to a much
lower enantioselectivity. However, several exceptions have
also been described. Certainly one of the most prominent
examples in which two diastereomeric ligands lead to
products of opposite absolute configuration with almost equal
enantiomeric excess is the asymmetric dihydroxylation of
olefins (AD) as developed by Sharpless.?l Here, DHQD- and
DHQ-based compounds like 11 and 12 act as chiral ligands
(Figure 3). The AD of stilbene can serve as a representative

11: (DHQD),PHAL
[ROH = DHQD]

Dihydroquinidine
(DHQD Ligands)

Dihydroquinine

(OHQ Ligands) 12: (DHQ),PHAL

[ROH = DHQ]

Figure 3. Pseudoenantiomeric alkaloid type ligands 11 and 12 for the
asymmetric Sharpless dihydroxylation and aminohydroxylation of ole-
fins.3!

example; under standard conditions in the presence of
(DHQD),PHAL 11 the corresponding (R,R)-configured diol
is obtained with 99.5% ee. Use of (DHQ),PHAL as ligand
results in the formation of the (§,S) enantiomer with identical
ee; this confirms that 11 and 12 act indeed as pseudo-
enantiomers. The same reaction behavior was later trans-
ferred successfully to the related asymmetric aminohydrox-
ylation.[?3d]

However, diastereomeric ligands that act as pseudo-enan-
tiomers are relatively scarce. In almost all cases, a noticable
difference in catalytic behavior is found and, from the
stereochemical point of view, both diastereomers commonly
lead to drastically different selectivities.

In the area of diastereomeric ligands that combine different
stereogenic carbon centers, much work has been done by
Katsuki. Chiral manganese-salen complexes like 13 and 14
(Figure 4), which originally were developed for the asymmet-
ric epoxidation of unactivated olefins, have found further

2312
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j PFg™

15: R, R' = alkyl, aryl
(5,5,5-16:R=iPr,R'=H

Figure 4. Metal complexes bearing ligands of diastereomeric composition.
Mn'" complex 13 and its diastereomer 14 for asymmetric oxidation
reactions.?! Diastereomeric binaphthyls 16 and 17 to be used as ligands in
asymmetric Wacker type reaction and schematic representation of derived
Pd complexes (A and B, binaphthyl ligand cores are omitted).12)

application in other metal-catalyzed processes.?*! However,
the fact that the catalysts’ preferential stereochemical com-
position differs from substrate to substrate deserves special
attention. Although drastic differences in asymmetric induc-
tion as observed for olefin and sulfide oxidation could be
explained on the basis of the respective configurations (sp?
hybridization in the case of the olefin, sp? for the sulfide), this
again underlines the importance of gaining insight into the
catalysts diastereomeric nature to ensure optimum sub-
strate —catalyst interactions. In recent work, the design of
second-generation salen ligands that combine elements of
central and axial chirality was reported, and detailed X-ray
structure analyses of these complexes have been applied to
rationalize the different substrate specifities that again were
found for several reactions.”’! Careful exploration of these
data also allowed the determination of the crucial role of a
donor additive, which in some catalytic oxidation reactions
had been found to be of primary importance for only one of
the diastereomers.[?!

Another well-studied ligand system that displays both axial
and central chirality has been explored by Hayashi.”l
Originally introduced for asymmetric cyclopropanation reac-
tions,?% ligands of type 15 (Figure 4) have gained interest
owing to their successful application in elegant asymmetric
Wacker-type cyclizations,?®*4l for which a strong dependence
of the product ee on the relative configurations of the
elements of chirality was observed. For a cyclization in the
presence of (S,S,5)-16 (Figure 4) reasonably high conversion
was achieved and the product had an enantiomeric excess of
96 % . Use of diastereomeric (S,R,R)-17 (Figure 4) resulted in
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very low conversion and enantioselectivity as well as forma-
tion of the product with opposite absolute configuration.
These results were rationalized by inspection of the X-ray
structure of (8,S,5)-[16 - PA(OCOCF,;),] I With regard to the
square-planar coordination around the central palladium
atom, an almost perpendicular orientation of the isopropyl
groups was observed for this complex (Figure 4 structure A)
which could also be verified for the solution structure. A
model structure for (S,R,R)-[17-Pd(OCOCEF;),] revealed a
situation in which these two isopropyl substituents were
nearly parallel to the coordination plane (Figure 4 structure
B). This result suggested that enantioselectivity, and rate and
face selectivity are highly dependent on the relative orienta-
tion between the isopropyl substituents of the oxazoline
moieties and the coordination sphere of the central palladium
atom. Unfortunately, these results could not be generalized to
a rational catalyst design and when attention was turned to a
different type of substrate, a major ligand optimization turned
out to be necessary.?¢d

At present, the most comprehensive investigations on the
influence of stereochemically homogeneous ligands contain-
ing different elements of chirality come from the field of
ferrocene chemistry. The first investigation of such type has
been undertaken by Hayashi, Kumada, and co-workers who
studied the influence of planar chirality in asymmetric
Grignard cross-couplings.’”) In the Nill-catalyzed reaction
between a-phenylethylzinc chloride and vinylbromide in the
presence of the PN-chelating ferrocene 18 (Figure 5), the (S5)-
configured coupling product was obtained with 68 % ee.
Diastereomeric ferrocene 19 led to the formation of the
opposite enantiomer with 54 % ee. Apparently, changing the
absolute planar chirality of the ligand results in a reverse
absolute configuration of the product, while the extent of
enantioselectivity is almost identical. Finally, catalysis in the
presence of ligand 20, which omits the central chirality of 18,
affords a product with 65% ee and (S) configuration. Con-
sequently, the conclusion was drawn that mainly the planar
chirality was decisive for the stereochemical course of the
reaction.

It took until the late 1980s before the impact of planar
chirality in diastereomeric ferrocenes was investigated again.
From studies with diastereomers 21 and 22 (Figure 5) Pastor
and Togni concluded that in Ito’s asymmetric gold(i)-catalyzed
aldol-type reaction the decisive stereochemical information
also depended on the stereogenic center in the side chain.
Consequently, they introduced the so-called principle of chiral
cooperativity representing Masamune’s matched/mismatched
cases for internal stereoelements.!2?! Moreover, with the
knowledge of the preferred diastereomeric ligand configura-
tion, the catalysis turned out to be merely unaffected by the
incorporation of further stereogenic carbon centers even
when introduced in racemic form.?*l

Later concise investigations include ferrocenyl oxazoline
ligands for diethylzinc additions to aldehydes as described by
us?’! and Tsuji—Trost alkylations as reported by Dai.r In
case of the hydroxyl oxazolines we found drastically different
performances of ferrocenes 23 and 24 (Figure 5), which are
diastereomers owing to opposite planar chirality (e.g., in the
addition of ZnEt, to benzaldehyde: 93 vs 35% ee). Use of

Chem. Eur. J. 2000, 6, No. 13
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Figure 5. Representative planar chiral ferrocenes used in asymmetric
catalysis: Grignard cross-coupling (18-20)P7), aldol-type cyclization (21,
22)181 " dialkylzinc additions to aldehydes (23-25)! and Tsuji-Trost
alkylation (26 —28).5

ferrocene 25 that has a ligand with planar chirality only
resulted in a comparably moderate enantioselectivity of
51 % ee. We thus proposed that the right combination of the
two stereoelements and their mutual interactions were of
major importance for achieving high enantioselectivities. On
the basis of the solid state structures of compounds 23 and 24,
we further concluded that the pseudo-C,-symmetrical ar-
rangement of 23 contributed to its high catalytic efficiency.[*"]
In contrast, in palladium-catalyzed asymmetric Tsuji—Trost
alkylations Dai found a nearly identical behavior of diaster-
eomers 26 and 27, whereas catalysis in the presence of
ferrocene 28 with merely planar-chiral ligand afforded a
product with a significantly lower enantiomeric excess (Fig-
ure 5). As a result, the stereogenic carbon center at the
oxazoline ring was held responsible for the enantioselectiv-
ity.0l

Thus, in the four afore-mentioned investigations four
conclusions were drawn regarding the interactions of the
elements of chirality: i) the sole importance of planar
chirality, ii) the importance of central chirality introducing
the concept of chiral cooperativity, iii) the importance of a
preferential catalyst conformation, and iv) the sole impor-
tance of central chirality. It should be noted that currently no
predictions can be made on the role and relative importance
of the stereoelements involved and that any conclusion will
not necessarily be valid for another series of ligands. This can
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be convincingly observed from the relative catalytic perform-
ances of the pairs 23/24 and 26/27 derived from ferrocenyl
oxazoline compounds. Albeit quite similar in structure on first
view, their respective catalytic performances are significantly
different!

In another approach, Helmchen and co-workers recently
introduced cymantrene derivative 29 (Figure 6). This com-
pound results from the structural optimization of the original

Sl e
«: e |TN <

R .
Mn . B

(CO); Ph PPh,

29 (R = 2-Biphenylyl) 30

Figure 6. Cymantrene derivative 29 containing three elements of chirality
as an improved structural development of 30.13!

enantiomeric diphenylphosphinooxazoline 30, which by care-
ful introduction of additional elements of chirality (a stereo-
genic center at phosphorus and planar chirality) increased the
originally low enantiomeric excess to up to 99.9% ee in Pd-
catalyzed asymmetric allylic substitutions on cyclic substrates.

The catalyses described so far make use of isolated
diastereomerically pure compounds that were seperately
synthesized and tested as potential ligands in asymmetric
catalysis. However, at this point it should be noted that in
some reactions even mixtures of diastereomers can be
successfully employed. We have recently been able to devise
an application in which mixtures of diastereomeric ferrocenes
were used in asymmetric alkylations and arylations of
aldehydes to afford products with >90% ee.*! For example,
dimethylzinc addition to benzaldehyde gave 95 % ee upon use
of a 1:1 mixture of 23 and 24 (Scheme 3), a result close to the

ZnMe, HO H
PhCHO 7—» on L ve
- 95% ee
1:1-mixture
of 23 and 24
(0% de)
HO, H
p-CI-PhCHO — p-C-Ph” “Ph
81% ee

Scheme 3. Enantioselective alkyl and aryl transfer in the presence of a 1:1
mixture of diastereomeric ferrocenes 23 and 24.1?]

97 % ee obtained with diastereomerically pure 23. Thus,
expressing it differently, in this experiment an enantiomeric
excess of 95 % was achieved with a catalyst that had 0% de!
Similarly, in the presence of 10 mol % of a ligand with 0 % de,
the diphenylzinc addition to p-chlorobenzaldehyde gave a
product of 81% ee, which is comparable to the 82% ee
obtained in the sole presence of 23. These surprising results
are explained by the drastically different reaction rates of the
two diastereomers 23 and 24 under the reaction conditions.
Only one of the ferrocenes, namely 23, contributes signifi-
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cantly to the catalysis that affords the corresponding product
with high ee. In a sense, these results are related to those
observed by Noyori and Mikami in the asymmetric ketone
reduction for which they used a mixture of diastereomeric
Ru'" complexes derived from racemic Tol-BINAP and enan-
tiopure diamine ligands as described above.['"]

Similar conclusions were drawn by Blackmond, Reetz, and
co-workers in a recent contribution underlining the importance
of kinetic evidence on mechanistic studies.”* By employing a
1:1 mixture of Rh'-catalysts bearing diastereomeric diphos-
phites 3a and 3b in the hydrogenation of dimethyl itaconate
the corresponding product with 55% ee was obtained. Ap-
parently, one catalyst dominates the stereochemical outcome,
and this fact again was explained by the difference in rate of
the two catalysts that participate in the reaction.

As already pointed out before, an improved understanding
of the interactions in diastereomeric ligands is of primary
importance for the a successful application of such catalytic
systems. The screening of enantiomeric ligand combinations
might be time-consuming, but the search for an appropriate
ligand with multiple stereogenic elements is even more difficult
because it often requires a multi-step synthesis. Therefore one
major target should be to achieve the desired structural
modification within a reasonable period of time and by certain
preparative ease. Given the various building units for
potential future ligands with multiple stereogenic elements,
it remains surprising that there is only a very limited number
of reports on the screening of such structures by employing
combinatorial chemistry. Within the several reports on the
combinatorial development of chiral ligands for asymmetric
transformations,! there is only one that specially includes the
screening of stereochemically pure diastereomers.?!

In summary, we have described representative examples of
the use of structurally well-defined chiral metal complexes
with multiple stereogenic elements in asymmetric catalysis.
The combination of different enantiopure ligands seems to be
well understood and has found several convincing applica-
tions. On the other hand, the use of stereochemically defined
chiral-at-metal complexes as a whole and the role of the
stereogenic metal itself remain a target for future investiga-
tions. In the steadily increasing field of ligands bearing more than
one element of chirality, a routine elucidation of diastereo-
meric interactions and their consequences for the subsequent
catalytic performance still constitutes an exception. It is to be
hopeed that more careful attention will be paid toward this
issue, especially in view of the growing number of new chiral
ligands that are reported these days. By no means can one talk
of a general way of designing ligands with multiple stereogenic
elements, since there are no generally applicable routes toward
a prediction of the resulting steric and stereochemical inter-
actions yet. Therefore, a major task is to elaborate techniques
for reliable prediction of general lead structures.% 3¢ These
techniques might then finally allow us to deduce those rules
that are required for a general ligand design.

Given the already high number of successful applications,
we are convinced that predetermined diastereomeric inter-
actions will continue to play an important role in the field of
defined chiral metal catalysts and also will be crucial for the
discovery of new efficient asymmetric processes.t’!
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Topographical Analyses of Homonuclear Multiple Bonds between Main
Group Elements

Hansjorg Griitzmacher* and Thomas F. Fissler*?!

Abstract: Recent experiments have resulted in the
completion of the series of Group 14 and Group 15
element double-bond systems, R,E=ER, (E=C-Pb,n=
2; E=N-Bi, n=1). Furthermore, new families of multi-
ple-bonded species have been discovered, such as the
radical anion [RSnSnR]~, the close ion pairs [RE(u,Na),-
ER] (E =Ge,Sn), and a digallyne [RGa(u,Na),GaR] for
which a Ga=Ga triple bond was formulated. Some of
these compounds show classical multiple bond features
(i.e. the dipnictogens RE=ER, E=N-Bi) in the sense
that planar structures with short E—E distances are
observed. However, many (i.e. R,E=ER,, E=Si-Pb)
do not behave as expected for compounds with multiple
bonds. They have trans bent structures, show enormous
variation in their E—E distances, and some dissociate
easily under E—E bond cleavage in solution. These
properties raised doubts as to whether these compounds
can be formulated as multiple-bonded systems. Using the
electron localization function (ELF) it is possible to
clearly show the topographical similarities between
classical and nonclassical multiple bonds; ELF divides
these systems into umslipped (classical) and slipped
(nonclassical) systems. ELF can also be employed to
confirm the nonexistence of multiple bonds. Therefore,
topographical analyses using ELF are useful to categorize
a bonding system. In particular, the bonds in the heavier
Group 14 double systems and the Ga—Ga bond in
digallyne are clearly shown by this method as slipped
double and triple bonds, respectively.

Keywords: bond theory - electron localization function
\- main group elements - multiple bonds
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Some Historical Remarks

Controversy surrounding the chemical bond and its graphical
representation are not new.'* In 1865, S. Couper and C.
Brown introduced dashes “-” as “bonds” to represent the
topography of molecules and the valency of their atomic
centers (Scheme 1, B—E)."" Other descriptions were in

® ®
OO LD
A B ¢
S
OO0 OP-G®
. 00

Scheme 1. Historical graphical representations of C,H, (A-C) and C,H,
(D, E).

common use at that time already and most of them were not
designed to reflect the three-dimensional structure of mole-
cules.?*d Kekulé found Brown’s and Couper’s formulae
“exasperating to draw, impossible to print except from plates
and capable of ambiguity”. In Scheme 1, A as the depiction of
the ethylene molecule preferred by Kekulé is compared with
the ones, B or C, proposed by Brown.

Noteworthy is also the representation of acetylene as shown
with a “triple bond” in D and with “self-neutralizing atoms” in
E. (These descriptions resemble the approximation of elec-
tronic ground states by resonance structures—which D and E
were not meant to be!—that came into use about 60 years
later.) The “dash” model was rapidly accepted by other
chemists®! and it is interesting to note that the representation
of a double bond or a triple bond by double or triple dashes
was a consequence of valence theory (“type theory”) and was
used long before the structures and physical properties of
molecules were known (i.e., precise bond lengths and angles,
force constants, dissociation or rotation energies, even elec-
trons were unknown).

The introduction of quantum-mechanical equations
changed the meaning of these dashes. In Lewis structures
each dash is interpreted as a pair of electrons (an a- and a f3-
electron).l¥! Following work by Siedwick, Heitler, and Lon-
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don, filled orbitals were identified with electron pairs.
Subsequently, two major approaches for the description of
electronic states of molecules were developed: molecular
orbital (MO) theory, which uses delocalized orbitals, and
valence bond (VB) theory, which is based on the formation of
electron pairs starting from atomic orbitals.

In the more common MO theory, the set of four (six)
valence electrons in a double (triple) bond is described by a
symmetry-separated set of one o- and one n- (one o- and two
7t-) molecular orbitals. Strictly by definition, the terms o- and
mt-bond are restricted by symmetry to linear molecules but are
commonly used for bond descriptions in planar molecules as
well. Alternatively, multiple bonds are described by bent
bonds or banana bonds.P! Both approaches are equally
legitimatel® and as approximate descriptions neither of these
can be proven to be right or wrong.

Experiments directed towards the synthesis of unsaturated
main group element compounds date back to the last century.
In accord with the picture of chemical bonding and the
valence concepts of their time, Michaelis et al. described
“phospho-" and “arsenobenzene”, PhE=EPh (E =P, As), and
explicitly applied the term double bond to characterize the
arsenic —arsenic bond.”! Ehrlich used a related formula for
“Salvarsan”  [(3-H;N*-4-HO-C¢H;)As=As(C¢H;-3-NH;"-4-
OH)]-2Cl-. Later advances in spectroscopic methods proved
these formulations to be wrong and these compounds
correspond to oligomeric (RE), compounds.

Short bond lengths, planar or linear arrangements of the
substituents around the multiple bond, rotational barriers, and
enhanced bond energies were introduced as classical indica-
tors for multiple bonds. It is important to remember that these
indicators evolved from the studies of bonding systems in
which elements of the second row, that is C, N, O, are
incorporated. In 1976 Lappert and co-workers isolated the
first distannene, R,Sn=SnR, (1) (R=CH(SiMe;),) as an
example for a homonuclear heavier analogue of an olefin
and determined its structure(Scheme 2).¥ This true milestone

H Me,Si, $iMe;
Me; S \H

4 [LICH(SIMes),]  M&si S
— SN==Sn" siMe,
-4LiCl H~¢ “ASiMe,
Me,Si SiMe; H

1

N

2y g
~SiMe;  hy 254 nm /

2 Si _ ¢
=S E=Sn®=41°

~SiMe,
- 2 Me,SiSiMe, '
\% E=Si®=18°
2

2 SnCl,

Scheme 2. Syntheses of the first distannene 1, disilene 2, and diphosphene
3.
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in main group element chemistry created serious problems for
the classical valence concepts: The skeleton of 1 is not planar
but trans bent (@ =41°); the Sn=Sn bond (2.77 A) is not
significantly shorter than a single bond (2.81 A), and the
molecule dissociates easily in solution into two stannanediyl
(stannylene) fragments (SnR,). Five years later West et al.
succeeded in the isolation of the first stable disilene,
Mes,Si=SiMes, (2) (Mes =2,4,6-Me;C¢H,) which was formed
by dimerization of two silanediyl (silylene) fragments, SiMes,,
generated by photolysis of a polysilane precursor
(Scheme 2).0

In the same year 1981, Yoshifuji and co-workers prepared
the first “true phosphabenzene”, Mes*P=PMes* (3) (Mes* =
2,4,6-(tBu);C¢H,) (Scheme 2).l'% Both compounds, 2 and 3,
were characterized by X-ray structure analyses. The Si=Si
bond in 2 and the P=P bond in 3 are significantly shorter (9 %)
than corresponding single bond lengths. While diphosphene 3
is planar, 2 shows a slightly trans-folded structure. The fold
angle which is defined by the intersection of the R-Si-R plane
and the Si—Si vector is 18°.

Recent Experimental Advances

Only recently the series compounds containing homonuclear
double-bond systems R,E=ER,!'] between elements of
Group 14 (E=C-Pb, n=2)!"4 or Group 15 (E=N-Bi, n=
1)13 was completed (Scheme 3). Table 1 contains a compila-
tion of geomertical and thermodynamical data for Group 14
double-bond systems.

Even in the sterically most crowded olefin, Z-[ (fBuMe,-
Si)(Me;Si)C=C(SiMe,rBu)(SiMe;) ]I, the C=C bond is only
slightly elongated by 2%, although both RR!C halves are
twisted by 60°. The heavier homologues of olefins become
increasingly more flexible with increasing principle quantum
number N. They show large deviations in bond lengths and
fold angles, and the dimerization energy Eg,, which can be
taken as an approximation of the E,, . bond energy, dramat-
ically drops to values typical for van der Waals interactions.
Consequently, most digermenes, distannenes, and all diplum-
benes easily dissociate into the ER, monomers (E = Ge, Sn,
Pb) in solution. Among Group 14 element double-bond
systems, only C=C bonds are considered “hard double bonds”
and it is only these for which the traditional indicators of
double-bonded systems like bond lengths, planarity, high
dissociation energies, and isomerization by bond rotation can
be applied.

On the other hand, all Group 15 element double-bond
systems,!"3 such as the dibismuthene 5, show a classical planar
molecular framework in which the E=E distance is shorter
than that of a single bond (about 6% for E=Bi).[13d
Furthermore, there are no indications that dibismuthene 5
dissociates into BiR (bismuthanediyl) fragments in solution.
In the search for stable triple bond systems, an instructive
series of anionic compounds 6 -8 became available.l'*9 All
contain the sterically very demanding substituent, CsH;-2,6-
Trip, (Trip = triisopropylphenyl), which shields the central
bond from further reactions (kinetic stabilization).
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2 PbCl—————————— 2

Tht
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2 Li,Se/ th Vi 3 (Me,N),P
2 TbtBiCl, —————— 2/3 Tht—Bi Se — -
-4Licl se—g, -3 (Me,N),P=Se
_SiMe, Tht

Scheme 3. Syntheses of diplumbene 4 and dibismuthene 5.

Table 1. Range of experimental bond lengths, dg g, [A], fold angles O [°],
calculated distances, angles, and dimerization energies, Eg, [kJ mol™'] for
Group 14 double-bond systems R,E=ER,.

dg-gexp.  dgpcaled  G@exp.  Ocaled  AE, [ Ref.
C 1.34-137 135 0 0 739 [12a]
Si 2.14-225 216 0-18 29.0 250 [11b]
Ge 221-235 234 12-36  43.7 180 [t1a,b]
Sn 2.77-3.63 2.68 41-46 48 96 [t1a, b]
Pb 2.99-353 295 41-51 546 24 [t1a, b, 12¢]

In compounds 6-8 the central R—E=E—R units (E = Ge,
Sn, Ga) differ by one valence electron (VE) if ionic
interactions are assumed with
the alkali metal centers (i.e.
complete transfer of one elec-
tron from the metal to the .
anion). In the radical anion 6
(11 VE taking [HSnSnH]‘~ as
the parent system), the un-
paired electron is equally delo-
calized over the Sn—Sn bond as
indicated by EPR studies
(A("Sn)=83G; A('"Sn)=
8.5 G) and is thought to be in
a pp(m) orbital perpendicular to
the R,Sn, skeleton. Further re-
duction of 6 in benzene leads to
the close contact ion pair 7a in -
which both potassium ions are
complexed by the Trip units.
The structural differences be-
tween diamagnetic 7a in which
the perpendicular pp(s) orbital
is filled by two electrons (12 VE
with respect to [HSnSnHJ]*")
and its radical precursor 6 are
small; a slight shortening of the

7 H—snci

3K/ thf
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Sn—Sn distance is observed in
7a (0.04 A) and the fold angle
O closes by about 10° (see
Scheme 4). The germanium
analogue  [Na,Ge,(CsH;-2,6-
Trip,)] (7b) has been prepared
by the same method (Ge—Ge
2.394 A, ©=776°). These dia-
nionic species may be best
compared to the neutral
isoelectronic dipnictogenes
RE=ER (E=As, Sb) which
have very similar forms. Note
that in these planar molecules,
O corresponds to an ordinary
E-E-R bond angle and not to a
deviation of a m system from
planarity.

The digallyne 8 has been
prepared by the same synthetic
approach to that applied for 6
and 7a, b, that is simple Wurtz
type coupling of an element dichloride. This species (10 VE
with respect to [HGaGaH]*") has two valence electrons less
than 7b. Formally the pairs 7a, b/8 correspond to the system
[HC=CH]?*/HCCH. Consequently, 8 was formulated with a
Ga=Ga triple bond. However, 8 shows a nonclassical trans
bent structure (©®=49°) and the Ga—Ga bond is not
significantly shorter than a single bond. These structural
features in particular led to a vivid debate on whether this
dianion is not better represented by a resonance form showing
a Ga—Ga single bond and a lone pair on each Ga center (see
also D and E in Scheme 1 and K and L in Scheme 8).l'7 In this
discussion not only the question of “to ; or not to m” was

¢ H-s

o

Sn====8n-------

\J®z84°

6 Na /Et,0

> _4NaCl

Scheme 4. Syntheses of novel multiple-bonded tin (6, 7a) and gallium (8) compounds.
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brought up again but furthermore, it became evident that
there was a lack of methods available to graphically visualize
the electronic nature of main group element multiple bond
systems.

Recent Theoretical Investigations

When double-bond systems R,E=ER, are homolytically
cleaved, the resulting two carbene-analogous fragments ER,
may either exist in a triplet state F or singlet state H. In an
analogous way, triple-bond systems either fall apart into two
quartet ER fragments G or into two doublet fragments I
(Scheme 5).

e %@% %D ;C%i“

Scheme 5. Interaction of triplet ER, (F), quartet ER (G), singlet (ER;)
(H), an doublet ER (I) fragments.

Only for the elements from the second period are the high-
spin states F and G energetically low lying. The elements from
the higher periods prefer low-spin ground states H and Ll
Each of these low-spin fragments donates a pair of electrons
from an occupied sp hybrid orbital to an empty p orbital of its
bonding partner to form double donor—acceptor bonds.* By
this approach bent double bonds in Group 13 species REFER
(E=Ga, In, T and Group 14 species R,E=ER, (E=Si,
Ge, Sn, Pb), [818-dl and bent triple bonds REEER (E = Ga~
or Si)%2¢l can be rationalized. Furthermore, since dative
bonds are much weaker than o and it bonds, very low binding
energies are expected for nonclassical double or triple bonds.

In the Carter, Goddard III, Malrieu, and Trinquier
model®- 21 (CGMT modell"'“l) the criterion for a nonplanar
trans bent form of a multiple bond system in R,E=ER, is
given by: ZAE_ 1) > AE,. ;. Here AEs_ 1 corresponds to the
singlet—triplet excitation energy of the fragment ER, and is
positive when the singlet state is the ground state, and E,,;
denotes the E=E bond energy.?? Classical planar forms
should be observed when ZAE 1 is smaller than %2E,, .
ZAEg 1) <%E,. ;. The planar forms of Group 15 double-
bond systems RE=ER (E =N -Bi)['®-¢l are within this model
simply due to the fact that all ER fragments have triplet
ground states (i.e. AE 1) is negative).

The long E—E distances for the heavier Group 13 to 15
elements are caused by increasing interatomic repulsion
AEp,i, as was pointed out by Ziegler and Jacobsen.['®"! The
energy AEp,,; results from repulsive two-center, three-elec-
tron (2c-3e) and two-center, four-electron (2c—4e) interac-
tions between occupied orbitals on both fragments. This
unfavorable interaction will increase with increasing orbital
overlap, that is upon shortening of any bond. Especially, for

2320
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the heavier elements, AFEp,,;; becomes dominant already at
quite long E—E distances because the valence np-orbitals of
one fragment, which are rather extended in space, underlie a
repulsive 2¢ —3e interaction with (n — 1)p-core orbitals on the
other fragment. In contrast, elements of the second period
have only core electrons in the 1s level.['s"

Finally, one needs to ask whether a double-bond system—
be it classical or nonclassical—is the only possible stable
structure one can imagine (guided by the valence theory).
Within the GCMT model, the requirement for the existence
of a planar or trans bent ground state double-bond system is
given by ZAE 1)< E,, . As a consequence, doubly H-bridg-
ed structures V and VI (Scheme 6) represent the global

HR A
H... ~H S.H
“E=—EX —E=E E—E
™o H MY VA
H H
| ] n
H H H
\E A VL N
% \H \H/ II( \H/
v \" Vi
E |energy of isomers ——>
C |
Si, Ge n < v< vV
Sn,Pb| V,VI < Il < V< I

Scheme 6. The various possible E,H, (E = C—Pb) isomers I- VI and their
relative energy ordering.

minima on the Sn,H, and Pb,H, energy surfaces because SnH,
or PbH, have very stable singlet states and E,,, becomes even
smaller than AE ).'*9 The trans bent double-bond forms
II are the least stable isomers!

Ethylene exists only in form of one isomer I; however five
different isomers II- VI in a narrow energy band are found as
local minima on the energy surfaces of the homologues. This
may explain the facile ligand scrambling reactions that are
experimentally observed when the homoleptic fragments ER,
and E'R!, (E, E' = Sn, Pb) are mixed and heteroleptic double-
bond systems RR!'E=ERR' and RR'E'=E'RR! are obtained
as products.['2d]

Summarizing the experimental and theoretical findings
leads to the following conclusion: The classical multiple bond
indicators—bond lengths and bond strengths—have no mean-
ing for multiple bonds in which elements from the higher
periods are involved. However, they are valid for an excep-
tional element: carbon.

A Topographical Analysis of Main Group Element
Multiple Bonds

However, the questions still remain: Are the bonds in the
higher homologues of ethylene correctly represented as
double bonds? Is the Ga—Ga bond in digallyne 8 a real triple
bond? In order to find more general answers, we suggest here
a description based on the electron localization function
(ELF).2] In a very simplistic way, ELF represents the
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probability of finding two elec-
trons with the same spin « in a
given space (Pauli repulsion).
In regions where this probabil-
ity is small, electrons are local-
ized. Since the same consider-
ations are valid for S-electrons,
ELF divides the valence elec-
tron density of a closed-shell
system into regions of (bonding
and nonbonding) electron pairs.
The definition of ELF is chosen
such that at high values of ELF
(close to 1, color-coded white)
electron pairs are localized. It is
very important to keep in mind
that high electron density does
not necessarily coincide with
large ELF values. For example,
although the uniform electron
density of an atom shows only
one maximum at the position of
the nucleus, ELF reveals the
shell structure of atoms, that is
several local maxima are found.
The same holds for molecules
where the electron density is
highest at the position of the
nuclei, from which it monotoni-
cally decreases towards the
bond centers.®] However,
again the ELF can show max-
ima at these latter positions. As
such, ELF is a projection of i
properties of the electron den-
sity and coincides in many cases
with chemist’s ideas of electron
pairs when they draw chemical
formulae. Furthermore, as long
as no specific quantitative val-
ues shall be obtained for a given
structure, ELF is widely inde-
pendent of the quantum mechanical method as well as of the
basis sets chosen to calculate the electron densities and
reliably reproduces trends. This is an advantage over any MO
description, which relies on well-defined but arbitrarily
chosen wavefunctions.?*?

In Figure 1 we show various plots of ELF based on
calculated electron densities for classical (a—f) and non-
classical (g—k) double-bond systems.

In a and b color-coded two-dimensional contour line plots
of the ELF of C,H, are shown. The molecule lies either with
the E—F axis in the plane of the paper and the hydrogen atoms
above and below that plane (a) or the molecular plane
coincides with the paper plane(b). In all molecules, the local
ELF maxima (bond attractors??4), M! and M2, of the ELF of
the E—E bond regions are indicated by a dot.

In C,H,, the C=C bonding domains are characterized by a
dumb-bell shaped region of localized electrons (ELF > 0.8).

1) hypothetical planar Sn,H,.

Chem. Eur. J. 2000, 6, No. 13
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Figure 1. Two-dimensional (2D) cross sections through the molecules (left two columns) and three-dimensional
(3D) representations (right column) of the electron localization function (ELF). In all 2D pictures the density of
points measures the electron density. Regions of low-electron density appear instead of the atom cores, because
valence electron calculations were performed. The color of ELF at each point corresponds to the values given in
the color bar on top of Figure 1b. The contour lines of the 2D images correspond to ELF = 0.80, 0.85, 0.90, and
0.95 with higher values towards the maximum shown as black dot. All 3D surfaces correspond to the ELF = 0.80.
a)-c) GH,, d)-f) Bi,H,, g) trans bent Si,H,, h) —i) trans bent Sn,H,, j) trans bentGe,H,, k) trans bent Pb,H,, and

The bond attractors M! and M? lie above and below the
molecular plane on a line m perpendicular to the molecular
plane intersecting the midpoint of the E—E distance (see
Scheme 7). Note also that ELF shows a local minimum at this
point of intersection. This is nicely seen as well in ¢ in which an
isosurface of ELF =0.8 is shown. As was mentioned above,
large ELF values within the double-bond region do not

slipped double bond

E=Si, Ge, Sn, Pb
Scheme 7. Placement of local ELF maxima M!, M? in unslipped and
slipped double bonds.

unslipped double bond
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coincide with high electron density, which is given by the pixel
density in the two dimensional (2D) plots. The particular form
of ELF for a double bond can be understood by using the
arguments given above: In double-bond domains, two a and
two f3 electrons have to be hosted. The Pauli repulsion will
force the electrons with the same spin to localize in separate
regions. Or in other words: although the electron density is
higher on the C—C connecting line, the electrons formally
assigned to the double bond do not localize here due to the
Pauli repulsion. The relation of the observed distribution of
bonding domains—projected from the electron density by the
ELF—to the VSEPR model is evident: Electron pairs try to
keep a maximum distance to each other!?? In d to f, the ELF
of HBi=BiH as a model for dibismuthene 5 is shown. The
resemblance between these
plots and the ones for ethylene
is striking, the only difference
being the lone pairs on each Bi
center shown as closed spheres
in f. Hence dibismuthene 5 like
all dipnictogenes RE=ER (E =
N -Bi) falls within the category
of classical double bonds.

In g-k color-coded ELF
plots based on the nonclassical
trans bent structures of the
parent compounds H,E=EH,
(E=Si, Ge, Sn,® Pb) are
depicted (see Table 1 for struc-
tural details). As the fold angle
® increases with increasing
atomic number of E, the max-
ima M! and M? are increasingly
slipped away from the line m as
is described by the deviation
angle a: a(C)=0°, a(Si)=9°,
a(Ge) =40°, a(Sn) =41°,
a(Pb) =43° (Scheme 7).

However, the principle char-
acteristics of a double-bond
system, that is the finding of
M! and M? above and below the
E-E axis are retained. There-
fore, this property of ELF, that
is two weakly separated max- e
ima M! and M? and a local
minimum on the E—E vector is
proposed as double-bond crite-
rion.’”! This analysis describes
all E=E bonds as double bonds even in nonplanar molecules
and tolerates a wide range of bond lengths and fold angles ©.
Double bonds can be divided into unslipped double bonds
which is the classical case of planar molecules and slipped
double bonds in molecules of lower symmetry.*!

At this point it is interesting to examine the form of the
ELF of a hypothetical planar distannene (Figure 11). In
contrast to planar C,H, or Bi,H,, where both double-bond
domains take a rather contracted space above and below the
midpoint of the E—F bond, in planar a-Sn,H, the double-bond

h) Ga,H,, and i) P,H,.
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domains are considerably localized over the two Sn centers.
Since, as we stated above, bonding domains tend to keep apart
from each other as far as possible, it is not difficult to imagine
that a distribution for the double-bond domains in a trans bent
structure as shown in Figure 1i is more favorable.?)

As was seen from the comparison of ethylene and
bibismuthene in Figures 1¢ and 1f, respectively, ELF shows
nicely the relationship between bonding and nonbonding
electron pairs. ELF can also be used to demonstrate the
topographical relationship between the double bond in ethyl-
ene and the three-center, two-electron BHB bonds in the
isoelectronic diborane B,H,.** 21 ELF plots of B,H, using
the same orientations as were chosen for C,H, are shown in
Figures 2a—c.

Ty

I I

Figure 2. Two-dimensional (2D) cross sections through the molecules and 3D representations of the ELF. For
further details see caption of Figure 1. a)-c) doubly H-bridged B,H;, d)-f) doubly H-bridged Si,H,, g) C,H,,

Clearly, the ELF regions of the two bridging hydrogen
atoms in B,H, (Figure 2a —c) are closely related to the double-
bond domains of ethylene in Figures 1a-c. However, the two
maxima M! and M2, which coincide with the positions of the
protons are strongly separated in this case. In Figures 2d -f,
the same topographical relationship is seen for the domains
for the hydrogen atoms of the doubly hydrogen-bridged
disilene isomer HSi(u,-H),SiH (V; see Scheme 6) and the
Bi=Bi double-bond domains shown in Figure 1d-f. Again,
the only difference is the stronger separation of the ELF
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maxima (i.e. proton positions) above and below the molecular
plane. Generally, hydrogen cores (protons) show a preference
to locate where electrons localize anyway, that is close to ELF
maxima./?>?)

Finally classical and nonclassical triple bonds are discussed.
In Figure 2g, the ELF of the classical triple bond system of
HC=CH is shown. No maximum is found on the C- C axis and
the chemical bond is represented as a cylindrical torso
following the D, symmetry of the molecule. In this case, the
ELF maxima of triple bonds are represented by ring attractors
as was proposed earlier (Scheme 8).2*/ When a triple bond is

1) 2)

carbon, nitrogen, and oxygen. Over the last 20 years refined
experimental techniques have allowed the synthesis, isolation,
and detailed study of many fascinating multiple-bonded main
group element compounds; however, the classical indicators
cannot be applied to many of these compounds. These
nonclassical multiple-bonded systems have distorted struc-
tures, their bonds are not shortened and are even sometimes
longer than single bonds, and they dissociate homolytically in
solution. Although these differences to classical bonding
systems can be rationalized by theoretical models, the
question still remains whether they are correctly represented
by the graphical methods,
which are in common use. An
analysis of classical and non-
classical bonding systems by
R means of ELF permits a topo-
graphical classification of mul-
tiple bonds, which is free from

% o R
R—C—+ | C—R Ga ¢ \Ga ReP—P restrictions imposed by the
R

unslipped slipped
triple bond triple bond

classical indicators. In particu-
lar, the distribution of local
ELF maxima in the multiple-

Scheme 8. 1) Unslipped and 2) slipped ring attractors in acetylene and digallyne, respectively. 3) The bond ~ bond region allows one to dis-
attractor in P,H, is shown as filled dot, lone pair attractors are shown as unfilled circles. tinguish between unslipped (i.e.

treated as a six-electron problem, this ELF shape is expected
to be the best compromise to host three a and three f8
electrons. Most remarkably, the torso-type shape of the triple-
bond domain is retained in the nonclassical digallyne dianion
[HGa=GaH]*~ as is shown in Figure 2h. Clearly this com-
pound has a triple bond! Using the terminology introduced
above, this bond corresponds to a slipped triple bond system
and acetylene is shown with an unslipped triple bond in
Scheme 8. The tilted torus can also be interpreted as a
consequence of mixing in a small contribution of resonance
structure L into resonance structure K.

In order to confirm our analysis of the triple bond in
digallyne 8 and to rule out a description with two lone pairs at
the Ga centers and a Ga—Ga single bond, we inspected the
chemical bonds in diphosphene H,P—PH,. Considering the
E—H bonds as localized two-electron, two-center bonds, in
both cases three electron pairs are left for bonding between
the E centers. As shown in Figure 2i, clearly a maximum on
the P—P vector and two further maxima at each P centre are
found. The interpretation as o-P-P bond and two lone pairs on
each phosphorus center is straightforward, and the contribu-
tion of the resonance structure H,P=PH, N to the electronic
ground state is certainly negligible. Therefore H,P—PH, may
be represented with a bond attractor on the P—P connection
line (black dot) and two nonbonding attractors (unfilled
circles) on each P center (Scheme 8).

Conclusion

Classical multiple bond indicators such as planar or linear
structures, short bond lengths, and bond energies stem from
concepts which were developed to identify the “chemical
bonds” between a rather limited number of elements, namely
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classical) and slipped (i.e. non-
classical) multiple bonds. This leads to a very general
classification, and a wide range of bond lengths and dis-
tortions is tolerated. Also, ELF shows the absence of multiple
bonding. These topographical analyses reveal that the sim-
ilarities between classical and nonclassical multiple bonds are
much larger than one might have anticipated on the basis of
the molecular structures alone (which are defined by the
positions of the nuclei). Both, classical and nonclassical
double bonds or triple bonds are characterized by two weakly
separated domains or ring attractors, respectively, which are
placed around the bond vector. Therefore they are, in our
opinion, graphically adequately represented by the traditional
Lewis formulae (i.e. trans bent distannenes such as
R,Sn=SnR, and digallynes such as [RGa=GaR]*") keeping
in mind that these graphical descriptions are unbeatable in
their clearness and simplicity.

Methods

Calculations: The equilibrium structures of E,H, (E =Si, Ge,
Sn, and Pb) are taken from CCD (Sn) and CCSD (Pb)
calculations (Gaussian 94) employing the Stuttgart quasirela-
tivistic pseudopotentials calculations as reported in reference
[12d], the structure of [Ga,H,]>~ used in this work was
described in reference [28]. The structure of HSi(u,-H),SiH is
reported in references.?'* The E—E distances are taken from
experimental data for E=C, B, P, Bi (1.35, 1.82, 2.23, and
2.82 A, respectively, with d(E—H) fixed to 1.08, 1.19/1.37, 1.41,
and 1.90 A, respectively. The ELF was calculated for all
structures using the program package MEHMACC.?
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Molecular Modeling of Saccharides, Part 25*

Structure and Lipophilicity Profile of 2,3-Anhydro-a-cyclomannin** and Its

Ethanol Inclusion Complex

Stefan Immel,?! Kahee Fujita,™ Hans J. Lindner,'*! Yasuyoshi Nogami,*! and

Frieder W. Lichtenthaler*?!

Abstract: Readily available from a-cyclodextrin in three steps, 2,3-anhydro-a-

cyclomannin composed of six a-(1 —4)-linked 2,3-anhydro-pD-mannopyranose res-
idues, crystallizes well when precipitated from aqueous ethanol. An X-ray structure
reveals the macrocycle to contain ethanol in its cavity, thus representing the first
inclusion complex of a non-glucose cyclooligosaccharide. The wider rim of the torus-
shaped macrocycle holds the six epoxide rings whose oxygens point away from the

Keywords: o-2,3-anhydro-a-cyclo-
mannin - a-cyclodextrin - cyclo-
oligosaccharides - inclusion com-
plexes

cavity, thereby sculpturing the unique over-all shape of a six-pointed star.

Introduction

Cyclooligosaccharides composed of sugars other than glucose
have gained considerable interest recently, as they are apt to
provide host molecules with recognition features different
from those of the rigid cyclodextrins.'l However, despite of
sufficiently hydrophobic CD-like cavities in the case of the
cyclomannins,”! 2 3-anhydro-cyclomannins,?*! cyclorham-
nins,'?l various analogues with alternating D-mannose/L-
mannose and D-mannose/L-rhamnose residues,® and the
conformationally flexible cycloaltrins,[”®! indications of their

[a] Prof. Dr. F. W. Lichtenthaler, Dr. S. Immel, Prof. Dr. H. J. Lindner
Institut fir Organische Chemie, Technische Universitdt Darmstadt
Petersenstrasse 22, 64287 Darmstadt (Germany)

Fax: (+49) 6151-166674
E-mail: fwlicht@sugar.oc.chemie.tu-darmstadt.de

[b] Prof. Dr. K. Fujita
Faculty of Pharmaceutical Sciences, Nagasaki University
Nagasaki 852-8131 (Japan)

[c] Prof. Dr. Y. Nogami
Daiichi College of Pharmaceutical Sciences
Fukuoka 815 (Japan)
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Stiirke 2000, 52, 1-8.

[**] A cyclooligosaccharide composed of six a-(1 — 4)-linked 2,3-anhydro-
D-mannopyranose units; for terminology used see ref. [5].

Supporting information for this article is available on the WWW under
http://caramel.oc.chemie.tu-darmstadt.de/immel/3Dstructures.html
(3D structures of Figure 1) and
http://caramel.oc.chemie.tu-darmstadt.de/immel/molcad/gallery.html
(MOLCAD graphics).
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interaction with suitable guests are exceedingly scarce: 2,3-
anhydro-a-cyclomannin, based on sparse 'H-NMR data,
seems to be able to incorporate 4-nitrophenol,’*? and the
cycloaltrins, on equally scant capillary electrophoretic evi-
dence, appear capable of interacting with sodium 4-tert-
butylbenzoate.l¥ It is in this context, that here, with the X-ray-
based unravelment of the unique molecular architecture of
the title compound, we provide unequivocal proof for the first
inclusion complex of a non-glucose cyclooligosaccharide.

Results and Discussion
Synthesis: Our synthetic approach to 2,3-anhydro-a-cyclo-

mannin, as illustrated in Scheme 1, started from a-cyclo-
dextrin by protection of the six primary hydroxyl groups by

OR
1) NaH/DMF
fBuMe,SiCl 2) CgHsSO,Cl (o]
i _— i illfe]
75 %l6] 64 %

HO o
6 6
a-cyclodextrin (1) 2 TBAF 3 R = SiMe,Bu

4R=H

92 %

Scheme 1. Synthesis of 2,3-anhydro-a-cyclomannin (4) from a-cyclodex-
trin (1).

the tert-butyl-dimethylsilyl moiety (— 2°). Ensuing depro-
tonation of the secondary hydroxyls in 2 by treatment with
NaH in DMF was followed by the addition of benzenesulfonyl
chloride, which not only effected selective 2-O-sulfonylation
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but, concomitantly, displacement of the 2-sulfonyloxy group
by the vicinal 3-OH to elaborate the 6-O-protected 2,3-
anhydro-a-cyclomannin (3, 64%). Deblocking with TBAF/
THF proceeded smoothly (4 h, 40°C) and led after crystal-
lization from aqueous ethanol to a product in 84 % yield,
which, however, was not the free 2,3-anhydro-a-cyclomannin
(4), but its ethanol inclusion complex 4 - C,H;OH with varying
amounts of water. An intensively dried sample analyzed for
the dihydrate, the crystal grown and used for the X-ray
structural analysis revealed 4- C,H;OH to be associated with
3.5H,0 on the average (vide infra).

OH
15 :o
0
OHP ) o\
0
)
OH
5.0 C2HsOH 00
HO.
0
0
o 0
o o O OH
HO
4 -EtOH

X-ray Structure: That the 2,3-anhydro-a-cyclomannin accu-
mulated as the ethanol inclusion complex when crystallized
from aqueous ethanol could neither be proved by mass
spectral data—the complex does not survive the high vacuum
MS conditions as only the [M]" peak for the cyclooligosac-
charide is detectable—nor by 'H- or *C-NMR spectroscopy,
since in [Ds]pyridine solution it is unclear whether the
ethanol-CH protons or its carbon atoms are inside or outside
the cavity, in fact, the formation of a pyridine inclusion

complex being not unlikely. Only the X-ray structural analysis,
invited by the high crystallinity of the product, revealed the
ethanol to be located in the interior of the cavity (Figure 1).
The geometry of the complex unfolds a high degree of
regularity, with the backbone of the macrocycle best approxi-
mated by six-fold rotational symmetry (Cy). All epoxide rings
are lined up on one side of the torus-shaped molecule—the
larger aperture in fact—and point away from the center
molecular axis towards the outside of the macro-ring. These
structural features result in the unique over-all shape of a six-
pointed star (Figure 1).

The intersaccharidic torsion angles @ (O5-C1-O1-C4’) and
¥ (C1-O1-C4-C3’) show only small fluctuations (94.2 +2.9
and 123.3 £9.4°, respectively), as do the atomic distances
01-01 diagonally across the ring (8.74+0.26 A). The
pyranose units are slightly tilted with their 6-OH towards
the center axis, with tilt angles!"!! of ~110.2+7.7°. Table 1
records further characteristics such as the Cremer — Pople ring
puckering parameters,l'?l the pyranose conformation, and
selected torsion angles, revealing nearly ideal °Hj half-chair
conformations, in which O-5 and C-5 are located above and
below the mean-plane of the pyranoid rings, respectively. This
implies an essentially planar arrangement of C-1 to C-4, as
expressed in the very small value (0.5 £ 3.4°) for the C1-C2-
C3-C4 torsion angle. In Table 1, these geometry descriptors
are compared with those found in the solid-state structure of
methyl 2,3-anhydro-4,6-di-O-(p-bromobenzyl)-a-D-manno-
pyranoside (5),®! whose ©Hs pyranoid ring conformation
closely resembles that found in 4. The primary 6-OH groups
adopt gauche—trans (gt, w~+60°) and gauche-gauche
arrangements (gg, w ~— 60°) relative to the pyranoid ring,
that is either point towards the center of the cavity (gf) or
away from it (gg).

As illustrated by the space-filling model in Figure 1 and,
more lucidly, by the side-view plots therein, the ethanol guest

Figure 1. Molecular geometry of the 2,3-anhydro-a-cyclomannin —ethanol complex (4- EtOH) in the solid-state. Left and center: Space-filling and ball-and-
stick models are shown perpendicular (top) and parallel (bottom) to the ring plane of the macrocycle; the water of crystallization and disorderings were
omitted for clarity. Right: The anisotropic thermal 50 % probability ellipsoids for all non-hydrogen atoms (blue: oxygen atoms of water molecules); two
6-CH,OH groups (2,3-anhydro-cyclomannoside units at top left and bottom right) are statistically disordered over two sites with equal weights.
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Table 1. Cremer—Pople ring puckering parameters,'l pyranose confor-
mations, and selected torsion angles in the solid-state structures of the 2,3-
anhydro-a-cyclomannin—ethanol complex (4:-EtOH) compared with
those of methyl 4,6-di-O-(p-bromobenzyl)-2,3-anhydro-a-b-mannopyrano-
side (5).1

4lal 5b)
Cremer - Pople parameters
0 [A] 0.488 (0.02) 0.517
0[] 51.1 (2.6) 48.1
o[°] 337.8 (4.9) 335.0
pyranose conformation OH; OH;
ring torsion angles [°]
05-C1-C2-C3 20.2 (4.0) 212
C1-C2-C3-C4 0.5(3.4) -32
C2-C3-C4-C5 107 (3.2) 158
C3-C4-C5-05 —41.0 (2.5) —473
C4-C5-05-C1 67.2 (1.6) 71.5
C5-05-C1-C2 —554(32) —56.5
other torsions
01-C1-C2-02 —170.5 (2.5) —170.2
05-C1-C2-02 —46.4 (3.4) —49.5
05-C5-C6-06 69.5 (5.7)l 71.1
—59.2 (3.7)

[a] Root-mean-square (RMS) deviations in parenthesis. [b] Single param-
eters without RMS values. [c] Independently averaged values for the
gauche—trans (v ~ + 60°) and gauche - gauche (v =~ — 60°) arrangements
of the 6-CH,OH groups.

is fully immersed into the host, with its OH-group located at
the wider opening of the funnel-shaped cavity, that is the side
carrying the six epoxide rings (Figure 2). As these point away
from the cavity, there is no possibility of elaborating a guest —
host hydrogen bond, engendering a pronounced mobility of
the ethanol oxygen perpendicular to the central axis of the
host (cf. thermal ellipsoids in Figure 1, right).

In the crystal lattice, the 2,3-anhydro-a-cyclomannin-—
ethanol complex forms layered structures that are complex
yet architecturally appealing: Two units of the inclusion
complex are “fused together” to head-to-head dimers with the
wider, oxirane ring-bearing sides facing each other (Fig-
ure 3)—an arrangement obviously favored by the elaboration
of an intense hydrogen bond between the entrapped ethanol
OH-groups (O---O distance 3.03 A). Each layer of these
dimeric units is separated by a layer of water molecules
(Figure 3), which are engaged in hydrogen bonding interac-
tions with the primary 6-hydroxyls.

A detailed schematic plot of the hydrogen bonding patterns
between the 6-OH groups and the water molecules is given in
Figure 4; the corresponding geometry parameters are listed in
Table 2. Although all hydroxyl groups and water molecules
are engaged in at least two hydrogen bonds, neither the
oxirane oxygens O-2 nor the pyranose ring oxygens O-5 are
involved as acceptors in this network, and therefore these
hydrogen-bonding patterns extent only along the layers
without being interconnected in three dimensions. In addi-
tion, no hydrogen bond is observed between the ethanol guest
molecule and the cyclomannin host.

Chem. Eur. J. 2000, 6, No. 13
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Figure 2. Top: Ball-and-stick representation of the 2,3-anhydro-a-cyclo-
mannin - ethanol complex (4-EtOH) with the solvent accessible surface
superimposed in dotted form; the wider opening carrying the oxirane rings
is in-front, the 6-CH,OH side at rear. Bottom: Side-view surface slice,
illustrating the funnel-shaped cavity and the orientation of the guest
ethanol (2-O atoms at top, 6-CH,OH face of the macrocycle at bottom);
approx. molecular dimensions are included in A.

Table 3 provides a list of some selected intermolecular
atomic distances: The shortest cyclomannin host—host dis-
tances of around 3.2-3.3 A indicate a tight packing between
the molecules of each layer, as well as between the stacked
macrocycles. The shortest distances between the ethanol
molecules and their hosts are in the range of about 4.2-4.6 A,
thus leaving space for some thermal motions of the guests. The
short O-.-O-distance of ~3.03 A between two symmetry
related ethanol molecules is consistent with an hydrogen bond
(vide supra), whereas the terminal methyl groups are
separated by as much as 6.82 A across two layers.

Lipophilicity distribution: Whilst the cavity dimensions of 2,3-
anhydro-a-cyclomannin (4) are close to those of a-cyclo-
dextrin, the proportion of hydrophilic and hydrophobic
surface regions is to be substantially different. Simple
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Figure 3. Assembly of the 2,3-anhydro-a-cyclomannin (4) —ethanol-3.5H,0O complex in the crystal lattice: layers of head-to-head attached dimers of the
macrocycle, held together by hydrogen bonding between the hydroxyl groups of two cavity-entrapped ethanol molecules, are separated by a layer of water
molecules (blue spheres), which engage in hydrogen bonding with the primary 6-CH,OH groups at the narrow rim of the macrocycle.

\
~oH

11 5 * . 13
7.

1
1 8 18

6-0 side
gIH'?'-’ . 2.0 side Lidl
us(F)H-é' 7 @ 2-0 side “OH
6-0 side

Figure 4. Scheme of intra- and intermolecular hydrogen bonds (top) in the
solid-state structure of the 2,3-anhydro-a-cyclomannin —ethanol complex
(4-EtOH). The individual 2,3-anhydro-mannose residues are labeled A-F
and the disordered groups O(6A) and O(6D) are marked with “*”; of the
four water positions OW1-OW4 the molecule OW2 is located on a
symmetry element. The numbers in italics correspond to the indices given
in Table 2; “open-ended” lines indicate H-bonds formed between symme-
try related positions: The ethanol guest forms a single hydrogen bond to its
symmetry image. The bottom schemes visualize the H-bonding pattern
between O(6F) of two stacked cyclomannins and the intercalated OW2 and
OW4 molecules, as well as the hydrogen bond formed between two ethanol
guest molecules.

plausibility considerations already indicate, that a “replace-
ment” of the hydrophilic secondary hydroxyl face of
a-cyclodextrin® 161 by a torus carrying epoxide rings should
lead to a distinct decrease in hydrophilicity, inasmuch as the
oxirane hydrogens H-2 and H-3 are placed at the rim’s upper
side. Hence, the hydrophobic nature of the cavity of 4 is
expected to extend sizably towards the oxirane ring-bearing
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aperture, which in turn should lead to an increase in its
capacity—as compared with a-CD—for inclusion complex-
ation.

As lucidly borne out by the molecular lipophilicity pattern
(MLP) of 4, generated with the MOLCAD program¥ and
visualized by projection onto the contact surface of Figure 2 in
color-coded form™! (cf. Figure 5), the macrocycle even has a
lipophilicity distribution inverse to that of a-CD: The most
hydrophobic (yellow) are located at the wider, oxirane ring-
carrying torus, obviously due to the 2-H and 3-H ring protons
of the sugar units forming its rim, and inside the cavity,
whereas the hydrophilic (blue) domains are centered on the
opposite side around the 6-hydroxyl groups.

Surprising, at first sight, is the fact, that the hydrophilic and
hydrophobic surface regions at the guest—host interface are
non-complementary: The hydrophilic region of the included
ethanol (i.e., its hydroxyl end) is located at the hydrophobic
oxirane ring-carrying opening of the macrocycle, whereas the
hydrophilic regions of the host surround the guest’s ethyl
group. This impression, however, only holds for the “isolated”
monomeric macrocycle with its guest. Inspection of the de
facto head-to-head dimer realized in the crystal lattice, reveals
a higher order of complementarity between hydrophilic and
hydrophobic surface regions (Figure 6): not a guest—host
matching of the respective domains, rather a host—host and
guest—guest correspondence—an assembly obviously aug-
mented by a distinct OH---O hydrogen bond between two
entrapped ethanol molecules. This unique arrangement
entails the outside of the dimeric complex to be largely
hydrophilic, hence capable of being embedded, as horizontal
stacks, into layers of water (Figure 3).

Nevertheless, the question remains why the ethanol guest in
this supramolecular assembly does not place itself in the
cavity in an inverse way, that it faces the hydrophilic torus rim
with its hydroxyl group as this would have the advantage of
allowing hydrogen bonding to one of the 6-CH,OH groups or
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Table 2. Hydrogen-bond patterns in the solid-state structure of the 2,3-anhydro-a-cyclomannin-ethanol complex (4-EtOH), listed for distances
d(H+--0) <2.5 A and/or d(O -+ 0) <3.5 A only; the water molecules are labeled OW1—OWA4, the mannose labeling A —F and the indices given in the first

column correspond to Figure 4.

No. (cf. Figure 4) Hydrogen bond d(H - 0) [A] d(0+--0) [A] @(OH -+ O) []tel Symmetry
intramolecular host —host hydrogen bonds:

1 O(6B) -+ O(6C) - 3.198 - [b]
intermolecular host —host hydrogen bonds:

2 O(6A1)--- O(6E) - 3.255 - [c]
3 O(6A2)--+ O(6F) - 2.838 - [c]
4 O(6D1)H --- O(6C) 1.845 2.586 149.5 [c]
5 0O(6D2)--- O(6D2) - 2.662 - [c]
6 O(6E)H --- O(6B) 2.177 2.695 121.2 [c]
host — water hydrogen bonds:

7 O(6E)--- O(W1) - 2.662 - [b]
8 O(6F) -« O(W3) - 3.156 - [b]
9 O(6F)H --- O(W2) 2.145 2.871 147.4 [b]
10 O(6F)H --- O(W2) 2.146 2.872 147.4 [c]
11 O(6A1)---O(W1) - 2.917 - [c]
12 O(6A2)---O(W1) - 2.970 - [c]
12 O(6A2)---O(W3) - 2.894 - [c]
13 O(6D1)--- O(W4) - 3.225 - [d]
14 O(6C)--- O(W4) - 3.324 - [e]
water — water hydrogen bonds:

15 O(W1).--O(W1) - 2.785 - [f]
16 O(W1)---O(W3) - 2.444 - [b]
17 O(W2).--O(W4) - 2.950 - [b]
18 O(W2).--O(W4) - 2.949 - [c]
guest — guest hydrogen bonds:

19 O(1):--0(1) - 3.025 - [e]

[a] Hydrogen-bond H---O distances and O-H:--O angles omitted if hydrogen atoms were not located explicitly, labels O(6A1), O(6A2), O(6D1),

and O(6D2) indicate disordered positions. Symmetry
e] —y,—x,—z+1/3.

Table 3. Selected intermolecular heavy atom distances in solid-state
structure  of the  2,3-anhydro-a-cyclomannin—ethanol  complex
(4-EtOH); labeling of the mannose units corresponds to Figure 4 and
Table 2. For additional parameters on host—water distances see the list of
hydrogen bonds given in Table 2.

Distances!? d[A] sym- distancesl® d[A] sym-
(d<33A) metry metry
host - host (layered): host - guest:

C(3D)--+O(2A) 3215 [d] O(1)---O(1B) 4.188 [e]
C(4D)---O(2A) 3270 [d] O(1)---C(2C) 4.197 [e]
C(1C) -+ O(24A) 3.185 [d] O(1)---C(3C) 3.979 [g]
O(2D)-:-C(3A) 3173 [d] O(1)---0(1)  4.68(15)M [b]
O(2D)-:-C(4A) 3236 [d] O(1)---C(2)  5.54(20)" [b]
O(2D) -+ C(1F) 3234 [d] O(1)---C(3)  5.40(15)M [b]
C(3E)---O(2B) 3152 [e] C(1)---O(1)  4.39(40)" [b]
C(4E)---O(2B) 3201 [e] C(1)---C(5) 4.46(39)  [b]
O(2E)---C(3B) 3.156 [e] C(2)---O(1)  457(16)M [b]
O(2E)---C(4B) 3175 [e] C(2)---C(5) 4.1927) [b]
host - host (stacked): guest — guest:

C(6E)--- O(6A1) 3204 [c] O(1)---0(1)  3.025 [e]
O(6C)--- C(6D1) 3229 [c] C(2)---C(2) 6.821 [c]
O(2F) -+ C(2F) 3.290 [f]

O(2F) -+ O(2F) 3297 [f]

[a] Disordered positions are indicated by the labels O(6A1), O(6A2),
0O(6D1), and O(6D2). Symmetry operations: [b]x,y,z; [c]x,x—y,—z;
[d] x+1,3,z; [e] xy — 1.z; [f] —y+1, —x+1,—z+1/3; [g] —y,—x, — z+1/3;
[h] Parameters averaged over all equivalent host—guest distances (e.g.,
distances EtOH .-« O1A-F) with root-mean-square deviations in paren-
thesis.

to a water molecule in the then adjoining water layer. On the
other hand, though, this would conceivably create a “hydro-
phobic void” in the cavity as the ethyl portion of the guest is
not long enough to fill it entirely. If this notion is correct,
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operations: [b] x,y.z; [c]xx—y,—z; [d]x+Lyz; [e]x+lx—y+1,—z; [flxx—y—1,-z;

higher alcohols are likely to form inclusion complexes with
2,3-anhydro-a-cyclomannin in which the orientation of the
guests is inverse to that of ethanol.

Conclusion

The solid-state structure of the 2,3-anhydro-a-cyclomannin—
ethanol —water inclusion complex detailed herein provides a
unique example of crystal engineering,'” as three structurally
divers components assemble—with an amazing level of
precision['®l—to a super-structure by mutual recognition of
their steric, polar and non-polar features, the major direc-
tional force in its supramolecular construction un-
doubtedly being an optimal use of their hydrogen bonding
capabilities.

Particularly intriguing is the finding that the 2,3-anhydro-
cyclomannin host—lacking secondary hydroxyl groups at the
wider torus, with which cyclodextrins form dimers via an
intense hydrogen-bonding network —nevertheless finds a
means to associate to dimers, that is via OH -« OH hydrogen
bonding between the ethanol guests, which is only possible
though, when they are incorporated into the host in a
“mismatch” of hydrophobic and hydrophilic surface regions
at the guest —host interface. Thus, it is conceivable, that higher
alcohols or phenols are being incorporated into the cavity of 4
in an inverse orientation with a more optimal complementar-
ity of non-covalent guest —host interaction. As the 1-propanol
inclusion complex of 4 has been obtained crystalline, the
factors underlying the interplay of steric, polar, and non-
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Figure 5. Molecular lipophilicity patterns (MLPs) of the 2,3-anhydro-a-cyclomannin ethanol complex (4 EtOH): The relative hydrophobicity of guest and
host were mapped in color-coded form onto their individual contact (i.e., solvent-accessible) surfaces, with the colors ranging from dark-blue (most
hydrophilic areas) to yellow—brown (hydrophobic domains). Application and scaling of the MLPs was done for guest and host separately followed by
reassembly of the complex. Left: View onto the wider opening of the macrocycle carrying the six oxirane rings, displaying the hydrophobic (yellow) side. The
front-opened version (center) with ball-and-stick model insert exposes the distinctly hydrophilic (blue) rear side bearing the 6-CH,OH groups. Right: The
side view representations clearly illustrate the apparent non-complementarity of hydrophobic and hydrophilic regions of guest—ethanol and host, the
hydrophilic ethanol-OH group being located at the lipophilic side of the cavity.

Experimental Section

General: All reactions were monitored by thin-
layer chromatography on aluminum plates coated
with silica gel 60 F,s,. Melting points are uncor-
rected. '"H- and *C-NMR spectra were determined
on a Varian Unity plus 500 spectrometer. FAB-MS
were recorded on a JEOL JMS-DX 303 instrument.

Per-6-O-tert-butyldimethylsilyl-2,3-anhydro-a-cy-
clomannin [cyclohexakis-6-O-t-butyldimethylsilyl-
(1— 4)-2,3-anhydro-a-D-mannopyranosyl] A3):
Per-6-O-(t-butyldimethylsilyl)-a-cyclodextrin (2,
1.0 g, 0.6 mmol),l'”) was added to a solution of
NaH (0.40g, 10.8 mmol) in anhydrous DMF
(40 mL) and the mixture was kept under N, at
60°C for 2 h. After cooling, benzenesulfonyl chlor-
ide (568 pL, 4.32 mmol) in anhydrous DMF
(10 mL) was injected followed by stirring at room
temperature for 30 min. Filtration and flash chro-
matography on a silica gel column (4 x 15 cm) with
benzene/EtOAc 4:1 (250 mL) afforded 3 (600 mg,
64%); m.p.: 203°C (decomp.); [a]¥ =+70.1 (c=
0.36 in THF). 'H NMR (500 MHz, CDCl;, relevant
data): 0 =3.11 (d, 1H, 2-H), 3.32 (d, 1H, 3-H), 3.56
Figure 6. Molecular lipophilicity patterns (MLPs) of one dimeric unit of the 2,3-anhydro-a- (d, 1H, 5-H), 3.64, 3.93 (2d, 1H), 6-H,), 424 (d,
cyclomannin -ethanol complex (4:-EtOH) as excised from the crystal lattice. Although a 1H, 4-H), 5.16 (s, 1H, 1-H), J,, =J,,=0, J,; =37,
“mismatched” host—guest arrangement in terms of relative hydrophobicity is observed for the J,s=11.5Hz; C NMR (125 MHz, CDCL): 6=
monomer (cf. Figure 5), the “matching” interactions become obvious in the “head-to-head” dimer: —517, —496 (Me,Si), 1831 (fBuCSi), 25.91
the cohesion of two macrocycles via their hydrophobic domains at the wider, oxirane-ring carrying (1BuMe;), 49.15 (C-2), 53.30 (C-3), 62.17 (C-6),
torus is augmented by the distinct OH -+ O hydrogen bond between the oxygens of the entrapped 68.43 (C-4), 69.74 (C-5), 96.69 (C-1); MS [M]* not
ethanol molecules, facing each other via their hydrophilic surface areas. This reciprocal detectable; C,,H,5,0,,Si, (1550.2): C 55.78, H 8.58;
complementarity of hydrophobic (host —host) and hydrophilic (guest — guest) surface regions entails found: C 55.55, H 8.68.

the outside of the dimeric assembly to be largely hydrophilic; in the crystal lattice it packs into
horizontal layers that are separated by water (cf. Figure 3).

Per-2,3-anhydro-a-cyclomannin - ethanol inclusion
complex [cyclohexakis-(1 — 4)-2,3-anhydro-a-D-
mannopyranosyl —ethanol] (4- EtOH): A 1m solu-
tion of Bu,NF in THF (4.6 mL) was added to a solution of silyl epoxide 3

covalent interactions between its structurally as diverse (10 g, 0.65 mmol) in anhydrous THF (90 mL) under N,. and the mixture

components as 4, a suitable guest, and notabene, water are was stirred at 40 °C for 4 h. Concentration in vacuo gave a syrupy residue,
being probed further. which was dissolved in commercially available 95% EtOH (10 mL).
2332 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000  0947-6539/00/0613-2332 $ 17.50+.50/0 ~ Chem. Eur. J. 2000, 6, No. 13
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Standing overnight in a refrigerator resulted in a precipitate which was
collected and dried in vacuo over P,Os at ambient temperature for 24 h:
4.EtOH (511 mg, 84%); m.p.:267°C (partial melting with browning,
followed by gradual decomp.);" [a]}§ = +87 (¢ =0.3 in DMSO). '"H NMR
(500 MHz, [Ds]pyridine): 6 =3.47 (d, 1H, 2-H), 3.73 (d, 1H, 3-H), 4.18,4.43
(2m, 1H, 6-H,), 4.34 (m, 1H, 5-H), 4.40 (d, 1H, 4-H), 5.63 (s, 1H, H-1),
Jia=J34=0,7,3=3.5,J,5=9.0 Hz, assignments were substantiated by 'H-
'H and 'H-*C 2D NMR; ®*CNMR (125 MHz, [D;]pyridine): d =49.61 (C-
2),54.03 (C-3), 62.81 (C-6), 70.10 (C-4), 71.27 (C-5), 96.37 (C-1); FAB-MS:
miz: 865 [M]"; C3sHy30,4+ C;HsOH -2 H,0 (944.8): C 48.30, H 6.18; found:
C48.14, H 6.11.

Crystals suitable for X-ray analysis were grown by suspending 4-EtOH
(10 mg) in 95% ethanol (5mL), followed by brief warming to 65°C,
filtration through a membrane filter, and standing of the filtrate at room
temperature for about a week. Of the crystals obtained (3 mg) a colorless
prism with dimensions of 0.75x 0.4 x 04 mm was suited for X-ray
exposure, its composition being C;H,;0,,-C,H;OH:3.5H,0 (M,=
973.89). It had space group P3,12, trigonal, with a=5b=14.076(6), c=
41.610(10) A; V=7139.8(46) A3, Z=6, p=1349gcm, u(Moy,)=
0.110 mm~', T=293(2) K. A total of 8154 reflections were collected on a
Enraf-Nonius CAD-4 diffractometer with graphite-monochromated
Moy, (A=0.71093 A) radiation, of which 5104 were independent (R, =
0.1537). The structure was solved by direct methods (SHELXS-86*1) and
successive Fourier difference synthesis. Refinement (on F?) was performed
by full-matrix least squares method with SHELXL-93.2% R(F) =0.1069 for
4036 reflections with > 201, ®R(F?) =0.2890 for all 5104 reflections with
o =1/(0%(F§)+(0.2025 P)*+3.4693 P;  where = P=(F§+2F?)/3. The
6-CH,OH groups of two 2,3-anhydro-mannoside units diametrically across
the macroring are disordered over two positions with occupancies of 50 %,
respectively (torsion angles w(O5-C5-C6-06) ~+ 70° and — 60°). All non-
hydrogen atoms except the disordered carbon atoms were refined
anisotropically; hydrogen atoms on the 2,3-anhydro-a-cyclomannin were
considered in calculated positions with the 12 x U, value of the
corresponding bound atom. The hydroxyl proton of the ethanol was
subsequently positioned geometrically.

Crystallographic data (excluding structure factors) for the 4- EtOH have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-143714. 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@
ccde.cam.ac.uk).

Computational details: Calculation of the molecular contact surfaces and
the respective hydrophobicity potential profiles (MLP’s) was performed
using the MOLCAD molecular modeling program.'* % Scaling of the
MLP profiles was performed in relative terms (most hydrophilic to most
hydrophobic surface regions); no absolute values are displayed. Molecular
Graphics were generated using MolArch*.2!

Acknowledgement

Financial support was provided by the Fonds der Chemischen Industrie. In
addition, we thank Mrs. Sabine Foro for collecting the X-ray crystallo-
graphic data, Prof. Dr. J. Brickmann, Institut fiir Physikalische Chemie of
this University, for access to the MOLCAD software package, and to the
Japan Maize Products Co. Ltd. for providing a-cyclodextrin.

[1] For reviews, see: a) F. W. Lichtenthaler, S. Immel, J. Inclusion
Phenom. Mol. Recognit. Chem. 1996, 5, 3—16; b) G. Gattuso, S. A.
Nepogodiev, J. F. Stoddart, Chem. Rev. 1998, 98, 1930—-1958.

[2] F. W. Lichtenthaler, S. Immel, Tetrahedron: Asymmetry 1994, 5,
2045 -2060.

[3] a) A. W. Coleman, P. Zhang, C. C. Ling, J. Mahuteau, H. Parrot-
Lopez, M. Miocque, Supramol. Chem. 1992, 1, 11-14; b) P. Zhang,
A. W. Coleman, Supramol. Chem. 1993, 2, 255 -263.

[4] Y. Nogami, K. Nasu, T. Koga, K. Ohta, K. Fujita, S. Immel, H. J.
Lindner, G. E. Schmitt, F. W. Lichtenthaler, Angew. Chem. 1997, 109,
1987 -1991; Angew. Chem. Int. Ed. Engl. 1997, 36, 1899 —1902.

[5] Nomenclature: a) According to a recent proposal for a simplified
designation of non-glucose cyclooligosaccharides> ! which has been

Chem. Eur. J. 2000, 6, No. 13

6

—_

[7

—

8

=

[9

—

(10]

(1]

(12]

(13]
(14]

(15]
[16]
(17]

(18]
(19]

[20]

[21]

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

authoritatively endorsed, the mannose analogue of a-cyclodextrin is
termed a-cyclomannin; as 4 is the 2,3-anhydro derivative thereof, we
prefer, for practical reasons, the term 2,3-anhydro-a-cyclomannin*
rather than cyclo-a-1,4-hexamanno-2,3-epoxide, also used previous-
ly.’l The systematic name required by recent IUPAC recommenda-
tions (Carbohydr. Res. 1997, 297, 79, Rule 2-Carb-37.4.2) turns out to
be cyclohexakis-(1 — 4)-2,3-anhydro-a-D-mannopyranosyl, which is
not only less handy, but inconsistent, since 4 is not a series of
“glycosyls”, but a glycoside, a hexasaccharide, in fact. To comply with
the rules, the experimental section features both versions; b) S. Immel,
J. Brickmann, F. W. Lichtenthaler, Liebigs Ann. Chem. 1995, 929 —
942; ¢) J. Szejtli, in Comprehensive Supramolecular Chemistry, Vol. 3
(Cyclodextrins) (Eds.: J. Szejtli, T. Osa), Pergamon, Oxford, UK, 1996,
p. 7; J. Szejtli, Chem. Rev. 1998, 98, 1743 -1754.

a) P R. Ashton, C.L. Brown, S. Menzer, S. A. Nepogodiev, J. F.
Stoddart, D.J. Williams, Chem. Eur. J. 1996, 2, 580-591; b) P.R.
Ashton, S. J. Cantrill, G. Gattuso, S. Menzer, S. A. Nepogodiev, A. N.
Shipway, J. F. Stoddart, D. J. Williams, Chem. Eur. J. 1997, 3, 1299 —
1314.

a) a-Cycloaltrin: [4]; b) a-Cycloaltrin: K. Fujita, H. Shimada, K.
Ohto, Y. Nogami, K. Nasu, Angew. Chem. 1995, 107, 1783 -1784;
Angew. Chem. Int. Ed. Engl. 1995, 34,1621 -1622; c) a-Cycloaltrin: Y.
Nogami, K. Fujita, K. Ohta, K. Nasu, H. Shimada, C. Shinohara, T.
Koga, J. Inclusion Phenom. Mol. Recogn. Chem. 1996, 25, 53 -56.

S. Immel, K. Fujita, F. W. Lichtenthaler, Chem. Eur. J. 1999, 5, 3185—
3192.

It has been stated,[* albeit without any preparative or spectroscopic
proof, that 23-anhydro-a-cyclomannin gives 1:1 complexes with
anethole, vanillin, and N-acetylphenylalanine.

K. Takeo, K. Uemura, H. Mitoh, J. Carbohydr. Chem. 1988, 7, 293 —
308.

The tilt angle 7['> 4 is defined as the angle between the least-squares
best-fit mean-plane of the macrocycle (all O-1 atoms) and each
pyranose ring (atoms C-1 through C-5 and O-5).

a) D. A. Cremer, J. A. Pople, J. Am. Chem. Soc. 1975, 97, 1354 -1358;
b) G. A. Jeffrey, R. Taylor, Carbohydr. Res. 1980, 81, 182—183.

X. Wu, F. Kong, D. Lu, G. Li, Carbohydr. Res. 1992, 235, 163 -178.
a) J. Brickmann, MOLCAD—MO Lecular Computer Aided Design,
Technical University of Darmstadt, 1996; J. Brickmann, J. Chim. Phys.
1992, 89, 1709-1721. The major part of the MOLCAD program is
included in the SYBYL package of TRIPOS Associates, St. Louis,
USA; b) J. Brickmann, T. Goetze, W. Heiden, G. Moeckel, S. Reiling,
H. Vollhardt, C.-D. Zachmann, Interactive Visualization of Molecular
Scenarios with the MOLCADISYBYL Package, in Data Visualization
in Molecular Science: Tools for Insight and Innovation (Ed.: J. E.
Bowie), Addison-Wesley Publ., Reading, Mass., USA, 1995, pp. 83—
97, ¢) M. Teschner, C. Henn, H. Vollhardt, S. Reiling, J. Brickmann, J.
Mol. Graphics 1994, 12, 98-105.

a) W. Heiden, G. Moeckel, J. Brickmann, J. Comput. Aided Mol. Des.
1993, 7, 503-514; b) S. Reiling, M. Schlenkrich, J. Brickmann, J.
Comput. Chem. 1996, 17, 450 —468.

S. Immel, F. W. Lichtenthaler, Liebigs Ann. 1996, 27 —36.

G. R. Desiraju, Angew. Chem. 1995, 107, 2541 -2558; Angew. Chem.
Int. Ed. Engl. 1995, 34, 2311 -2327.

Diction borrowed from S. Dunitz, Pure Appl. Chem. 1991, 63, 177.
The 2,3-anhydro-a-cyclomannin of m.p.: 166 °C—defacto a misprint;
correct value 266°C—and [a]f§ =+83.6 (¢c=0.34 in DMSO) men-
tioned in [4] was precipitated from methanol, and, thus, conceivably
was the methanol inclusion complex of 4. The same is likely to apply to
the “cyclo-a-1,4-hexamanno-2,3-epoxide” (=4) of m.p.: 268 -269.5°C
and [a]® =+ 128 (¢ =1.0 in DMF), prepared by exposure of per-2-O-
tosyl-a-CD to K,CO3/MeOH (6 h, 60°C) and recrystallization of the
product from water and then from methanol,**! despite of the fact that
its microanalytical data were interpreted as to contain neither solvent.
G. M. Sheldrick, SHELXS-86 and SHEL XL-93—Programs for Crys-
tal Structure Solution and Refinement, University of Gottingen, 1986
and 1993.

S. Immel, MolArch*—M O Lecular ARCHitecture Modeling Program,
Technical University of Darmstadt, 1997.

Received: August 18, 1999
Revised version: November 29, 1999 [F1986]

0947-6539/00/0613-2333 $ 17.50+.50/0 — 2333






FULL PAPER

The C—F--- Cation Interaction: An Ammonium Complex of a Hexafluoro
Macrocyclic Cage Compound

Hiroyuki Takemura,*!*! Noriyoshi Kon,*! Mikio Yasutake,'! Sachiko Nakashima,!"!
Teruo Shinmyozu,'*! and Takahiko Inazu!™

Abstract: An ammonium complex of
the hexafluoro cage compound 1 was
isolated and its structure was elucidated
by X-ray crystallographic analysis. The
C—F bonds are elongated by the com-
plexation, which is clear evidence of
C—F---cation interaction. The driving
force of NH," inclusion is the C—F---
cation interaction, but the C—F--- HN*
hydrogen bond does not contribute to

of the NH, " C 1 shows short C—F --- HN™
contacts (2.286—2.662 A). Furthermore,
it shows that closer F--- H*(—N) distan-
ces give a larger F---H™N angle. Al-
though such structural features seem to
indicate the existence of C—F---HN*

Keywords: cryptands - cyclophanes
« fluorine - host—guest chemistry -
macrocyclic ligands

hydrogen bonds, the spectral data
(*H NMR, YF VT-NMR, and IR spec-
troscopy) did not support the existence
of hydrogen bonds. Thermodynamic
parameters, log K, (4.6+0.1, 298 K),
AH (—=5340.1kcalmol™), and AS
(3.2£0.3 calmol~' K1), of the complex-
ation were obtained in CDCly/CD;CN
mixture.

this complexation. The crystal structure

Introduction

The C—F---H—-N* hydrogen bond has become of interest in
recent years in bio-organic chemistry with respect to the base-
pairing interactions in DNA replication. The discussion on
whether there are hydrogen bonds between adenine and a
thymine isostere are currently in progress.l! However, several
research results suggest the weak C—F---H—N* hydrogen
bond. Shimoni etal. performed a search of the crystal
structure database and showed that the hydrogen bonds
between C—F and H-X (X =C, N, O) are weak but cannot be
ignored in the prediction of the molecular packing mode in
crystals.”’l They also predicted the CH,,F,--- NH," interaction
by ab initio MO calculations and concluded that the “near-
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—_
O
-

2334

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

linear interactions C—F --- H*—N are sufficiently strong to play

a role in the alignment of molecules in crystals and com-

plexes”. They estimated the dissociation energy AH,y of

CH,F,---NH,* to be 81-13.5kcalmol L.l On the other

hand, Dunitz and Taylor carried out a search of the crystal

structure database and concluded “organic fluorine hardly
ever accepts hydrogen bonds”.™ Howard et al. also carried
out the search of CSDS (Cambridge Structural Database

System) and ab initio calculations, and they found very rare

case of C—F --- HX (X = O, N) hydrogen bonds." Plenio et al.

observed short C—F---H—N* contacts in their protonated
cryptands, but they could not obtain unambiguous spectral
evidence of the hydrogen bond.[!

On the other hand, in a previous report, we clarified C—F ---
cation (alkali metal ions, NH,", and Ag") interactions through
the use of hexafluoro macrocyclic compound 1 (Figure 1).]
The specific spectral features (*H, *C and F NMR spec-
troscopy) of the cation complexes reflected clear evidence of a
C—F---M" interaction. Comparison of the structures between
cation-free 1 and its potassium complex, K* C1, showed
precise structural differences on complexation.l®! These are
summarized as follows:

1) Short C—F---K* distances were observed.

2) The shorter C—F---K* distance tends to make the bond
angle C—F---K* closer to linear.

3) Coordination of six fluorine atoms to the K* ion resulted in
the change of ligand structure so as to accommodate the
coordination sphere of K*.

4) The average C—F bond length (1377 A) of K*cC1 is
slightly longer than that found in metal-free 1 (1.348 A).
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Figure 1. Structures of compounds 1 and 2.

The pioneering work on macrocyclic systems that contain
fluorine as a donor was performed by Plenio et al.’!@ They
clarified the C—F --- cation interaction by means of ’F NMR
spectra, crystallographic analyses, and complexation studies.
Although several metal-cation complexes (alkali, alkaline
earth, or silver cations) were discussed in detail, the ammo-
nium complex has not yet appeared. In the studies of C—F---
M+ interactions, the ammonium ion provides additional
interest with the C—F--- HN* hydrogen bond.

Our work revealed that 1 strongly binds an NH," ion
(logK,=4.37 in CHCl;), and spectroscopic features on
complexation indicate the C—F---cation interaction. How-
ever, information about the hydrogen bond between C—F and
the ammonium proton was not obtained from these data. In
order to ensure the contribution of the C—F--- H-N* hydro-
gen bond to the inclusion of the NH,* ion, we carried out
X-ray crystallographic analysis of NH,* C 1 and spectroscopic
evaluation. In this report, we describe the comparison of the
structures among NH,®C1, K*C1, and cation-free 1 and
discuss the possibility of the C—F --- NH," hydrogen bond.

Results and Discussion

The crystal structure of NH,"C1 is depicted in Figure 2.
Selected bond lengths, bond angles, and interatomic distances

Abstract in Japanese:
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Figure 2. Crystal structure of NH,”C1-BF,” (H atoms are omitted for
clarity).

are shown in Table 1. As in Kt C1, the lone pairs of four
nitrogen atoms are directed inward (one of four nitrogen
atoms is directed outward in metal-free 1 in order to reduce
F---F repulsion).l’! Also in the case of NH,* C 1, reorganiza-
tion of the ligand structure occurs, and F---F repulsion is
reduced by the cation complexation. The four bridgehead
nitrogen atoms are arranged in a tetrahedral fashion, and the
ammonium ion is placed at the center of the cavity. The six
fluorine atoms are coordinated to NH," in distorted octahe-
dral manner similar to that found in K* C 1. The average C—F
bond length (1.373 A) is comparable with that in K*c1

Table 1. Selected bond lengths, bond angles, and interatomic distances.

Bond lengths [A]  Bond angles [°] Interatomic distances [A]

C1-F11367(5)  N5-H43---N2168.7(8)  N1---N53.727(7)
C7-F21362(6)  N5-H44---N11659(5) N2---N5 3.421(7)
CI3-F31.370(6)  N5-H45---N4 176.0(1)  N3---N5 3.375(7)
C24-F41370(5)  N5-H46---N3 1732(9)  N4---N5 3.357(8)
C25-F5 1.384(5)
C31-F6 1.385(5)  N5—-H45---F1109.8(5)  F1---N5 2.856(8)
H43-N50.987(5) N5-H44---F2121.6(2)  F2---N5 2.824(7)
H44-N5 0.847(6)  N5-H43---F3110.3(5)  F3---N5 2.895(7)
H45-N50.705(6) ~ N5-H45---F5105.3(7)  F4---N5 2.891(6)
H46-N5 0.804(6) F5---N5 2.783(7)
N5--FI-C1 113.53)  F6---N5 2.928(6)
N5 ---F2-C7 107.0(3)
N5--F3-C13102.7(3) N1 ---H44 2.900(4)
N5---F4-C2499.93)  N2---H43 2.448(4)
N5--F5-C25 102.4(3)  N3---H46 2.575(4)

N5--F6-C31 104.5(3)  N4---H45 2.653(5)

F1---H45 2.539(4)
F2---H44 2.286(3)
F3---H43 2.401(4)
F4---H43 2.561(3)
F5---H45 2.513(3)
F6--- H44 2.662(3)
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(1.377 A), which is longer than that of 1 (1.348 A). Also here,
the C—F---cation interaction elongates the C—F bond. The
F--- H*(—N) distance is shorter (2.286—2.662 A) than the sum
of van der Waals radii (2.67 A)."! In constrast to K* C 1, the
relationship between the C—F bond lengths and the angles
C—F---N* or C—F---H"(—N) was not observed. However, the
shorter F---H*(—N) distances give larger F---H"—N angles
(Shimoni et al. reported the nearly linear relationship be-
tween F---HT distances and F---H"™—N angles in CH,F, -
NH,* complexesP!). If one considers only these structural
features, the C—F--- H-N* hydrogen bond is possible in this
complex, although the F---H*—N angles (105.3-121.6°) are
far from linear.

The ammonium protons are directed toward the bridge-
head nitrogen, and the N—H"--- N angles (165.9-176.0°) are
almost linear. Judging from the atomic distances N --- H(—N)
(2.448-2.900 A) and the sum of van der Waals radii (2.75 A),
hydrogen bonds between N—H™ --- N are possible. However, it
is not the main factor in the binding of ammonium ion. This is
clearly recognized from the fact that fluorine-free compound
2al'l (Figure 1) does not bind the NH,* ion. The complex
formation between compound 2a and the NH," ion was
attempted by the reaction of 2a with ammonium picrate in
CDCIy/CD;sCN, but evidence of the interaction was not
observed. Nevertheless, the direction of the ammonium
protons of NH,*C1 seems to be determined by the weak
N—HT---N hydrogen bonds.

In order to obtain the experimental value of the C—F---
cation interaction, the stability constant K, of NH," C 1 and its
thermodynamic parameters, AH° and AS°, were determined
by 'H NMR spectroscopy. The reaction between 1 and
ammonium picrate in CDCly/CD;CN resulted in new peaks
that correspond to the those of newly formed complex. Thus
the association constant K could be easily determined. The
complexation reaction proceeded very slowly in [D¢]DMSO;
therefore, the mixed solvent was employed. Despite this, the
reaction occurs slowly, and the reaction required three days at
60°C and seven days at 30°C until it had equilibrated. The
thermodynamic measurements were performed at every 10°C
over the range of 30—60+0.1°C. The van’t Hoff’s plots of
each InK verus 1/T afforded a linear relationship that gave
the parameters logK, (298K)=4.6+0.1, AH°=-53+
0.1 kcalmol~!, and AS°=3.240.3 calmol~'K~'. The positive
AS° shows that desolvation of the cation is one of the
dominant factors for the complexation. This is recognized by
the fact that the complexation rate strongly depends on the
solvent. From this experiment, the actual value of the C—F---
cation (NH,*') interaction (AH°=0.88 kcalmol~! for each F
atom) has been evaluated for the first time.'?l Undoubtedly, it
is not a pure value of the C—F --- NH," interaction because the
AG of this reaction contains free-energy terms of the
reorganization of the ligand structure.

In the CD;CN/CDCl; mixture (1:1, v/v), the NH,* proton
signal appeared at 6 = 6.38 as a broad singlet in the absence of
1, while the signal of NH," C 1 appears at 6 =5.28 as a triplet
(/=53.5Hz). Intermolecular proton exchange of NH," is
sufficiently suppressed by the inclusion. On the other hand, in
the case of pyridine cage 2b,!'!l (Figure 1) the NH,* signal of
NH," C2b appears at 6 =8.34 (t, J=52.7 Hz, CD;CN/CDCl,

2336 ——
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1:1, v/v). The low-field shift of the ammonium proton is easily
understood by considering the hydrogen bond between
ammonium protons and the nitrogen atoms of 2b. However,
in the case of NH," C1, the NH"---N or NH"---F hydrogen
bonds are very weak, since the NH, " proton signal is shifted to
higher field through the complexation. The-high field shift of
the signal suggests that hydrogen bonds between the solvents
and the NH,* ion are broken by the inclusion. The 'H NMR
spectrum of NH," C 1 at low temperatures showed only slight
broadening and very small shift (=0.1 ppm) of the NH,*
signal. The YF-'H coupling that would imply the formation
of a C—F:--HN* hydrogen bond was not observed. The “F
NMR spectrum of NH, " C 1 showed a sharp singlet at 25°C
which splits into a doublet and a triplet (intensity=2 : 1, /=
50 Hz) at —90°C. This is consistent with the 'H NMR
spectrum at —90°C, in which the methylene signal appears as
two sets of broad, overlapped doublets (intensity=2:1).
Therefore, the splitting of the 'H and "F signals at low
temperatures results from freezing of the molecular move-
ment of the ligand 1, but not from YF-'H (ammonium proton)
coupling. Furthermore, the IR spectrum also shows the weak
hydrogen-bonded nature of NH,*C1 (v\z=3293 cm™!) as
compared with NH," C 2b (vyy=3160 cm™).

Conclusively, the inclusion of NH," occurs by C—F -+ cation
interaction, but not by the C—F---HN* or N --- HN* hydrogen
bonds. Furthermore, the reduction of F---F repulsion by
cation complexation contributes to the inclusion of the NH,*
ion. The formation of the C—F--- HN* hydrogen bond could
be expected from the crystal structure, but its presence was
not observed from NMR ('H, F) and IR spectra.

Experimental Section

The 'H and F NMR spectra were recorded at 400.1 MHz and 376.5 MHz
with TMS and CFCl; as internal references, respectively. The IR spectra
were measured as KBr pellets. The thermodynamic measurements were
performed in a temperature-controlled water bath every 10°C over the
range of 30—60+0.1°C. The initial concentrations of 1 and ammonium
picrate were 9.51 x 103 and 7.55 x 103 moldm 3, respectively (CDCly/
CD;CN 1:1, v/v). The NMR spectra were recorded at the over the time
range of three (60°C) to seven days (30°C) until the reaction equilibrated.

NH,* C1-BF, - CH;CN: A mixture of 1 (50.2 mg, 6.4 x 10~ mmol) and an
excess of NH,BF, in MeOH was heated under reflux for 24 h. After
removal of the solvent, the residue was washed with water and recrystal-
lized from CH,CL/CH;CN (colorless prisms, 47.5 mg, 79.4%). A single
crystal suitable for X-ray crystallographic analysis was obtained by slow
evaporation of the CH;CN solution of the complex.

Crystal data for NH," C 1-BF, - CH;CN: C5,H,F;(N¢B, T=23 £1°, Moy,
(Rigaku RAXIS-IV diffractometer, 1=0.71070 A), crystal dimensions
0.60 x 0.40 x 0.40 mm? (colorless prism), a=14.36(1), b=20.540(6), c=
16.10(1) A, f=106.62(6)°, V=4551.5(1) A3, Z=4, monoclinic, space
group P2/c (No.14), uyo=109cm™, M,=93478 gmol~, pua=
1.364 gem3, 20, = 55.0°, F(000) =1944.00. Number of reflections meas-
ured, 7707; number of reflections observed, 5846 [ > 3.00o(I) ]; number of
parameters 653. The structure was solved by direct methods and refined on
Sir92. Data were corrected for Lorentz polarizations. The data/parameter
ratio was 8.95. R=0.077, wR=0.077, GOF =2.53, max/min residual
electron density, +0.89/ — 0.42 ¢ A-3. All calculations were performed by
using the TEXSAN crystallographic software package of the Molecular
Structure Corporation. Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-119349. Copies of the data can be obtained free of charge on
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application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: [8]
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Understanding the Structural Properties of a Homologous Series of
Bis-diphenylphosphine Oxides

Patrizia Calcagno, Benson M. Kariuki, Simon J. Kitchin, James M. A. Robinson,
Douglas Philp,* and Kenneth D. M. Harris**!

Abstract: A homologous series of bis-di-
phenylphosphine oxides (C¢Hs),PO-
(CH,),PO(C4Hs), (with n=2-8; denot-
ed 2-8] have been investigated to
explore the effects of a range of com-
peting and cooperative intermolecular
and intramolecular interactions on the
structural properties in the solid state.
The important factors influencing the
structural properties include intramolec-
ular aspects such as the conformation of
the aliphatic chain and the intramolec-
ular interaction between the two P=O
dipoles in the molecule, and intermolec-
ular aspects such as long-range electro-
static interactions (dominated by the
arrangement of the P=O dipoles),
C—H--- O interactions, C—H---m inter-
actions and m---; interactions. Com-
pounds 3 and 5 could be crystallized

5-(toluene),], whereas the crystal struc-
tures of all the other compounds contain
only the bis-diphenylphosphine oxide
molecule. The crystal structures have
been determined from single-crystal
X-ray diffraction data, with the excep-
tion of 7 (which has been determined
here from powder X-ray diffraction
data) and 4 (which was known previous-
ly). The compounds with even n repre-
sent a systematic structural series, ex-
hibiting characteristic, essentially linear
P=0O---P=0O---P=0 dipolar arrays, to-
gether with C—H---O and C-H:---=n
interactions. For the compounds with
odd n, on the other hand, uniform

Keywords: phosphine oxides - sol-
id-state structures - structure eluci-
dation - structural rationalization

structural behaviour is not observed
across the series, although certain as-
pects of these crystal structures contrib-
ute in a general sense to our under-
standing of the structural properties of
bis-diphenylphosphine oxides. Impor-
tantly, for the compounds with odd n,
there is “frustration” with regard to the
molecular conformation, as the prefer-
red all-anti conformation of the aliphatic
chain gives rise to an unfavourable
parallel alignment of the two P=0O di-
poles within the molecule. Clearly the
importance of avoiding a parallel align-
ment of the P=0 dipoles becomes great-
er as n decreases. Local structural as-
pects (investigated by high-resolution
solid-state 3'P NMR spectroscopy) and
thermal properties of the bis-diphenyl-
phosphine oxide materials are also re-

only as solvate co-crystals (3-water and

Introduction

The molecular packing arrangements observed in crystals are
the outcome of a balance among several different non-
covalent forces, which may represent varying degrees between
cooperativity and competition.'” In order to understand the
optimal structural arrangements observed in crystals, which
correspond to minima in total energy, we require an under-
standing of the interplay between short-range intermolecular
forces (such as hydrogen bonding, dispersion and repulsion)

[a] Dr. D. Philp, Prof. Dr. K. D. M. Harris, P. Calcagno, Dr. B. M. Kariuki,
Dr. S. J. Kitchin, J. M. A. Robinson
School of Chemistry
University of Birmingham
Edgbaston, Birmingham B15 2TT (UK)
Fax: (+44)121-414-7473
E-mail: D.Philp@bham.ac.uk
K.D.M.Harris@bham.ac.uk
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that act between functional groups, longer range electrostatic
interactions, and intramolecular (conformational) energies.
The presence of certain functional groups can lead to
predictable local interactions, which may promote character-
istic crystal packing motifs in one-, two- and perhaps even
three-dimensions. In this regard, the use of hydrogen bonding
as a basis for the design and construction of crystals has been
particularly exploited.[*'"l Electrostatic interactions, which
are significant over long range, may also be an important
determinant of the overall packing arrangements observed in
crystals. Understanding the structural properties of molecular
crystals is further complicated if the molecule in question has
intramolecular degrees of freedom, in which case the molec-
ular conformation must also be considered directly in ration-
alizing the crystal structure. In this regard, we emphasize that
the optimal crystal structure does not necessarily contain the
molecule in the conformation that is optimal for the isolated
molecule—the observed crystal structure represents an over-
all compromise between several competing and cooperating
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factors, including the intramolecular (conformational) energy
and the energies of the different types of intermolecular
interactions discussed above.

In seeking to understand the role played by intramolecular
and intermolecular factors in controlling crystal packing
arrangements, there is continuing interest in the properties
of phosphine oxides. The P=O group in phosphine oxides is a
good hydrogen-bond acceptor, and phosphine oxides are well
known to form complexes in solution'® ! and in the solid
state.l' 1220311 In this context, triphenylphosphine oxide
(TPPO) has been used?! to facilitate co-crystal formation,
based on the ability of the P=O group to form strong
hydrogen bonds to “guest” molecules. Although attempts to
rationalize molecular crystal structures are often focused
entirely on the nature of short-range interactions between
neighbouring molecules, longer range electrostatic interac-
tions may also play a significant role for molecules with large
multipole moments. In this regard, the strong dipolar charac-
ter of the P=O group in phosphine oxides may be expected to
have a significant influence on the structural properties of
these materials, both with regard to short-range interactions
(such as hydrogen bonding) and long-range electrostatic
interactions (which may approximate to dipolar arrays of the
P=0 groups).

Although many hydrogen-bonded co-crystals of TPPO
have been reported,?* 25232 these studies have focused on
co-crystals based on N—H---O and O—H---O interactions,
and only few cases involve significant C—H---O interac-
tions.’% 3! For this reason, we set out to explore systems in
which C—H--- O interactions may be formed with TPPO. As
the P=0 group is a good hydrogen-bond acceptor,a C—H--- O
interaction between TPPO and a good C—H donor (such as
CHCl;, CH(NO;);, C=C—H or NC—H) may be expected to
produce short C—H---O contacts that are comparable in
strength and geometric characteristics to traditional strong
interactions such as O—H--- O and N—H--- O. As part of this
work,*”! we investigated a co-crystal in which a (TPPO),-
water aggregate, based on the hydrogen bonded P=O---
H—O—H - O=P unit, forms an exceptionally short C-H---O
hydrogen bond with a molecule of 1,4-diethynylbenzene (the
C—H--- O interaction involves a C=C—H group of the 1,4-
diethynylbenzene molecule as the donor and the oxygen atom
of the water molecule (shown above) as the acceptor). In this
aggregate, the polarization of the O—H bonds of the water
molecule is promoted by the O—H --- O=P interactions with
the TPPO molecules, enhancing the negative polarization of
the oxygen atom of the water molecule.

In order to explore systematically the factors that affect the
structural properties of phosphine oxides in the solid state for
cases in which no traditional strong hydrogen-bond donors
are present, we focus here on the family of solid bis-
diphenylphosphine oxides (C¢Hs),PO(CH,),PO(C¢Hs), (n=
1-8; 1-8). For these molecules, two important intramolec-
ular features are the conformation of the aliphatic (CH,),
chain and the dependence of the relative orientations of the
P=0 dipoles on the chain length. The aliphatic chain prefers
an all-anti conformation. For the compounds in which # is an
even number (denoted the “even series”), the all-anti
conformation leads to an antiparallel alignment of the two
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P=0 groups in the molecule, whereas for the compounds in
which # is an odd number (denoted the “odd series™), the all-
anti conformation leads to a parallel alignment of the two
P=0 groups. For the even series, we may expect that the all-
anti conformation should be adopted, as the antiparallel
alignment of the P=O groups represents a favourable intra-
molecular dipolar interaction. However, for the odd series,
the parallel alignment of the P=O groups leads to an
unfavourable intramolecular electrostatic interaction, and
becomes increasingly unfavourable as the aliphatic chain
becomes shorter. For the odd series, it is clear that a
compromise must be reached between the favourable all-anti
conformation of the aliphatic chain (which forces the
unfavourable parallel alignment of the P=O dipoles) and
the avoidance of a parallel alignment of the P=O dipoles
(which requires a distortion of the molecule from the
favourable all-anti conformation of the aliphatic chain). The
need to avoid a parallel alignment of the P=O dipoles may be
particularly important for short aliphatic chains, which
correspond to a shorter distance and stronger interaction
between the two P=0O dipoles in the molecule.

In understanding the crystal structures of these compounds,
these intramolecular considerations must again be balanced
against intermolecular factors, recognizing that different
molecular conformations may be able to propagate different
combinations of intermolecular interactions and to promote
different three-dimensional packing arrangements. The bis-
diphenylphosphine oxide molecules have four phenyl rings,
and edge-to-face (C—H---m) and face-to-face (7 ---m) inter-
actions, as well as C-H---O interactions, may have an
important influence on the crystal packing. It is also important
to consider the direct interactions between the P=O dipoles of
different molecules, as these long-range electrostatic inter-
actions may promote specific packing arrangements. In the
present context, we recognize that, for a one-dimensional
array of dipoles, a parallel co-axial arrangement provides the
most favourable electrostatic interaction.

Results and Discussion
Preliminary remarks

The compounds in the odd series exhibit markedly different
physical properties from those in the even series. For example,
members of the odd series have good solubility in all solvents
tested (toluene, benzene, acetone, chloroform, dichlorome-
thane) whereas members of the even series are significantly
soluble only in the halogenated solvents of those considered.
Another property that differs markedly between the odd and
even series is the melting temperature, which is substantially
lower for the crystalline materials of the odd series than those
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of the even series (as discussed below, many of the crystalline
materials of the odd series are actually solvates). In view of
these observations and the discussion in the Introduction, it is
reasonable to expect major differences in the structural
properties between the even and odd series.

In the present work, the crystal structures of compounds 2,
6 and 8 within the even series have been determined from
single-crystal X-ray diffraction data, and relevant crystallo-
graphic data are summarized in Table 1. The crystal structure
of 4 has been reported previously.*®! As discussed below in the
section on the structural properties of the even series, there
are strong similarities between the crystal structures of the
compounds in the even series (particularly for 4, 6 and 8).

For the compounds in the odd series, only 7 was found to
crystallize without the formation of a solvate co-crystal. For 3
and 5, crystals suitable for single-crystal X-ray diffraction
studies were obtained by crystallization from toluene, but
were found to be solvate co-crystals with stoichiometries 3-
water and 5- (toluene),. The 3- water co-crystal was obtained
reproducibly by crystallization from toluene, and presumably
relies on residual amounts of water present in the solvent. In
the present work, the crystal structures of 3-water and 5-
(toluene), have been determined from single-crystal X-ray
diffraction data and the crystal structure of 7 has been
determined directly from powder X-ray diffraction data.
Relevant crystallographic data are summarized in Table 3. A
solvate co-crystal of 1 with benzene (stoichiometry 1-(ben-
zene),,s) has been reported previously.}* As the structural
properties of these co-crystals are influenced not only by
intrinsic characteristics of the bis-diphenylphosphine oxide
molecules but also by the presence of the solvent molecules, it
is not surprising that uniform structural behaviour in not
observed across the set of crystal structures for the odd series.
Nevertheless, certain aspects of these crystal structures
contribute in a general sense to our understanding of the
structural properties of bis-diphenylphosphine oxides, as
discussed below in the section on the structural properties
of the odd series.

Structural properties of the even series

In the crystal structure of 2, there is one molecule in the
asymmetric unit. This molecule is disordered (Figure1 a;
Table 1) between two orientations related approximately by
180° rotation about the long axis of the molecule (approx-
imately the crystallographic ¢ axis). The proportions of the
two molecular orientations are 88.7% and 11.3%. From the
average crystal structure, we cannot assess a priori whether
the two molecular orientations represent two different
ordered domains (situation A) or whether there is a uniform
distribution (subject to the probabilities quoted above) of the
two disordered molecular orientations throughout the crystal
(situation B). Nevertheless, consideration of the intermolec-
ular interactions discussed below strongly suggests that
situation A, with ordered domains containing only the major
orientation and ordered domains containing only the minor
orientation, should be more favourable than situation B, in
which individual molecules may adopt the minor orientation
while surrounded by neighbouring molecules in the major
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a)

Figure 1. The crystal structure of 2 showing a) the asymmetric unit, b) the
crystal packing arrangement viewed along the b axis (with C-H:--=n
interactions shown by dotted lines) and c) short C—H --- O contacts.

orientation. The crystal structure for a domain comprising
only the major orientation is shown in Figure 1b and is
discussed below.

The (CH,), chain has the anti conformation, with the P=O
groups in a given molecule oriented antiparallel to each other.
In the crystal structure, P=O groups of neighbouring mole-
cules are aligned approximately along the b axis (periodic
repeat distance 5.8 A), forming linear arrays of the type
P=0---P=0---P=0, with O--- P distances 4.34 A and 4.39 A
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Table 1. Crystallographic data for compounds in the even series.?]

series (reflected mainly by a

Compound 2 4 6 8 progressive increase in the
crystal system monoclinic triclinic triclinic triclinic le:ngth of thﬁ: b axis) and a Shght
crystal size [mm?] 0.06 x 0.08 x 0.2 - 0.05 % 0.2 % 0.15 0.05x02x05 difference in the conformation
space group Cc Pl Pl Pl of the aliphatic chain in the case
R[I>20(])] 0.111 - 0.0443 0.0594 of 8. There are also some com-
wR, 0.2381 - 0.1253 0.1443 mon features between the unit
a[A] 16.308(4) 8.862(1) 8.865(7) 8.8029(14) 1 di ) ¢2 and th

b [A] 5.817(13) 12.517(2) 13.354(6) 14.123(2) cell dimensions ol & an those
¢ [A] 23.199(5) 5.826(1) 5.841(4) 5.9130(9) of 4, 6 and 8, suggesting some
a ] 90 102.67(1) 101.42(2) 99.070(4) common packing motifs. For
Bl 102.260(6) 104.22(1) 104.07(3) 104.602(7) example, all structures in the
i 20 7971(1) 83.52(3) 84.254(3) even series have a unit cell axis
V[A7] 2151(5) 592.5(3) 655.9(8) 701.1(2) . )

7 4 1 1 1 of length about 5.8 A (b axis for
o [gem] 1.329 1.285 1.227 1.219 2; ¢ axis for 4, 6 and 8). In view

[a] The data for 4 are taken from reference [33]. For 4, the unit cell axes {a, b, ¢} shown above have been
transformed from those {a,u,, byus» Cpun) quoted in reference [33] to facilitate comparison with the unit cells of 6

and 8, with a=b,,,; b=cpu,; ¢ = apuh]'

(for the two independent P=O groups) and P=O --- P angles
167.3° and 165.9° respectively. These linear arrays are
presumably mediated by electrostatic interactions between
the P=0O dipoles. For disorder situation B discussed above,
molecules in the minor orientation would exist within an array
of molecules of the major orientation, representing a defect
(P=0O---O =P ---P=0) that is highly unfavourable on electro-
static grounds. On this basis, disorder model A appears more
plausible than disorder model B, as discussed above. As
shown in Figure 1c, there are also relatively short C—H --- O=P
interactions between neighbouring molecules along the b axis
(involving aliphatic C—H bonds). Within the ac plane,
neighbouring molecules interact through edge-to-face
(C—H:-- @) interactions between phenyl rings. Of the four
independent rings in a given molecule, two rings act as
acceptors (m) for these interactions and two rings act as
donors (C—H). The H---m(centroid) distances for these
interactions are in the range 3.00 A to 3.65 A.

In summary, the crystal structure of 2 may be considered in
terms of linear dipolar arrays of P=O---P=0O interactions
along the b axis, together with C—H---O interactions and
C—H--- & interactions. Distances and angles relating to these
interactions are given in Table 2. There is no evidence for any
significant 7 --- 7 interactions between adjacent phenyl rings
in this structure.

From inspection (see Table 1) of the unit cell dimensions for
4, 6 and 8, it is clear that these materials have strong structural
similarities. As discussed below, these structures are essen-
tially identical, except for the requirement to accommodate
an extra (CH,), unit in the aliphatic chain on moving along the

Table 2. Selected information on intermolecular interactions in the crystal
structures of compounds in the even series.

Compound C-H---O P=0O---P=0O
C+O0[A] CH-O0[] O-P[A] P=0-P[]
2 3.60 169.4 4.39 165.9
3.59 168.5 4.34 167.3
4 3.50 175.3 4.39 163.7
6 3.52 171.8 4.39 164.4
8 3.58 175.4 4.47 164.1
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of the similar structural proper-
ties of 4, 6 and 8, we discuss
these compounds together.

In the crystal structures of 4
(Figure 2), 6 (Figure 3) and 8
(Figure 4), the asymmetric unit comprises half the molecule,
with the two halves of the molecule related by a centre of
inversion at the mid-point of the central C-C bond. In 4 and 6,

Figure 2. The crystal structure of 4 viewed along the ¢ axis with short
C—H - &t contacts shown.

the aliphatic chains have the all-anti conformation. In 8, the
majority of the aliphatic chain has the all-anti conformation,
but with some deviation in the middle portion of the chain. In
4,6 and 8, the two P=0 groups in a given molecule are strictly
antiparallel. The P=O groups of all molecules are aligned
approximately along the ¢ axis (periodic repeat distance ca.
5.8 A), and the P=0O groups of adjacent molecules form linear
arrays of the type P=O---P=0---P=0. These arrays are
presumably promoted by the favourable electrostatic inter-
actions between the P=O dipoles. The geometrical character-
istics of these arrays are remarkably constant for all members
of the even series (including 2), with O ---P distances in the
range 4.34 A t04.47 A and P=0 --- P angles in the range 163.7°
to 167.3° (see Table 2). In addition, adjacent molecules along
the ¢ axis are linked by C—H --- O=P interactions (involving a
C—H bond of the CH, group that is a with respect to the
phosphine oxide group).
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Figure 3. The crystal structure of 6 viewed along the ¢ axis with short
C—H - &t contacts shown.

Each phenyl ring is involved in two edge-to-face (C—H - i)
interactions with phenyl rings from different neighbouring
molecules, in one case acting as the donor (C—H) and in the
other case acting as the acceptor (;t). In total, each molecule
forms such interactions with four neighbours, giving rise to
networks of C—H---m interactions in the ab plane (H---
ni(centroid) distances in the range 3.08 A to 3.38 A). There
are no significant 7 --- v interactions in any of the structures in
the even series (pairs of phenyl rings that may appear in
Figures 2, 3 and 4 to have m--- 7 interactions are actually at
different “heights” along the c¢ axis).

In the crystal structure of 8, the central part of the aliphatic
chain is disordered between two different conformations, with
71.5% in the major component (Figure 4a). For both the
major and minor components, the C-C-C-C dihedral angle for
the C—C bond adjacent to the central C—C bond is approx-
imately gauche (82° for the major component and 72° for the
minor component) (note that the C-C-C-C dihedral angle for
the next C—C bond away from the central C—C bond deviates
slightly from anti (164° for the major component and 152° for
the minor component)). The major and minor conformations
differ only in the positions of the two central carbon atoms of
the aliphatic chain, and all other atoms (including the
diphenylphosphine oxide groups) are in identical positions.
The C-C-C-C dihedral angle for the central C—C bond is 180°
(as required by the fact that there is an inversion centre at the
midpoint of this bond).

Structural properties of the odd series

The crystal structure of 1- (benzene),,s (Figure 5; Table 3) has
been reported previously.?* The asymmetric unit comprises
two molecules of 1 and half a molecule of benzene. For each
molecule of 1 in the asymmetric unit, the P=0O bonds within
the molecule are almost antiparallel with O=P---P=0O dihe-
dral angles of 169.7° and 177.8°. In each molecule, two phenyl
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Figure 4. The crystal structure of 8 showing a) disorder in the molecular
conformation and b) the packing arrangement for a domain comprising
only the major component of the disordered structure, viewed along the ¢
axis, with short C—H --- 7t contacts shown.

Figure 5. The crystal structure of 1-(benzene),,s viewed along the a axis.

rings are almost parallel with perpendicular distances be-
tween the planes of about 324 A and 3.27 A. Several
intermolecular edge-to-face (C—H--- i) interactions are ob-
served between molecules of 1, with H---mt(centroid) dis-
tances in the range 2.95 A to 3.23 A. In addition, the two
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Table 3. Crystallographic data for compounds in the odd series.?!

one toluene molecule). The

Compound 1- (benzene),,s 3-water 5-(toluene), 7 crystal structure is shown in
— — - . Figure 7. The aliphatic chain
crystal system triclinic monoclinic monoclinic monoclinic . .
crystal size [mm? - 0.3x025x0.5 02x03x0.5 [b] has the all-anti conformation,
space group Pi P2//a P2,/m P2/n with the P=O groups aligned
R[I>20(])] - 0.0512 0.1438 :Zi essentially parallel to each oth-
wRy N 0.1602 0.3797 er. The packing of the mole-
a[A] 9.246(2) 7.920(2) 5.755(3) 12.560(1) les of ;
b [A] 13.390(2) 19.484(8) 37.488(10) 10.203(1) cules of 5 creates two types 0
c[A] 19.642(5) 15.582(7) 8.816(5) 22.889(2) channel parallel to the a axis,
a[’] 74.14(2) 90 90 90 which are occupied by toluene
B H ;igégg 33.17(2) ; 82.80(5) ;8553(1) molecules. In one type of chan-
y .
vV [A%] 2290(2) 2403(2) 1855(2) 2826(1) nel (denoted A), the channel
VA 4 4 2 4 walls are constructed only from
o [gem™?] 1.265 1.278 1.174 1.176 phenyl rings (from four differ-

[a] The data for 1-(benzene),,s are taken from reference [34]. [b] Structure determined from powder X-ray

diffraction data (R, =0.038, R, =0.05).

molecules of 1 in the asymmetric unit interact through
C—H---O interactions involving C—H bonds of the CH,
group. Each molecule of 1 has intramolecular C—H---O
interactions (involving phenyl C—H), with C---O distances
in the range 3.17A (C—H--O angle 173.9°) to 3.46 A
(C—H---O angle 166.5°). This structure does not contain
any linear P=0 --- P=0 --- P=0 dipolar arrays.

In the crystal structure of 3-water (Figure 6), the asym-
metric unit comprises one molecule of 3 and one molecule of
water. The water molecules may be considered to occupy
channels (along the a axis) formed by molecules of 3. In the
aliphatic chain, one C—C bond is gauche and the other C—C
bond is anti, through which the two P=O bonds are brought
towards an antiparallel alignment (O=P---P=0 dihedral
angle 148°). Ab initio calculations (HF/6-31G) indicate that
the conformation observed in the crystal structure is more
stable than the all-anti conformation (which contains parallel
P=0 dipoles) by 2.5 kcalmol~'. For each molecule of 3 in the
crystal structure, one P=O group points towards the water
channel and participates in O—H --- O hydrogen bonding with
the water molecules to form hydrogen-bonded chains along
the a axis (Figure 6b). In these arrays, each molecule of water
is hydrogen-bonded to two P=O groups with approximately
linear O—H --- O interactions. The other P=0O group in each
molecule of 3 does not participate in hydrogen bonding. Short
C—H - O contacts may also be identified between the oxygen
atom of the water molecule and C-H bonds of two
neighbouring phenyl rings, and between the oxygen atom of
the water molecule and a C—H bond of the aliphatic chain.
Interactions between different phenyl rings comprise both an
edge-to-face (C—H:--m) contact (H-- m(centroid) distance
3.07 A) and 7--- 7 interactions (perpendicular distance be-
tween planes ca. 3.6 A interfacial contact area ca. 1/3 of
each ring). This structure does not contain any linear P=O ---
P=0---P=0 dipolar arrays.

Crystals of 5-(toluene), were found to be unstable and it
was necessary to keep the sample inside a sealed capillary
during the single crystal X-ray diffraction measurement in
order to avoid loss of solvent and consequent degradation of
the crystal. The asymmetric unit comprises half a molecule of
5 and disordered toluene molecules (representing a total of
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ent molecules of 5 in the pro-
jection on the bc plane shown
in Figure 7). In the other type
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Figure 6. The crystal structure of 3-water viewed along the a axis (the
direction of the channel) (a) and showing the hydrogen-bonded chains
along the a axis (horizontal) (b).
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Figure 7. The crystal structure of 5- (toluene), viewed along the a axis (the
direction of the channels). Some disordered toluene molecules have been
omitted for clarity.

of channel (denoted B), the channel walls are constructed
from the aliphatic chain and two phenyl rings of one molecule
of 5 and the aliphatic chain of another molecule of 5 (as shown
projected on the bc plane in Figure 7). In the channels of type
A (which are rather elongated in cross-section), the toluene
molecules are disordered with 50% occupancy between two
orientations, with the same positions occupied by the carbon
atoms of the phenyl rings of the two molecular orientations;
the two methyl positions give rise to a “p-xylene-like”
disordered molecule in the average structure. In the channels
of type B, the toluene molecules are disordered with 50 %
occupancy between two orientations related by 180° rotation
about the normal to the molecular plane; the positions of the
carbon atoms of the phenyl rings of the two molecular
orientations do not coincide in this case, although they are
located in the same plane (for clarity, only one molecular
orientation in the channels of type B is shown in Figure 7).
The low stability of these crystals could be due to facile escape
of the toluene molecules from the channels, leading to
collapse of the host channel structure.

The structure of 5- (toluene), contains linear P=O --- P=0
---P=0 dipolar arrays (O --- P distance 4.32 A; P=0--- P angle
164.26°) along the a axis, directly analogous to those found in
the crystal structures of compounds in the even series. This
motif corresponds again to a characteristic unit cell axis of
length about 5.8 A. In addition, C—H --- O interactions (C---0O
distance 348 A; C-H---O angle 157.6°) may be identified
between adjacent molecules along the a axis, as in the structures
of the even series. Edge-to-face interactions are observed
between the phenyl rings of adjacent molecules of 5 in the bc
plane. Although the toluene molecules are disordered within
their molecular planes, each molecule of 5 appears to act as
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the acceptor in C—H --- m interactions from phenyl C—H bonds
of toluene molecules in both channels (H:-:m(centroid)
distances 3.37 A and 3.54 A) and to act as the donor in a
C—H--- & interaction to the toluene molecule in one channel
(H - i(centroid) distance 3.31 A). In the channels of type A,
the methyl group of the toluene molecule is directed towards
a phenyl ring of 5 (H - mi(centroid) distance ca. 3.8 A).

In the crystal structure of 7 (Figure 8a), the asymmetric unit
comprises one molecule, which adopts a conformation with
one gauche bond (C-C-C-C dihedral angle 57.7°) in the (CH,),
chain and with the other bonds in this chain close to anti. This

Figure 8. The crystal structure of 7 viewed along the b axis (a) and showing
the short C—H - O contacts in the structure (b).

conformation of the (CH,), chain brings the two P=0O groups
in the molecule into almost parallel orientations (O=P --- P=O
dihedral angle 5.8°). As shown in Figure 8b, one P=0 group is
involved in two C—H--- O interactions with a neighbouring
molecule (involving one aliphatic C—H bond and one phenyl
C—H bond), whereas the other P=0O group is involved in one
C-H:--O interaction (with a phenyl C—H bond). The
structure also contains several C—H -+t interactions, but does
not contain any linear P=0O --- P=0 --- P=0 dipolar arrays.

Thermal analysis

The melting temperatures measured for all materials studied
here are shown in Figure 9. We focus first on the structures
that do not contain solvent molecules (i.e. the compounds in
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Figure 9. Measured melting temperatures (filled squares) for 2, 4, 6, 7 and
8 and melting/decomposition temperatures (filled triangles) for 3-water
and 5- (toluene),. The melting/decomposition behaviour for 3-water and
5-(toluene), is discussed fully in the text (the temperatures shown
correspond to loss of solvent from these crystal structures).

the even series (2, 4, 6, 8) and 7). In the even series, the
melting temperature decreases (in a fairly linear manner) as n
increases, and is mirrored by a gradual decrease in the density
of the crystals as n increases. The melting temperature of 7
falls below the line established for the even series. For each of
the compounds in the even series and 7, the differential
scanning calorimetry (DSC) thermogram shows only an
endothermic process, which is assigned as the melting
transition.

The melting behaviour of 3-water and 5 (toluene), is less
straightforward to define, as the first process that occurs on
heating is decomposition of the co-crystal through loss of the
included solvent molecules. Rapid heating on a melting point
apparatus shows visible evidence of liquid at about 82°C for
3-water and at about 45°C for 5-(toluene),, probably
corresponding to loss of solvent from these crystal structures.
The resulting (de-solvated) solid phases melt subsequently at
about 143°C for 3 and at about 124°C for 5 (only these
transitions are observed under conditions of slow heating on a
melting point apparatus).

On heating 3 - water in a thermogravimetric analysis (TGA)
experiment, a total mass loss of 3.7 % is observed, consistent
with essentially complete loss of water (the theoretical
amount of water in the crystal structure is 3.9%). This loss
of water takes place in two steps, beginning (for heating rate
2K min™') at about 55°C (mass loss 2.0 %) and at about 79°C
(mass loss 1.7 % ). DSC at heating rate 10 K min~' shows a very
broad endotherm beginning around 50°C (presumably asso-
ciated with the loss of water) followed by a sharp endotherm
with onset at 140°C (assigned as melting of the de-solvated
solid phase of 3). For 5 - (toluene),, TGA shows a similar two-
step mass loss, with the total mass loss (25 % ) comparable to
the theoretical amount of toluene (28%) in the crystal
structure. At a heating rate of 2Kmin~!, the two mass losses
begin at about 40°C (8 % ) and about 55°C (17%). DSC at a
heating rate of 10K min~! shows two comparatively narrow
exothermic peaks in the same temperature region (associated
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with the loss of toluene) followed by a sharp endotherm with
onset at 124°C (assigned as melting of the de-solvated solid
phase of 5).

Structural characterization of the materials obtained fol-
lowing removal of water from 3 - water and removal of toluene
from 5-(toluene), represents an interesting area for future
studies. An understanding of the phase behaviour of these
materials (for example, on driving the solvent from the
crystals and following the reintroduction of the same or
different co-crystal molecules under controlled conditions)
may reveal appropriate conditions for the preparation of
unsolvated crystalline samples of 3 and 5 appropriate for
structure determination from single crystal or powder dif-
fraction data, allowing direct structural comparisons with the
unsolvated crystal structures of the compounds in the even
series and 7. In addition it is relevant to note that, as
demonstrated recently for another system,*®! de-solvated
crystals produced in TGA experiments may be used as seeds
for subsequent crystal growth of the de-solvated phase.

Solid-state NMR spectroscopy

It has been shown previously®! that high-resolution solid-
state 3'P NMR spectroscopy is a sensitive probe of the local
structural properties of co-crystals containing triphenylphos-
phine oxide. In this light, we have extended our character-
ization of the structural properties of the bis-diphenylphos-
phine oxides 2-8 to include high-resolution solid-state 3'P
NMR spectroscopy, allowing an assessment of the extent to
which this technique is sensitive to the contrasts and
similarities in the structural properties of the materials in this
family.

The isotropic peaks in the high-resolution solid state 3'P
NMR spectra of 2, 3-water, 4, 5-(toluene),, 6, 7 and 8 are
shown in Figure 10, and relevant data are summarized in
Table 4. In general, the results are consistent with the crystal
structures reported above. The high-resolution solid state 3'P
NMR spectrum of 2 comprises two partially resolved peaks

J\ 5-(toluene),

&/ppm

Figure 10. High-resolution solid-state 3'P NMR spectra for 2, 3- water, 4,
5-(toluene),, 6, 7 and 8.
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Table 4. Isotropic chemical shifts (0), linewidths (Av; full-width at half
maximum) and relative integrated intensities (/) of the high-resolution
solid-state 3'P NMR spectra of the bis-diphenylphosphine oxide materials
studied. The linewidths and intensities for 2, 3-water and 7, and the
isotropic chemical shifts for 2, were obtained by peak deconvolution.

Compound 2 3-water 4 5-(toluene), 6 7 8

o [ppm] 309 324 291 321 29.0 292 303
296 376 27.7

Av [Hz] 185 100 75 39 156 49 85

1[%)] 55 51 100 100 100 49 99
45 49 51

with approximately equal intensities, consistent with having
one molecule of 2 (and thus two inequivalent *'P nuclei) in the
asymmetric unit. Some additional intensity is observed at
0~32, and may arise from the minor component in the
disordered crystal structure. For 4, 6 and 8, the high-resolution
solid-state 3P NMR spectrum comprises a single isotropic
peak, consistent with having one half molecule (i.e. one 3'P
environment) in the asymmetric unit. The isotropic chemical
shifts for 4, 6 and 8 are similar, reflecting the similar local
environments of the 3P sites in the crystal structures.
However, the slightly higher isotropic chemical shift for 8 in
comparison with 4 and 6 is somewhat surprising in view of the
very similar local structural properties in these materials.
Nevertheless, the isotropic chemical shift for 8 is close to those
for 2, which also shares several local structural features in
common with 4, 6 and 8.

The high-resolution solid-state 3'P NMR spectrum of 3-
water comprises two isotropic peaks separated by more than
5 ppm, consistent with having one molecule of 3 in the
asymmetric unit. The significant separation between the
peaks reflects significantly different local environments. The
peak at 0 =37.6 can be assigned to the 3'P site involved in
P=0---H—O hydrogen bonding, as the formation of strong
hydrogen bonds is known to shift isotropic *'P resonances to
higher frequency.®” Indeed, the value of the isotropic
chemical shift for this P=O group is entirely consistent with
the value expected, according to the correlations developed
previously,®! for a P=O group engaged in two strong hydro-
gen bonds.

The single peak in the high-resolution solid-state 3P NMR
spectrum of 5-(toluene), is consistent with having one half
molecule of 5§ in the asymmetric unit. The isotropic chemical
shift is significantly higher than those for compounds in the
even series. We recall that 5- (toluene), and the compounds in
the even series all exhibit P=O:---P=0O---P=0O arrays, al-
though other aspects of the crystal structures are substantially
different, and are presumably responsible for the significant
differences in isotropic chemical shifts.

The high-resolution solid state P NMR spectrum of 7
contains two isotropic peaks, consistent with having one
molecule of 7 in the asymmetric unit. The separation between
these peaks (1.5 ppm) reflects significant differences, high-
lighted above, in the local interactions involving the two P=0O
groups in this structure.

The high-resolution solid state 3P NMR spectra discussed
above are clearly in good agreement with the known local
structural properties of the materials studied. A more detailed
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understanding of the relationships between local structural
properties and solid state NMR properties will focus on
understanding the relationship between the anisotropy of the
3P chemical shift tensor and local interactions involving the
P=0 group. The range of materials studied here, with their
range of interactions and local structural situations involving
P=0O groups, provide a good opportunity for systematic
fundamental studies in this area.

Conclusion

In summary, the bis-diphenylphosphine oxide compounds in
the even series represent a systematic structural series,
characterized by essentially linear P=O --- P=0O --- P=0 dipo-
lar arrays (corresponding to a 58 A unit cell axis), and
augmented by C—H---O and C—H--- & interactions. Com-
pounds 4, 6 and 8 in particular have virtually identical crystal
structures. The persistence of the P=0 --- P=0 --- P=0 dipolar
arrays in these structures (and in the structure of 5-(to-
luene),) emphasizes the important role that long range
electrostatic interactions may play in influencing crystal
structures, in addition to the much more localized types of
interactions (such as hydrogen bonding) that are usually the
focus of the structural rationalization and design of crystals.

In contrast, the compounds in the odd series do not exhibit
uniform structural behaviour across the series, although these
crystal structures nevertheless contribute to our general
understanding of the structural properties of bis-diphenyl-
phosphine oxides. The propensity for the compounds in the
odd series (with the exception of 7) to form solvate co-crystals
alludes to the difficulties in forming crystal structures in which
different packing factors are simultaneously optimized—
clearly, the formation of co-crystals creates the opportunity
for the formation of new types of interactions (such as
O—H -+ O hydrogen bonding in the case of 3-water) and new
packing arrangements (such as the channel structure with
linear P=O:--P=0---P=0 dipolar arrays in the case of
5-(toluene),) which would otherwise not occur.

An important difference between the odd and even
compounds concerns the molecular conformation. Thus, while
the even compounds can (as observed in their crystal
structures) adopt a conformation in which the favoured all-
anti conformation of the aliphatic chain also corresponds to a
favourable relative alignment of the two P=O dipoles in the
molecule, this opportunity does not exist for the odd
compounds. Thus, for the compounds in the odd series, the
preferred all-anti conformation of the aliphatic chain gives
rise to an unfavourable parallel alignment of the two P=0O
dipoles within the molecule, with the importance of avoiding a
parallel alignment of the P=0O dipoles becoming greater as the
length of the aliphatic chain becomes shorter. This “frustra-
tion” with regard to the molecular conformation clearly
complicates the formation of a well-defined structural series,
particularly as the degree of frustration depends on chain
length, and it is not surprising that different members of the
odd series find different ways of relieving this frustration. In
light of these facts, the contrasting thermal properties and
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melting points (see section on thermal analysis and Figure 9)
between the odd and even series is not surprising.

Finally, we note that for appropriate values of n, com-
pounds in the family (C,Hs),PO(CH,),PO(C¢Hs), are poten-
tial receptors (through the pair of P=O hydrogen bond
acceptors) for “guest” molecules such as water and amines
containing an appropriate pair of hydrogen bond donors.
Binding of such molecules to the bis-diphenylphosphine
oxides may be expected to occur in a highly selective manner,
depending on the length (n) of the aliphatic chain, and may
form the basis of selective molecular sensors. For such
applications, the bis-diphenylphosphine oxide molecules
may either be applied directly in the solid state or grafted
on to appropriate substrates, with the further requirement
that some appropriate physical property of the materials
should vary in a well-defined manner as the concentration of
bound species changes (corresponding to changes in the
concentration of the “guest” molecules in the external
environment). Clearly the fundamental understanding of
structural properties of bis-diphenylphosphine oxides devel-
oped in the present paper represents an essential foundation
upon which to design materials for such applications. We are
currently exploring the potential of the bis-diphenylphos-
phine oxides with regard to such applications.

Experimental Section

Structure determination: Single crystals were grown by slow evaporation of
solutions containing each of the bis-diphenylphosphine oxide compounds
in a suitable solvent. Chloroform was used for 2, 6 and 8, toluene was used
for 3 and 5, and a dichloromethane/hexane mixture was used for 7. All
crystal structures with the exception of 7 were determined from single
crystal X-ray diffraction data. Crystals of 7 suitable for conventional single
crystal X-ray diffraction could not be grown, and the structure of 7 was
determined instead from powder X-ray diffraction data.

Synchrotron microcrystal X-ray diffraction data were recorded for a
microcrystal of 2 on station 9.8 at the SRS (Daresbury Laboratory), with
2=0.6875 A and using a Siemens SMART CCD detector and goniometer
system. The crystal structure was solved by direct methods using the
program SHELXS86 *l and refined using SHELXL93. [¥7]

Single-crystal X-ray diffraction data for 3-water, 5- (toluene), and 6 were
recorded using graphite-monochromated Cug,, radiation on a Rigaku
R-Axis II diffractometer with rotating anode source and image plate
detector. Data were recorded for two orientations of each crystal. In each
orientation, image plate scans were recorded with crystal rotation in 10—
15° frames about one axis over a total range of 180°. The crystal-to-detector
distance was 55—-76 mm and the exposure time was 30-50 minutes per
frame. The same instrument was used to record single crystal X-ray
diffraction data for 8, but Moy, radiation was used and the image plate
scans covered 180° with crystal rotation recorded in 4° frames. Data were
processed using standard R-Axis II software.! The crystal structures were
solved by direct methods®! and refined using SHELXL93.5%7]

The crystal structure of 7 was solved from powder X-ray diffraction data
using the Genetic Algorithm method in our program GAPSS*" and refined
using standard Rietveld refinement techniques in the program GSAS.[*!
Full details of this structure determination are described elsewhere.*?!

Powder X-ray diffraction patterns for 2, 3- water, 4, 5 - (toluene),, 6,7 and 8
were recorded on a Siemens D5000 diffractometer using Ge-monochro-
mated Cug,, radiation and a linear position-sensitive detector covering 8°
in 260. These powder diffraction patterns confirmed that, in all cases, the
single crystals used for structure determination from single crystal
diffraction data were representative of the bulk polycrystalline samples.
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Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication nos. CCDC-141361 (2),
CCDC-141362 (3-water), CCDC-141363 (5-(toluene),), CCDC-141364
(6), and CCDC-141365 (8). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Thermal analysis: Differential scanning calorimetry (DSC) was carried out
on a Perkin Elmer Pyris I instrument under helium purge and thermog-
ravimetric analysis (TGA) was carried out using a Perkin Elmer TGA6
instrument under nitrogen. In both cases, the samples were heated at either
2 or 10°C/min. Melting temperatures were determined using an Electro-
thermal 9200 melting point apparatus and are uncorrected.

Spectroscopy: Infrared spectra were recorded for ground polycrystalline
samples dispersed in KBr disks, using a Perkin Elmer Paragon 1000 FT-IR
spectrometer at ambient temperature with resolution 2 cm~. Solution state
'"H NMR spectra were recorded on a Bruker AC 300 (300 MHz)
spectrometer using residual CHCI; present in deuterated chloroform as
the internal reference. Solution-state 3P NMR spectra were recorded on a
Bruker AC 300 (121 MHz) spectrometer. Solution-state *C NMR spectra
were recorded on a Bruker AC 300 (75 MHz) spectrometer using the
PENDANT sequence. Mass spectra were recorded by using fast atom
bombardment mass spectrometry on a VG ZabSpec mass spectrometer.

Solid-state NMR spectroscopy: High-resolution solid-state 3P NMR
spectra were recorded on a Chemagnetics CMX-Infinity 300 spectrometer
(121.5 MHz) using either a Chemagnetics 3.2 mm double resonance probe
or a 4 mm triple resonance probe. Cross-polarisation (*'P« 'H), magic-
angle sample spinning (MAS) and high-power 'H decoupling were used.
Typically the spinning frequency was (7000+4) Hz and the decoupling
field strength was about 62 kHz, with recycle delays in the range 30s to
420 s. Chemical shifts are reported relative to the 3'P resonance in aqueous
H,PO, (85%) as an external standard. All spectra were recorded at 25°C.
Except in the case of 5-(toluene),, all samples were ground to powders
before loading into the zirconia rotors. The sample of 5- (toluene), was not
ground, in view of the known susceptibility of this material to undergo
decomposition by loss of toluene.

Synthesis: DMF was dried over 4 A molecular sieves. THF was distilled
from sodium/benzophenone and was used immediately. All other solvents
and reagents were used as supplied. Thin-layer chromatography (TLC) was
performed on aluminium plates coated with Merck Kieselgel 60 F,s,. Flash
column chromatography was performed using Kieselgel 60 (0.040-
0.063 mm mesh Merk 9385).

Preparation of the hexa-P-phenyl-P,P’-alkyl-di-phosph
9-15

General procedure: A mixture of the appropriate dibromoalkane (1 equiv)
and triphenylphosphine (2 equiv) were heated under reflux for 10 h in
dried DMF (50 mL). In a typical experiment, 5 g of the starting dibromide
was used. The solvent was removed in vacuo and the products were
recrystallised from CH,Cl,/hexane to afford colourless solids (55-86%).

bromid

Hexa-P-phenyl-P,P’-ethanediyl-bis-phosphonium bromide 9: Dibromo-
ethane (5g, 26.6 mmol) and triphenylphosphine (13.96 g, 53.2 mmol)
afforded 9 (13.8g, 73%). M.p.>290°C (from CH,Cl,/hexane); MS
(FAB +): m/z (%): 633 ([M — Br]*, 2), 475 (5), 289 (100), 262 (16), 183
(8); 'H NMR (300 MHz; CDCl;): 6 =4.20 (d, /py=4.4 Hz, 4H; PCH,),
7.62-7.82 (m, 18H; ArH), 7.95-8.08 (m, 12H; ArH); 3*C NMR (75 MHz;
CDCly): 6 =56.7 (PCH,CH,), 116.5 (d, Jp =87 Hz; C1 Ph), 130.6, 134.6,
135.3.

Hexa-P-phenyl-P,P’-propanediyl-bis-phosphonium bromide 10: Dibromo-
propane (5¢g, 24.7 mmol) and triphenylphosphine (12.98 g, 49.5 mmol)
afforded 10 (11.7 g, 66%). M.p.>290°C (from CH,Cl,/hexane); MS
(FAB +): m/z (%): 647 ([M —Br]*, 17), 565 (6), 489 (10), 289 (100);
"H NMR (300 MHz; CDCl;): 6 =1.80-1.99 (m, 2H, PCH,CH,), 4.54-4.73
(m, H, PCH,), 7.52-8.05 (m, 30H, ArH); *C NMR (75 MHz; CDCl;): 6 =
17.7 (PCH,CH,), 22.3 (d, Jpc =542 Hz; PCH,), 117.7 (d, 'Jpc =874 Hz,
C1; Ph), 130.3 (d, 2/pc = 6.0 Hz; C2 and C2' Ph), 134.0 (d, *Jpc=4.0 Hz; C3
and C3' Ph), 134.8 (C4 Ph).
Hexa-P-phenyl-P,P’-butanediyl-bis-phosphonium bromide 11: Dibromo-
butane (5g, 23.1 mmol) and triphenylphosphine (12.1g, 43.6 mmol)
afforded 11 (10.7g, 63%). M.p.>290°C (from CH,Cl,/hexane); MS
(FAB +): m/z (%): 661 ([M —Br]*, 55), 579 (52), 503 (24), 317 (77), 289
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(100), 262 (58); 'H NMR (300 MHz; CDCl;): 6=1.71-193 (m, 4H;
PCH,CH,), 3.62-3.85 (m,4H; PCH,), 7.68-8.02 (m, 30H; ArH); ®*C NMR
(75 MHz; CDCL): 6=22.0 (d, Ypc=513Hz; PCH,), 23.1 (d, pc=
20.1 Hz; PCH,CH,), 118.1 (d, Ypc=286.1 Hz, C1; Ph), 130.4 (d, /pc=
12.6 Hz; C2 and C2' Ph), 134.1 (d, 3/p=10.1 Hz; C3 and C3' Ph), 134.7
(C4 Ph).

Hexa-P-phenyl-P,P’-pentanediyl-bis-phosphonium bromide 12: Dibromo-
pentane (5g, 21.7mmol) and triphenylphosphine (11.38 g, 43.4 mmol)
afforded 12 (109 g, 67%). M.p.>290°C (from CH,Cl,/hexane); MS
(FAB+): m/z (%): 675 ([M —Br]*, 91), 593 (24), 517 (35), 331 (100),
289 (82), 262 (39); 'H NMR (300 MHz; CDCl;): 6 =1.75-2.25 (m, 6H;
PCH,CH,CH,), 3.62-3.85 (m, 4H; PCH,), 7.58-8.02 (m, 30H, ArH);
BC NMR (75 MHz; CDCl;): 6=22.0 (PCH,CH,CH,), 22.6 (d, Ypc=
50.7 Hz; PCH,), 314 (d, %pc=175Hz; PCH,CH,), 1182 (d, Jpc=
86.1 Hz, C1; Ph), 130.4 (d, 2Jpc=12.5Hz; C2 and C2' Ph), 1339 (d,
3pc=9.9 Hz; C3 and C3' Ph), 134.8 (C-4).
Hexa-P-phenyl-P,P’-hexanediyl-bis-phosphonium bromide 13: Dibromo-
hexane (6g, 24.6 mmol) and triphenylphosphine (12.9 g, 49.2 mmol)
afforded 13 (10.5g, 55%). M.p.>290°C (from CH,Cl,/hexane); MS
(FAB +): miz (%): 689 ([M —Br]*, 100), 607 (28), 531 (41), 345 (65),
289 (50), 262 (72); 'H NMR (300 MHz; CDCl;): 6 =1.54-1.95 (m, 8H,
PCH,(CH,),), 3.65-391 (m, 4H, PCH,), 7.62-795 (m, 30H, ArH);
BC NMR (75MHz; CDCL): 6=224 (d, YJpc=50.3 Hz, PCH,), 22.3
(PCH,CH,CH,), 29.1 (d, %Jpc=16.4Hz, PCH,CH,), 1182 (d, Ypc=
85.9Hz; C1 Ph), 130.5 (d, 2Jpc=12.4Hz; C2 and C2' Ph), 133.7 (d,
3Jpc=9.8 Hz; C3 and C3’ Ph), 134.9 (C4 Ph).
Hexa-P-phenyl-P,P’-heptanediyl-bis-phosphonium bromide 14: Dibromo-
heptane (2.88 g, 11.7 mmol) and triphenylphosphine (5.85 g, 22.3 mmol)
afforded 14 (7.5g, 86%). M.p.>290°C (from CH,Cl,/hexane); MS
(FAB+): m/z (%): 703 ([M —Br]*, 100), 621 (34), 545 (39), 359 (77),
311 (20), 289 (46); '"H NMR (300 MHz; CDCl;):  =1.52-2.08 (m, 10H,
PCH,(CH,);), 3.63-3.85 (m, 4H, PCH,), 7.63-795 (m, 30H, ArH);
BC NMR (75 MHz; CDCly): =221 (d, 3/pc=4.5 Hz; PCH,CH,CH,),
22.5 (d, Ypc=50.3Hz; PCH,), 273 (PCH,(CH,),CH,), 29.6 (d, Jpc=
16.4 Hz; PCH,CH,), 118.1 (d, Jpc=859 Hz; C1 Ph), 1304 (d, 2Jpc=
12.4 Hz; C2 and C2' Ph), 133.7 (d, 3/pc=9.8 Hz; C3 and C3' Ph), 134.9
(C4 Ph).

Hexa-P-phenyl-P,P’-octanediyl-di-phosphonium bromide 15: Dibromooc-
tane (1.55 g, 5.7 mmol) and triphenylphosphine (3 g, 11.4 mmol) afforded
15 (3.46 g,76.3%). M.p. > 230°C (from CH,Cl,/hexane); MS (FAB + ): m/z
(%): 7172 ([MH — Br]*, 100), 635 (43), 559 (41), 373 (41), 289 (53), 262
(73); 'TH NMR (300 MHz; CDCl;): 6 =1.18-1.35 (m, 4H; P(CH,);CH,),
1.52-1.75 (m, 8H, PCH,CH,CH,), 3.54-3.78 (m, 4H, PCH,), 7.61-7.95
(m, 30H; ArH); *C NMR (75 MHz; CDCL): 6 =22.3 (d, 3Jpc=3.0 Hz;
P(CH,),CH,), 22.7 (d, 'Jp=50.8 Hz; PCH,), 28.0 (P(CH,);CH,), 29.8 (d,
2Jpc=16.4 Hz; PCH,CH,), 1182 (d, Jpc=859Hz; C1 Ph), 130.5 (d,
2Jpc=12.4 Hz; C2 and C2' Ph), 133.7 (d, 3Jpc=10.2 Hz; C3 and C3’ Ph),
135.0 (d, ¥/pc=2.8 Hz; C4 Ph).

Preparation of the tetra-P-phenyl-P,P’-alkenyl-bis-phosphine oxides 2—8
General procedure: The salt was heated under reflux for 10 h in 30%
aqueous NaOH (50 mL). The mixture was cooled and diluted. The product
was extracted with CH,Cl, (2 x 20 mL). The organic layer was dried with
MgSO, and filtered. The solvent was then removed under reduced pressure
to afford colourless solids, that were recrystallised from CH,Cly/hexane.
Tetra-P-phenyl-P,P’-ethanediyl-bis-phosphine oxide 2: Phosphonium bro-
mide 9 (5 g, 6.9 mmol) and NaOH 30 % (50 mL) afforded 2 (52.5 mg, 1.7 %
(low due to difficulties during purification)). M.p. 268.4-268.5°C (from
chloroform) (ref. 268 -269°CI*1); MS (FAB + ): m/z (%): 453 ([M+Na]*,
100), 431 ([MH]*, 75), 229 (29), 176 (12), 154 (8); '"H NMR (300 MHz;
CDClLy): 6 =2.50 (d, 2Jpc=2.5Hz, 4H; PCH,), 739-7.56 (m, 12H; ArH),
7.64-7.75 (m, 8H; ArH); *C NMR (75 MHz; CDCl;): 6 =21.6 (d, Jpc =
74.1 Hz; PCH,), 128.8, 130.8, 131.1 (d, 'Jpc=100.7 Hz; C1 Ph), 132.1; 3'P
NMR (121.5 MHz; solid-state CP MAS): 6 =30.7; 3'P NMR (121.5 MHz;
CDCl;): 6=32.9.

Tetra-P-phenyl-P,P’-propanediyl-bis-phosphine oxide 3: Phosphonium
bromide 10 (5 g, 6.8 mmol) and NaOH 30% (50 mL) afforded 3 (3 g,
98% ). M.p. for 3-water (crystallized from toluene) 142.9-143.2°C (from
slow heating), whereas fast heating resulted in the appearance of liquid at
about 82°C (see section on thermal analysis for a full discussion) (lit. 142 —
143°C#ly; MS (FAB + ): m/z (%): 445 ([MH]", 100), 367 (3), 307 (4), 201
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(5), 154 (16); '"H NMR (300 MHz; CDClL): 6=1.90-2.11 (m, 2H;
PCH,CH,), 2.43-2.56 (m, 4H; PCH,), 7.35-775 (m, 20H; ArH);
13C NMR (75 MHz; CDCL,): 6 =14.9 (PCH,CH,), 30.2 (d, /pc="71.0 Hz;
PCH,), 128.7 (d, 2Jpc=10.8 Hz; C2 and C2' Ph), 130.7 (d, 3/pc=9.3 Hz; C3
and C3' Ph), 131.7 (C4 Ph), 132.7 (d, Ypc=98.3 Hz; C1 Ph); 3P NMR
(121.5 MHz; solid-state CP MAS): § =32.5, 37.7; 3P NMR (121.5 MHz;
CDCly): 6 =32.7.

Tetra-P-phenyl-P,P’-butanediyl-bis-phosphine oxide 4: Phosphonium bro-
mide 11 (5 g, 6.7 mmol) and NaOH 30 % (50 mL) afforded 4 (2.74 g, 88 % ).
M.p. 256.2-256.6 °C (from chloroform) (lit. 259-260°C¥*1); MS (FAB + ):
m/z (%): 481 ([M +Na]*, 100), 459 ([MH]*, 53); 'H (300 MHz; CDCl):
0=162-1.81 (m,4H;PCH,CH,),2.15-2.35 (m,4H; PCH,), 7.35-7.76 (m,
20H; ArH); BC NMR (75 MHz; CDCl;): 6 =23.1 (PCH,CH,), 29.5 (d,
Upc="71.8 Hz; PCH,), 128.7 (d, 2Jpc=11.6 Hz; C2 and C2’' Ph), 130.7 (d,
3Jpc=9.2 Hz; C3 and C3' Ph), 131.8 (C4 Ph), 132.8 (d, Jpc=98.1 Hz; C1
Ph); 3P NMR (121.5 MHz; solid-state CP MAS): 6 =29.0; P NMR
(121.5 MHz; CDCl;): 6 =32.3.
Tetra-P-phenyl-P,P’-pentanediyl-bis-phosphine oxide 5: Phosphonium bro-
mide 12 (5 g, 6.6 mmol) and NaOH 30 % (50 mL) afforded 5 (2.5 g, 78 %).
M.p. for 5-(toluene), (crystallized from toluene) 123.6-123.8°C (from
slow heating), whereas fast heating resulted in the appearance of liquid at
about 45°C (see section on thermal analysis for a full discussion) (lit. 124 —
126°C#1); MS (FAB + ): m/z (%): 473 ([MH]*, 100), 271 (5), 229 (4), 215
(7), 154 (5); 'H NMR (300 MHz; CDCl;): 6=145-1.71 (m, 6H;
PCH,(CH,),), 2.12-2.28 (m, 4H; PCH,), 7.35-785 (m, 20H; ArH);
BC NMR (75 MHz;CDCl;): 6 =20.9 (PCH,CH,), 29.3 (d, Jpc=71.9 Hz;
PCH,), 31.9 (PCH,CH,CH,), 128.6 (d, 2Jpc = 11.5 Hz; C2 and C2' Ph), 130.7
(d,*Jpc=9.1 Hz; C3 and C3' Ph), 131.7 (C4 Ph), 132.9 (d, Jpc =979 Hz; C1
Ph); P NMR (121.5 MHz; solid-state CP MAS): 6 =32.1; P NMR
(121.5 MHz; CDCl;): 6 =33.8.
Tetra-P-phenyl-P,P’-hexanediyl-bisphosphine oxide 6: Phosphonium bro-
mide 13 (5 g, 6.5 mmol) and NaOH 30 % (50 mL) afforded 6 (2.8 g, 89 %).
M.p. 196.9-197.2°C (from chloroform) (lit. 196—198°Cl*l); MS (FAB +):
m/z (%): 509 ([M+Nal*, 67), 487 ([MH]*, 32); '"H NMR (300 MHz;
CDCL): 6=131-144 (m, 4H; PCH,CH,CH,), 1.48-166 (m, 4H;
PCH,CH,), 2.13-227 (m, 4H; PCH,), 7.38-776 (m, 20H; ArH);
BC NMR (75MHz; CDCL): 6=21.3 (PCH,CH,CH,), 29.6 (d, Jpc=
72.2Hz; PCH,), 30.5 (d, 2Jpc=14.3 Hz; PCH,CH,), 128.6 (d, %/pc=
11.5 Hz; C2 and C2’ Ph), 130.7 (d, 3/pc=9.1 Hz; C3 and C3' Ph), 131.6
(C4 Ph), 133.0 (d, Jpc =973 Hz; C1 Ph); *'P NMR (121.5 MHz; solid-state
CP MAS): 6=29.0; 3P NMR (121.5 MHz; CDCL;): 6 =32.7.
Tetra-P-phenyl-P,P’-heptanediyl-bis-phosphine oxide 7: Phosphonium bro-
mide 14 (4 g, 5.1 mmol) and NaOH 30% (50 mL) afforded 7 (2.5 g, 98 % ).
M.p. 90-91°C (from CH,Cl,/hexane); MS (FAB + ): m/z (%): 501 ([MH]*,
100), 299 (6), 215 (6), 154 (11); 'H NMR (300 MHz; CDCL;): d =1.35-1.45
(m, 6H, PCH,CH,(CH,),), 1.55-1.70 (m, 4H; PCH,CH,), 2.13-2.28 (m,
4H, PCH,), 740-7.79 (m, 20H; ArH); 3'C NMR (75 MHz; CDCL,): 6 =
21.3, 285, 29.6 (d, YJpc=717Hz; PCH,), 30.6 (d, %Jpc=14.7Hz;
PCH,CH,), 128.6 (d, 2Jpc=11.4Hz; C2 and C2' Ph), 130.7 (d, 3Jpc=
9.1 Hz; C3 and C3' Ph), 131.7 (C4 Ph), 133.1 (d, Jp=98.3 Hz; C1 Ph);
SIP NMR (121.5 MHz; solid-state CP MAS): 6 =278, 30.4; 3'P NMR
(121.5 MHz; CDCl;): 6 =32.9.
Tetra-P-phenyl-P,P’-octanediyl-bis-phosphine oxide 8: Phosphonium bro-
mide 15 (2 g, 2.5mmol) and NaOH 30% (25mL) afforded 8 (0.97 g,
75.9%). M.p. 172.4-172.8°C (from chloroform) (lit. 170.5-172°Cl1); MS
(FAB +): m/z (%): 537 ([M + Na]*, 100), 515 ([MH]", 39), 313 (9), 201
(10); 'H NMR (300MHz; CDClL): o6=111-144 (m, 8H;
P(CH,),CH,CH,), 1.45-1.68 (m, 4H; PCH,CH,), 2.12-2.36 (m, 4H;
PCH,),732-7.84 (m, 20H; ArH); 3C NMR (75 MHz; CDCl;): 6 =21.3 (d,
3Jpc=3.96 Hz, PCH,CH,CH,), 28.7 (P(CH,);CH,), 29.6 (d, 'Jpc =71.7 Hz,
PCH,), 30.8 (d, %/pc =14.7 Hz), 128.6 (d, 2Jpc =11.8 Hz; C2 and C2’' Ph),
130.7 (d, 3Jpc=9.6 Hz; C3 and C3' Ph), 131.6 (d, “/pc =2.8 Hz; C4 Ph),
133.1 (d, Jpc=977 Hz; C1 Ph); 3P NMR (121.5 MHz; solid-state CP
MAS): 6 =30.3; 3P NMR (121.5 MHz; CDCl;): 6 =33.3.
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Stereochemistry of Phenyl a-Nitronyl Nitroxide Radicals

Maria Minguet,?! David B. Amabilino,'*! Joan Cirujeda,'*! Klaus Wurst,”! Ignasi Mata,*!
Elies Molins,'?! Juan J. Novoa,'*! and Jaume Veciana*[?l

Abstract: An extensive investigation of
the conformations adopted by the family
of phenyl a-nitronyl nitroxides has been
carried out. A database containing
110 crystal structures was used in a
statistical study of the solid-state geo-
metries and conformations of these
radicals. This study revealed that the
favoured conformations involve a twist-
ed distortion in the imidazolyl rings and
a twist between the aromatic and heter-
ocyclic rings in the molecules. As a
consequence, these radicals show two
types of preferred conformations in the
solid state: the pseudo-anti enantiomeric

latter type being the most statistically
probable. A new chiral member of this
group of radicals that bears a lactate
moiety, (R)-1, and its corresponding
racemic compound, (R,S)-1, have been
prepared in order to study the influence
of chiral induction from the stereogenic
centre on the torsion angle between the
aromatic and heterocyclic rings of the a-
nitronyl nitroxides. The X-ray crystal
structures of the enantiopure and race-

Keywords: chirality - magnetic
properties - molecular materials -
a-nitronyl nitroxide - radicals

mic compounds, which both reveal
chains of molecules sustained by strong
O—H --- O hydrogen bonds between the
carboxylic acid group and the ON group
of the radical in the solid, as well as their
magnetic properties have been deter-
mined. Remarkably, the molecules with
a given stereogenic centre have a single
helical sense between their component
rings, even in the racemic crystal. Chiral
induction from the stereogenic centre to
the radical unit has also been proved by
CD spectroscopy in the solid state. The
results of these experiments have been
rationalised by ab initio calculations of

pair and the pseudo-eclipsed pair, the

Introduction

The presence of chirality can have a very profound influence
on the properties of a wide range of molecular materials.l! In
this regard, the creation of chiral open-shell materials is of
particular interest,”? since the combination of optical activity
and magnetic interactions can give rise to additional magneto-
optical effects.’! In particular, cross-effects were predicted
and subsequently observed between natural and magnetically
induced optical activity, so-called magneto-chiral dichroism
(MChD) in absorption or emission, and magneto-chiral
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the spectra.

birefringence (MChB) in refraction./ The optical properties
of chiral systems are expected to be different for light
propagating parallel or antiparallel to the direction of the
magnetic field. The existence of this effect may be important
for the development of magneto-optical devices.”] Never-
theless, before such a goal can be achieved, it is necessary to
understand the optical properties of the open-shell molecules
at the molecular level.

With this aim in mind, we have embarked on a research
programme, whose primary objective is to synthesise purely
organic chiral molecules of a radical nature and to study the
interplay that exists between the conformation of the chiral
molecules and their optical properties.’l The family of phenyl
a-nitronyl nitroxides!” is particularly appealing in this regard,
owing to the wide variety of magnetic behaviour that their
crystals display,® % and their stability, which has made them
popular as components in molecular magnets.['’) Few reports
concerning chiral a-nitronyl nitroxide radicals have appeared,
mainly directed towards their use as spin labels,!' 2 and to
our knowledge neither their solid-state structures nor optical
and magnetic properties have been investigated. Only very
recently, Kahn and co-workers reported the structure and
magnetic properties of an enantiomerically pure chiral a-
nitronyl nitroxide substituted with a triazole moiety in order
to use this ligand to complex paramagnetic metal ions and to
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Abstract in Catalan: S’ha portat a terme una investigacio
exhaustiva de les conformacions que pot adoptar la familia dels
radicals fenil a-nitronil nitroxid. S’ha desenvolupat un estudi
estadistic amb una base de dades sobre les conformacions
d’aquests radicals en Uestat solid, que posa de manifest que les
conformacions més afavorides d’aquesta familia de molecules
implica una distorsio en I'anell imidazolinic i un angle de torsio
entre els anells aromatic i heterociclic. Conseqiientment,
aquests radicals mostren en lestat solid dos tipus de confor-
macions: el parell enantiomeric pseudo-anti y el parell pseudo-
eclispsat, essent aquest ultim el mes probable estadisticament.
Tambe hem preparat un nou membre quiral d’aquesta familia
de radicals que incorpora un grup lactat com a substituent de
Panell aromatic, (R)-1, aixi com el seu corresponent compost
racemic, (R,S)-1, per tal d’estudiar la induccio quiral des del
centre estereogenic en l'angle de torsio que formen els dos
anells, 'aromatic i I'heterociclic. S’han determinat per difraccio
de raigs-X les estructures cristal -lines d’ambdos compostos,
Penantiopur i el racemic, que revelen que les molecules formen
cadenes, les unitats de les quals es troben formant enllagos
d’hidrogen forts de tipus O—H --- O entre el grup carboxilic i la
unitat NO del radical en el solid, i també s’han determinat les
seves propietats magnetiques. S’ha de destacar que les mole-
cules que tenen un centre estereogenic determinat, mostren
nomes un sentit en la helicitat de la torsio entre els seus dos
anells, fet que s’observa tambée en el cristall racemic. La
induccio quiral des del centre estereogenic fins a la unitat
radicalaria ha estat confirmada per espectroscopia de dicrois-
me circular en lestat solid. Els resultats obtinguts mitjancant
aquesta tecnica han estat racionalitzats fent servir calculs
teorics ab initio.

Abstract in German: Es wurde eine ausfiihrliche Untersu-
chung der Konformation, die der Klasse der Phenyl a-
Nitronylnitroxiden zugrunde liegt, durchgefiihrt. Hierzu wurde
auch eine statistische Auswertung von den Konformationen
dieser Radikale im festen Zustand anhand einer Datenbank-
recherche herangezogen, die zeigt, dass die bevorzugte Kon-
formation eine Verdrehung zwischen dem aromatischen und
dem heterocyclischen Ring aufweist. Ein neuer, chiraler Ver-
treter dieser radikalischen Substanzklasse mit einer Laktat-
gruppe, (R)-1, sowie dessen Racemat (R,S)-1, wurde her-
gestellt, um die chirale Induktion des stereogenen Zentrums auf
den Torsionswinkel zwischen dem aromatischen und hetero-
cyclischen Ring des a-Nitronylnitroxids zu untersuchen. Die
magnetischen Eigenschaften, sowie die Rontgenstrukturen der
enantiomeren reinen und racemischen Verbindung, die beide
zeigen, dass sich im Festkorper eine Kettenstruktur der
Molekiile ausbildet, die durch starke Wasserstoffbriickenbin-
dungen zwischen der Siure- und NO-Gruppe aufrechterhalten
wird, wurden bestimmt. Bemerkenwerterweise haben die
Molekiile mit sterogenem Zentrum eine einzige helikale Aus-
richtung ihrer Ringkomponenten, sogar im racemischen Kris-
tall. Die chirale Induktion vom stereogenem Zentrum auf die
Radikaleinheit wurde mit CD-Spektroskopie im Festkorper
gepriift. Die Ergebnisse dieser Experimente wurden mit Hilfe
von ab initio berechneten Spektren zugeordnet.
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control the supramolecular organisation of the resulting co-
ordination compounds."*!

Our studies regarding chiral a-nitronyl nitroxides have
begun with the chiral phenyl a-nitronyl nitroxide radical that
bears a lactic acid moiety 3LNN (1).°? The lactic acid moiety

(R)-3LNN, (R)-1 2

was selected because it is cheap, easily incorporated syntheti-
cally, and the terminal carboxylic acid group might act as a
firm structural linker to the nitroxide groups in the solid, as
this feature has been previously observed in this type of
radical.l' We are particularly interested in the effects that an
asymmetric carbon atom has upon the molecular conforma-
tion and structure as well as in the material properties of these
new compounds.

Herein we report the synthesis of the enantiopure (R)-1 and
the racemic (R,S)-1 radicals, and rationalise their conforma-
tional behaviour in the solid state (X-ray structures, IR and
CD) in the context of a statistical and computational analysis
of the preferred conformational arrangements of the family of
substituted phenyl a-nitronyl nitroxides as a whole. In order
to gain a proper understanding of the optical properties, the
circular dichroism (CD) spectra of the crystals of the
enantiopure radical (R)-1 were determined and compared
with those calculated by ab initio methods.

Results and Discussion

Conformational preferences and stereochemistry in substi-
tuted phenyl a-nitronyl nitroxides in the solid state: The
expression of chirality at the molecular level in organic
molecules depends not only on the presence of an asymmetric
carbon atom, but also on its effects on the relative spatial
arrangement of the other groups of the molecule. At the
outset, in an effort to gain insight into the conformational
preferences of the phenyl a-nitronyl nitroxides that incorpo-
rate a stereogenic centre, which could influence the macro-
scopic optical properties as well as the magnetic ones,”! we
studied the conformations adopted by this family of radicals in
general by statistical and theoretical methods.!'" In particular,
we focused on: i) the conformation of the imidazolyl ring,
defined by its five endocyclic torsion angles 7; (i=1-5), and
ii) the relative arrangement of the heterocyclic and the phenyl
rings, defined by the twist angle Apyy between the plane of the
aromatic ring and the NCN plane (Figure 1). In order to shed
light on the geometrical preferences of these rings, we have
analysed the crystal structures of a database that contains
110 crystal structures with 135 independent units or fragments
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7

T, \

Figure 1. Definition of the torsion angles 7; and the twist angle Apyy along
with the numbering scheme used for the five-membered ring.

of a-nitronyl nitroxides in a free form or co-ordinated to a
metal ion.

We will first focus on the geometry and conformation of the
heterocyclic fragment which is common to all a-nitronyl
nitroxides. In order to establish an average geometry for this
fragment, we have measured the 12 interatomic distances,
19 bond angles and 27 torsion angles for each structure in the
database. The analysis of the bond lengths and angles in the
rings show unimodal distributions,'”l while all torsion angles
show bimodal distributions with two maxima of opposite signs
(see the Supporting Information).

The unimodal parameters are useful for the definition of a
mean geometry for this family of radicals, since they do not
depend on the particular conformation adopted by the
imidazolyl ring and, as a consequence, they are valid for all
derivatives. The parameters which describe chemically equiv-
alent angles or distances show statistically indistinguishable
distributions. This means that only the six distances and six
angles that are shown in Figure 2 are representative.l'¥! The

<& 1460(12); 1462

108.3 (1.2);

125.8 (1.1); 108.9
125.9 A Iy1.344(13); 1.379

O:z:.... ¥ > -0
121.5(L1); 128 L 1.281(10); 1.354

121.3 112.
<———11.500(16); 1.563

/,,f::' 1.547(16); 1.545

{4 1553

101.1(1.0);
1013

$  1.545(16);

110.0(2.0); 1.566

109.9

Figure 2. Mean geometry of the imidazolyl rings of a-nitronyl nitroxide
radicals defined by six bond lengths and six bond angles (their standard
deviations are given in parentheses). Figures in italics are the correspond-
ing data obtained by the optimisation of the geometry of radical 2, at the
BLYP/3-21G(d) level.

interatomic distances and bond angles have also been
calculated theoretically by the BLYP density functional
method with the 3-21G(d) basis set for the fully optimised
geometry of a reference radical, the phenyl a-nitronyl nitro-
xide radical (2) (Figure2). With the exception of the
calculated N—O and C—N bond lengths, the theoretical values
are in good agreement with the mean values determined from
the database.

In order to find a mean conformation of the imidazolyl ring
in this family of radicals, it is convenient to inspect the
parameters which show bimodal distributions. This inspection
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reveals that all these parameters are mutually dependent (see
the Supporting Information). Only two independent param-
eters are really necessary to describe unambiguously the
conformation of an a-nitronyl nitroxide fragment,'”) which
can be defined using several methods.”) We employed that
based on the pseudo-rotation pathway, proposed by Altona
et al.,?*lin which the amplitude (1) and the phase angle (®)
of the puckering in the ring are easily calculated from
experimental endocyclic torsion angles (see the Experimental
Section). The puckering amplitude 1w, is the maximum
torsional angle that one of the endocyclic bonds can exhibit
as a result of an out-of-plane distortion of the ring, while the
puckering phase angle @ describes the location on the ring
where the maximum out-of-plane distortion occurs (see the
Supporting Information).

The analysis of the a-nitronyl nitroxide fragments of the
database shows that the most statistically probable values for
the vy parameter is 24° and it has a distribution that departs
strongly from normality (Figure 3). Values greater than 32°

20

10

Occurrences

15

10

Ocurrences

0 10 20 30 40 50 60

|Apnnl/ deg

Figure 3. Top: Histogram of the absolute value of the amplitude )y, for the
torsion of the imidazolyl rings in the solid state. Bottom: Histogram of the
twist angles Apyy between the two rings of the phenyl a-nitronyl nitroxides
in the solid state.

are highly improbable, which indicates a significant increase
in the potential energy curve as the value of this parameter
increases further, with a more shallow increase towards lower
angles. There is a marked preference for values between 16
and 32° (~80% of the studied fragments have the puckering
amplitude in this range). The asymmetry of the potential
energy curve results from two opposite forces with distinct
strengths that determine the final conformation: i) the con-
jugation of three of the five atoms of the ring which form part
of the ONCNO unit, favour coplanarity, and ii) the torsional
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strain and the steric repulsion of the four adjacent methyl
groups favour out-of-plane distortion.

The conformational parameter @ for the radicals of the
database is centred at 0° (and 180°) with a normal distribution
around this mean value that shows a very small standard
deviation of 3°. This result indicates that the out-of-plane
distortion of the heterocyclic rings is always located on the
two C atoms with sp® hybridisation and is driven by their lack
of conjugation with the ONCNO unit and the torsional strain
and steric repulsions produced by the four methyl groups. A
very similar result was previously reported for crystalline,
substituted cyclopenten-2-ones and it was ascribed to the fact
that three of the five C atoms of the rings are of the sp?
type.?% The mean conformation of the imidazolyl ring in this
family of radicals can therefore be described completely by
the following mean values: ¥y =26°, ®=0° and y\=26°,
& =180° for the *T5 and °T, enantiomeric conformers,
respectively (see the Supporting Information). The constant
value and narrow dispersion of the @ conformational
parameter (vide supra) also make it possible to describe the
mean conformation of this ring with only one parameter, the
mean torsional angle 7' and with the use of its own sign to
distinguish between the two possible enantiomers; namely
T, =+24° or —24° for *Ty and T, conformers. The optimised
conformation of the reference radical 2 at the BLYP/3-21G(d)
level gives a torsion angle T, =+419.9° or, more properly,
Yy =21.6° and @ =0° (180°), values similar to those found in
the statistical study.

The second conformationally significant feature in the
phenyl a-nitronyl nitroxides is the twist angle Apyy between
the phenyl and imidazolyl rings. This factor is of great
importance in determining the magnetic properties, since the
distribution of the unpaired electron over the molecule might
depend on the conjugation between the two rings.['> 19 The
results of the statistical analysis??!! show that more than 96 %
of the molecules exhibit absolute values of the twist angle
Apnn between 10° and 45° (Figure 3). The average value of the
statistical distribution of |Apyy| is 27.5° with a standard
deviation of 8.5°.2l Naturally, in the solid state, the absolute
conformation of the a-nitronyl nitroxide radicals not only
depends on the intramolecular interactions, but also on the
intermolecular ones, which means that it is influenced by the
chemical surroundings.?’ There are at least three principal
structural features which determine Apyy: a) the optimisation
of the weak hydrogen bonds established between the ortho-
hydrogen atom of the aromatic ring and the oxygen atoms of
the nitroxide groups, b) the conjugation of the ONCNO unit
with the aromatic rings, and c) the optimum packing of the
molecules in the solid.?* Factors a and b favour the planar
arrangement which is the most stable form in vacuo (vide
infra). Since the majority of the structures contain molecules
far from this conformation, factor c¢ apparently dominates in
the solid state.

We have also tried to find a relationship between the
puckering of the imidazolyl ring (described by the torsion
angle 7)) and the relative conformation of the two rings
(described by Apxy)- The chiral information inherent in them
(given by the sign of both parameters) infers four possible
gross conformations: (+ 74,4+ Apxn), (+ 71, — Apan), (— T4,

Chem. Eur. J. 2000, 6, No. 13
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— Apnn), and (— T, + Apxn), Where positive angles correspond
to a plus (P) helicity and negative ones to a minus (M)
helicity.®) These four conformational diastereoisomers/?l
contain two enantiomeric pairs: (MP, PM) and (PP, MM)
(Figure 4). In the enantiomeric pair (MP, PM) the distortion

Pseudo-anti Pseudo-eclipsed
MM PM
-80
-60- R
.
-404 * - .a®
:* o ‘: '&
-20- o . .- .ﬁ
AdPNNI 0 .
e o
? 20- A I
B
40+ -
° . o
60
80 T T
-60 -40 -20 O 20 40 60
Ty/deg
Pseudo-eclipsed Pseudo-anti
mp PP
— C4-C5Bond

»  ONCNO Moiety
Aromatic Ring

Figure 4. Scattergram of torsion angles 7 versus twist angles Apyy for
substituted phenyl a-nitronyl nitroxides in the solid state and the
conformational possibilities of the a-nitronyl nitroxide radicals as a
function of the signs of the 7; and Apyy angles (see the Supporting
Information for an alternative representation of the distribution). The
structures of the four diastereomers are projected schematically down the
long axis of the molecules as seen from the methyl groups of the radical part
of the molecule.

of the imidazolyl ring results in a situation in which the C4—C5
bond is eclipsed with the plane formed by the aromatic group.
The overall conformation is basically planar, and will be
referred to as pseudo-eclipsed. In the enantiomers MM and
PP, the identical signs of the two parameters imply a large
angle between the C4—CS5 bond and the plane of the aromatic
ring. These conformations with the same helicity throughout
the molecule will be referred to as pseudo-anti, and have an
overall molecular shape which is more globular than those
with the pseudo-eclipsed conformation.

We found 57 pseudo-eclipsed conformations and 25 pseudo-
anti ones (Figure 4) and, in accord with the statistic chi-square
test,? such frequencies of occurrence are significantly differ-
ent (y>=12.49) at a confidence level of 99.5%. Therefore,
there is a statistically significant interdependence of the
torsion angles Apyy and 7' in this family of radicals, whereby
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the pseudo-eclipsed geometry is greatly favoured. The totally
flat conformation, with 7, =0° and Apy=0°, is apparently
disfavoured in the solid state. The calculated (BLYP/3-21G(d)
level) conformation for the reference radical 2 in vacuo has
the values T, =+ 19.9° and Apyy = 0°; a situation which allows
conjugation of the ONCNO moiety with the aromatic ring.
The calculated energy barrier for interconversion of the
enantiomers is =(0.48 kcalmol~!, while the energy difference
between angles Apyy of 0° and 90° (keeping T constant at
19.3°) is 16.2 kcalmol~!; more than 30 times higher than the
former. Therefore, the structural factors that contribute to
increase the absolute value of Apyy in the solid result from the
packing of the molecules. In fact, in crystals of the radical
2-phenylbenzimidazol-1-yl ~N,N'-dioxide—in which the
CMe,CMe, group is replaced by an ortho-substituted benzene
ring—this angle is only 10.3°, and the molecule is practically
planar.”®! The absence of a twisting force in the imidazolyl
unit in this structure would seem to favour a low Apyy angle
which indicates that the reason for the favoured pseudo-
eclipsed geometry is the presence of a molecule with a flat
shape in the crystal. This is in agreement with the concepts
expressed by Kitaigorodskii.[?¥

Finally, it is worth mentioning that the vast majority of
crystals in the database contain an equal number of MM and
PP (or MP and PM) enantiomers in the unit cell, since they
have no asymmetric carbon atoms and crystallise in centro-
symmetrical space groups.””) With the aim of studying the
possibility of inducing a given chirality in the torsion angle
between the two rings and in the distortion of the imidazolyl
ring—namely to favour either MM or PP (or MP or PM)—we
have synthesised the chiral radical (R)-1 and its corresponding
racemic compound (R,S)-1, which contain an asymmetric
carbon atom close to the phenyl substituent, and have studied
their solid-state structures and properties and the associated
chiral induction phenomena.

Preparation and study of chiral phenyl a-nitronyl nitroxide
radicals: The chiral radical (R)-[3-(4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazolyl-1-oxy-3-oxide)phenoxy]-2-propionic
acid ((R)-3LNN; (R)-1) and its corresponding racemic
modification ((R,S)-3LNN; (R,S)-1), were prepared following
the synthetic route described in Scheme 1. 3-Hydroxybenzal-
dehyde (3) was condensed with (S)-methyl or (R,S)-methyl
lactate by means of a Mitsunobu protocol.’”) The resulting
aldehydes 4 were used to form the methyl ester derivative a-
nitronyl nitroxides 3MLNN (6) by condensation with 2,3-
dihydroxylammonium-2,3-dimethylbutane sulfate,?! and sub-
sequent oxidation of the adducts 5 with sodium periodate,
following the classic procedure of Ullman.[! The resulting
radical esters 6 were saponified with aqueous sodium
hydroxide in ethanol to give the carboxylic acids 1, as dark
blue solids. Crystals suitable for X-ray diffraction were
obtained by slow evaporation from dichloromethane/hexane
or ethanol/toluene solutions.

The infrared spectra of crystals of (R)-1 and (R,S)-1 in KBr
show preliminary evidence for the formation of hydrogen
bonds in the solid state. The positions of the COO-H
stretching bands (Table 1) are typical for associated carbox-
ylic acids.’?l In addition, the positions of the C=0 stretching

2354

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

OH
3 Q PPh3/ DEAD__ OMe
THF / 0°C
CHO

HO~NH HN-©OH
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Scheme 1. Synthesis of the chiral radical (R)-1 and its corresponding
racemic modification (R,S)-1.

Table 1. Selected IR frequencies for the acid-derived radicals 1 and their
methyl esters 6.

Compound v [em™]

C=0 N-O COO-H
(R)-6 1757 1363 -
(R)-1 1736 1349 2516, 2587
(R.5)-6 1757 1363 -
(R,S)-1 1722 1346 2530, 2608

bands also indicate some kind of association, since the
wavenumber is lower than the corresponding stretching for
“free” carboxylic acids. On the other hand, the N-O
stretching bands, which usually appear in the range 1360-—
1365 cm™!, are positioned at lower wavenumbers indicating
that the NO group could be the recipient of the hydrogen
bond. The vibrations of the carbonyl and NO groups appear at
lower wavenumbers in the case of the racemic compound,
which indicates that the hydrogen bonds established between
the two groups are stronger than in the enantiopure com-
pound.

The crystal structures of (R)-1 and (R,S)-1 have been
determined. The most important crystallographic data are
given in Table 2. Their two corresponding methyl esters (R)-6
and (R,S)-6 have been isolated as crystalline powders;
however, no single crystals suitable for X-ray diffraction have
been obtained up to now.

The radical (R)-1 crystallises in the monoclinic non-
centrosymmetric space group P2, with one molecule in the
asymmetric unit. The molecule has an extended geometry in
which the carboxylic acid is directed away from the nitronyl
nitroxide moiety (Figure 5a). The twist angle Apyy is —25°.
Therefore, in this chiral radical, the substituent induces one
preferred conformation of the phenyl and heterocyclic rings.
Kahn and co-workers also observed this type of phenomenon
in a chiral a-nitronyl nitroxide,[¥! although in this case, the
chiral group is adjacent to the atoms which link the hetero-
cycle to the radical group, and presumably has a dominating
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Table 2. Crystal structure data for radicals (R)-1 and (R,S)-1.
(R)1 (R,9)1

empirical formula C,sH, N,O5

M, 321.35

colour, habit dark blue plates
crystal dimensions [mm] 0.4 x 0.39 x 0.02

CiHuiN,O5
321.35

dark blue prisms
0.65 x 0.3 x0.15

T [K] 293(2) 218(2)
radiation Moy, Mok,
wavelength [A] 0.71073 0.71073
lattice type monoclinic monoclinic
space group P2, P2/c
a[A] 6.004(1) 13.291(2)
b [A] 12.065(1) 11.511(2)
c[A] 11.933(1) 11.306(2)
AN 102.36(3) 107.29(1)
v [A% 844.37(17) 1651.6(5)
VA 2 4
calculated density [gem—3) 1.264 1.292
F(000) 342 684

0 range [°] 3.38-23.7 2.59-20.5
unique reflections measured 1483 1923
unique reflections observed, I >20 1344 1575
parameters 216 218
restraints 73 1

R indices (all data) 0.0786 0.0570
wR2 (all data) 0.1194 0.1133

c

Figure 5. a) Solid-state structure of the radical (R)-1. b) View of the crystal
packing of (R)-1 projected along the bc plane. Dashed lines indicate
intermolecular hydrogen bonds.

steric role. At the same time, the NCCN unit of the
heterocyclic ring in (R)-1 exhibits a torsion angle 7, of
—18.5° (yy=20° and @=-2.3°). As a consequence, a
pseudo-anti conformation with an MM helicity is adopted,

Chem. Eur. J. 2000, 6, No. 13

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

and the chiral transmission occurs along the length of the
molecule. The most bulky group of the chiral substituent, the
carboxylic acid moiety, adopts a position perpendicular to the
principal plane of the molecule on the opposite side of the
molecule to the NO group directed towards the same face.

This radical forms kinked chains along the b axis (Fig-
ure 5b), in which the molecules are linked by strong hydrogen
bonds (Table 3) between the carboxylic group of one mole-

Table 3. Hydrogen-bond lengths and geometries found in crystals of (R)-1
and (R,S)-1 radicals. For numbering see Figure 5.

Radical ~ H bond [H---O] [X-H-O] [X-H-O]
bond length [A]  angle [°] distance [A]

(R)1 O5-H---02 1.886 156.2 2.657
C22-H---01  2.766 150.3 3.632
C31-H---01  2.550 147.7 3.400
C32-H---01 2541 150.6 3.410

(R,S)1 O5-H---02 1.650 172.9 2.635
C22-H---04 2543 163.9 3.485
C21-H---O1  2.697 147.8 3.556
C31-H---O1 2482 1524 3372
C8-H---03 2.585 146.0 3.405

cule and a NO moiety of the next. Each molecule is related to
the next one by a translation and a 180° rotation (a two-fold
screw axis). In turn, these chains are linked to one another by
[C(sp?)-H --- O—N] hydrogen bonds®! that involve the second
NO group of the molecule and three hydrogen atoms of the
methyl groups in a neighbouring radical (Table 3). Polar
sheets of parallel chains thus form planes, which pile up in an
antiparallel manner without establishing hydrogen bonds
between them.

The product of the molar magnetic susceptibility and
temperature (x7) value for the (R)-1 radical at room temper-
ature is 0.376 emu K mol~!, which is identical to that expected
for uncorrelated S =" spins (0.375 emuKmol~!). When the
temperature was lowered, y7T decreased (Figure 6), which

T (emuK mol™)

0.0 T T T T 1
0 20 40 60 80 100

T/K
Figure 6. T versus T plot of (R)-1 (0) and (R,S)-1 (w) showing weak
intermolecular antiferromagnetic interactions present in the crystals of
both radicals. Lines correspond to the fitting of experimental data to
magnetic models (see text).

indicates the dominant presence of intermolecular antiferro-
magnetic interactions in the crystals. This magnetic behaviour
can be fitted to a one-dimensional antiferromagnetic Heisen-
berg S =1/2 chain with a magnetic coupling constant between
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spins J/k of —2.3 K, in accordance with some of the structural
features. The shortest [N—O---O—N] distances of radicals
linked by hydrogen bonds are 5.8 A, which are too large to be
magnetically important. Nevertheless, the undulating nature
of the hydrogen-bonded chains results in a close contact
between sheets of 4.80 A that occurs among the N—O groups,
which are almost coplanar. Therefore, it seems to be this latter
direct interaction between the SOMOs of radicals that are
responsible for the overall antiferromagnetic behaviour.
These short contacts also form chains of radicals along the b
axis, although there is no direct appreciable hydrogen-bond
interaction between them.

The compound (R,S)-1 crystallises as a racemate in the
centrosymmetric space group P2,/c, and has a solid-state
structure in which the molecules have an extended confor-
mation, similar to that of the enantiopure compound. The R
enantiomer within the racemic crystal exhibits a twist angle
Apnn Oof —24° with, therefore, the same M helicity in the
relative arrangement of the two rings as in the crystals of the
pure enantiomer (R)-1. On the contrary, the torsion angle 7;
of the R enantiomer in the racemic crystals is +24°, which is
opposite to that found in the enantiopure crystals and
indicates that the distortion of the imidazolyl ring has a P
helicity. As a consequence, the R enantiomer in the racemate
crystals has a pseudo-eclipsed PM conformation with 1, =26°
and @ =+6.5°. The coincidence of signs for the twist angles
between the two rings for the R enantiomer in the enantio-
pure and racemic crystals (Apyy & — 25°) may suggest that this
torsion is driven mainly from the stereogenic centre—the
asymmetric carbon atom. More examples are clearly neces-
sary in order to confirm such a correlation. On the other hand,
the signs of the torsion angle 7 of the R enantiomer in the two
studied crystals are opposite and, therefore, they seem to be
related to intermolecular interactions rather that to intra-
molecular ones. The energy barrier for the rotation of the
NCCN unit is extremely low (vide supra) and it could easily be
overcome by any weak intermolecular interaction, for exam-
ple, the hydrogen bonds between the substituent methyl
groups (vide infra).

The packing of the racemic radical is similar to that of the
enantiopure compound, in so far as chains of molecules are
formed along the b axis which are maintained by hydrogen
bonds between the carboxylic acid moiety of one molecule
and the N-O group of the next molecule (Figure 7). As
revealed by the interatomic distances (Table 3), these hydro-
gen bonds are much stronger than in the enantiopure
compound and thus lead to a more dense structure, in
agreement with Wallach’s rule.?* Owing to a slight disorder in
the crystal, one of every ten of these molecules has the
opposite chirality to the dominant enantiomer in this mainly
homochiral chain. Compared with the enantiopure com-
pound, an additional hydrogen bond is established between
the carbonyl oxygen atom and one of the methyl groups
adjacent to the N-O group (see Table 3). These chains are
linked to one another by weak hydrogen bonds between the
“free” NO group and the methyl groups of the imidazolyl ring
of a nitronyl nitroxide molecule in the neighbouring chain.
Therefore, sheets of chains of homochiral molecules are
formed in the ab plane. These molecular sheets pile up along
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Figure 7. View of the crystal packing of (R,S)-1 projected along the ab
plane. Dashed lines indicate intermolecular hydrogen bonds.

the ¢ axis with alternating chirality. There are also weak
hydrogen bonds that connect the sheets between the hydro-
gen atom at the 5-position of the aromatic ring and the oxygen
atom of the chiral group directly linked to the phenyl group.
The shortest approach between SOMOs (4.901 A) of the
nitronyl nitroxide moiety take place between two molecules
of different sheets related by an inversion centre and,
therefore, the angle between ONCNO units is 0° to form a
dimer which is magnetically relevant. Each of these dimers is
surrounded by four other dimers that are orthogonally
disposed with respect to the first one. The room temperature
value of T (0.359 emuKmol ) corresponds to that expected
for uncorrelated spins. When the temperature was lowered to
4K, xT decreased to 0.170 emuKmol~' (Figure 6). These
qualitative features are very similar to those of the enantio-
pure compound and suggest that in (R,S)-1, the free radicals
are predominantly antiferromagnetically coupled.?!

The solid-state circular dichroism (CD) spectrum of the
chiral radical (R)-1, recorded as a KBr disc,* (Figure 8)
reveals Cotton effects centred at 470 nm (weak, negative) and
340 nm (strong, negative), which correspond approximately to
electronic transitions (and combinations of them) of the
component chromophores.

In order to give a precise assignment to these Cotton effects
associated with the electronic transitions of (R)-1in its crystal,
and to determine their precise origin, we performed ab initio
molecular orbital calculations by means of the CIS method
with the crystal geometry co-ordinates of the (R)-1. The
calculated CD spectrum of (R)-1 (Figure 8) reproduces the
experimental spectrum remarkably well after an appropriate
correction.’] Given this excellent agreement, we can assume
that intermolecular effects of the crystal field on the CD
spectrum are, if any, very small and therefore the optical
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Figure 8. Solid-state CD spectrum of (R)-1 recorded in KBr (continuous
line), and calculated transitions (vertical arrows), at the CIS/3-21 G(d)
level with the geometry of the molecule in the crystal. The simulated
spectrum (dashed line) was constructed by the addition of a different
Gaussian function to each calculated transition,?”! and its maximum is
scaled to the same value of the experimental spectrum.

activity results exclusively from the molecular asymmetry.
The Cotton effect located at approximately 470 nm is
associated with n— m* transitions of the nitronyl nitroxide
moiety (see the Supporting Information for calculated orbital
contributions). The two Cotton effects in the calculated
spectrum located at ~355 and 315 nm, which are presumably
jointly responsible for the negative Cotton effect in the
experimental spectrum at approximately 340 nm, are associ-
ated with mw— mt* transitions of the ONCNO moiety from a
common ground state to excited states which have two orbital
contributions (see the Supporting Information for calculated
orbital contributions). In order to maximise the CD signal in
these radicals, which is important for the observation of
magneto-optical effects, it is important to know which
asymmetric structural features—torsions—are the most opti-
cally active. To shed light on this matter, we have assessed the
chiral influence of each torsion angle in the molecule on the
CD spectrum. We used the experimental solid-state confor-
mation as a starting point, and reversed the angles 7, and
Apxn, keeping all bond lengths and angles equal to those in the
solid so as to generate the three other possible stereoisomers
for the molecule (Figure 4) and their CD spectra were then
calculated. This study reveals (Figure 9) that when the torsion

15004
1000

500

500

Ae / arbitrary units
o

-1000 T T )
200 300 400 500
Alnm

Figure 9. Calculated CD spectra (in arbitrary units) of the four possible
diastereomeric conformations of (R)-1 which were generated by changing
the signs of the angles Apyy and 7, obtained in its crystal structure.
— T, =—18", Apy\n=—25" (MM); ---- T\ =—18°, Apyn=+25° (MP);
eoee 1) =+18% Apyn=—25° (PM); o—e— T\ =+18°, Apyy=+25° (PP).
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angle of the NCCN group has a negative value (7 <0), as in
the case of crystalline (R)-1, the transition presents a negative
Cotton effect at 470 nm. If T is positive, the Cotton effect
associated with this transition is positive. The twist angle
Apnn, between the phenyl and imidazolyl rings, does not
greatly influence the sign of the Cotton effect associated with
the n — m* transition of the radical moiety; however, it does
drastically change the one centred at approximately 340 nm,
associated with the w — t* transition. Overall, the intensity of
the signals in this region is much more intense for the pseudo-
anti conformations than for the pseudo-eclipsed conforma-
tions, which sustains the hypothesis that the former is “more
chiral”, or, more properly, “more optically active”.

The sign of the contribution of the ;t — mt* transition located
at ~355 nm mainly reflects the sign of the angle Apyy, the
Cotton effect being negative when the angle is negative, and
opposite when it is positive, although the intensity of the
signal also greatly depends on the global conformation. The
contribution located at ~320 nm, on the other hand, seems to
be influenced by both the natures of the two torsion angles as
well as by the chiral group, since in three of the four
diastereomers, the Cotton effect is negative. The Cotton effect
located at ~235nm in the calculated spectrum, which is
associated with the mw— zt* transition of the phenyl group,
remains of virtually constant negative intensity, and only
appears to be influenced by the stereogenic centre in its
proximity, whose conformation was not varied in these
calculations. The chiral group also influences somewhat the
intensity of the transitions located at 340 and 355 nm, as can
be observed in Figure 9.

Finally, it is interesting to compare the CD spectra of
radical (R)-1 in CH,Cl, solution with that in the solid state.
The negative Cotton effect attributed to the ONCNO
chromophore is shifted by ~30 nm to higher wavelengths in
solution. This fact could be explained in terms of a hydrogen
bond between the COOH group and the NO moiety which
hinders the charge separation involved in the m— mt* tran-
sition. The negative Cotton effect centred at 470 nm in the
solid-state spectrum is not observed in solution, while a
positive signal centred at 430 nm is only observed in solution.

Conclusions

Phenyl a-nitronyl nitroxides have two dominant conforma-
tions in the solid state: one in which the chiralities of the twist
of the two rings and of the distortion of the imidazolyl ring are
the same—the pseudo-anti conformation—, and another,
which is more probable in solid state, in which the two
chiralities are opposite—the pseudo-eclipsed conformation. In
the new chiral nitronyl nitroxide reported here, the stereo-
genic centre is able to induce one preferred chiral conforma-
tion between the aromatic ring and the ONCNO unit in its
non-centrosymmetric crystals as well as in the individual
enantiomeric molecules of the racemic crystals. Cotton effects
are observed in transitions which involve the unpaired
electron, and the results of CD ab initio calculations help us
to understand which conformational features are responsible
for the optical activity of the radical unit at each wavelength.
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Investigations of possible magneto-optical effects in this and
related chiral radicals is underway.

Experimental Section

Conformational analysis: A total of 136 crystal structures that contain a-
nitronyl nitroxide radical fragments were used initially. The majority were
retrieved from the Cambridge Crystallographic Structure Database
(CSD),*I and the rest from our own research, directly from the literature,
or supplied by other authors. The criteria employed to select the final set of
structures were as follows: The structures were discarded that had a) R
factors greater than 0.10, b) which were determined with very limited data,
c) exhibited large thermal vibrational terms, d) some structural disorder in
atoms of the five-membered ring or those directly linked to them and
e) structures in which one of the five bond lengths of the imidazolyl ring
was more than three times the standard deviation of the mean values.
Following these criteria, the final database consisted of 110 crystal
structures (60 correspond to purely organic compounds and 50 to
coordination complexes) that contained 135 crystallographically independ-
ent a-nitronyl nitroxide compounds. Most of these crystal structures were
centrosymmetric (94) and contained both conformational enantiomers in
the unit cell. The most frequent space groups were P2,/n (No. 14), P1
(No. 2), and C2/c (No. 15) with 56, 19, and 10 occurrences, respectively. The
determination of geometrical parameters of the fragments that belonged to
the centrosymmetrical structures was performed by measuring only those
of one of the two enantiomers contained in the unit cell. Since this
procedure could cause a bias in the enantiomeric abundance, the database
was duplicated by changing the sign of all the torsion angles in order to
include both enantiomers of each radical in the database. The non-
centrosymmetric crystal structures (16) were also duplicated in the same
way, since the absolute configuration of the structures has not been
determined and both enantiomers must be equally abundant. Moreover, no
spontaneous resolution over the bulk samples was mentioned. The
statistical analysis of the geometry was performed with the corresponding
CSD software package,*! and also the SYSTAT statistical package.™!
Equations (1) - (4)were used for the calculation of ¥, and @ parameters
from the experimental endocyclic torsion angles 7,—T7s (defined in
Figure 1) of the imidazolyl rings, the following equations were used.

Sa= %i Tcos[144(i —1)] (1)

Sb =2/525: Tsin[144(i —1)] (2)

tan® = sb 3
an *g (3)

Yy=VSa + Sb’ @)

where the Sa and Sb parameters are the Cartesian coordinates equivalent
to the polar coordinates 3, and @, that permit the unequivocal description
of the conformation of an imidazolyl ring (see the Supporting Information).

Theoretical calculations: Molecular geometries were optimised with the
BLYP density functional method and the 3-21G(d) basis set. Ration-
alisation of the CD spectrum was carried out by a comparison of the
experimental results with the values of ab initio computations of the lowest
12 electronic transitions (the UV spectrum) and the rotational strength of
each of these transitions. The UV spectrum of each conformation of
interest was computed by means of the CIS method*! (configuration
interaction including all mono-excitations from the ground state) and the
3-21 G(d) basis set, starting from the UHF doublet ground state. The
rotational strength was computed by scalar multiplication of the electric
and magnetic dipole moments of the electronic transition computed at the
CIS/3-21 G(d) level. We have checked the accuracy of this methodology by
a computation of the shape and relative positions of the experimental UV
and CD spectra of substituted azulene and phthalamide!*! molecules and
the qualitative results were in very satisfactory agreement with the
computed UV bands shifted towards lower energies. This conclusion is
different to that reached by Pople et al.,*] from the evaluation of the
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performance of the CIS method to reproduce the UV spectrum of closed-
shell molecules and is likely to be a consequence of the open-shell nature of
the ground state of the (R)-1 radical, which shows a small spin
contamination at the UHF level.

Materials and methods: Solvents were purified according to literature
methods when necessary.l In particular, THF was dried over Na/
benzophenone ketyl and distilled. 3-Hydroxybenzaldehyde (3) and dieth-
ylazodicarboxylate (DEAD, 85 % ) were purchased from Aldrich Chemical
Company, triphenylphosphine from Merck, and (R,S)-methyl lactate, and
(S)-methyl lactate from Fluka. All the reagents were used as received.
Thin-layer chromatography (TLC) was performed on aluminium plates
coated with Merck Silica gel 60F,s,. Developed plates were air-dried and
scrutinised under a UV lamp. Silica gel 60 (3570 mesh, SDS) was used for
column chromatography. Melting points were determined by differential
scanning calorimetry (DSC) with a Perkin Elmer DSC7 instrument. LDI-
TOF-MS were obtained with a Kratos Kompact Maldi2 K-probe (Kratos
Analytical) that operated with pulsed extraction of the ions in the linear
high-power mode. Microanalyses and electron-impact mass spectra were
performed by the Servei d’Analisi of the Universitat Autonoma de
Barcelona. 'H and *C NMR spectra were recorded on a Bruker ARX 300
spectrometer (with the deuterated solvent as a lock and tetramethylsilane
as the internal reference). ESR spectra were recorded on a Bruker
ESP300E. Polarimetry was performed with a Dr. Kernchen Optik + Elec-
tronic Propol polarimeter in a 1 cm cell. Circular dichroism spectra were
recorded on a JASCO-715 spectrometer and UV spectra on a VARIAN
Cary 5 spectrometer. Magnetic susceptibility measurements were obtained
with a Quantum Design SQUID magnetometer. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publications nos. CCDC-134668 and CCDC-134797. 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).
(R)-Methyl(3-formylphenoxy)-2-propionate [ (R)-4]: 3-Hydroxybenzalde-
hyde (3; 400 mg, 3.28 mmol), (S)-methyl lactate (416 pL, 3.94 mmol) and
triphenylphosphine (1.031 g, 3.94 mmol) were dissolved in dry THF
(30 mL) with stirring under an atmosphere of argon. The mixture was
cooled in an ice bath to 0°C and a solution of diethylazodicarboxylate
(DEAD, 685 pL, 3.94 mmol) in dry THF (5 mL) was added dropwise over a
period of 30 min. The mixture was allowed to warm to room temperature
and was then stirred overnight. After addition of water (10 mL), the THF
was removed in vacuo, and the residue was partitioned between dichloro-
methane (50 mL) and water (50 mL). The aqueous phase was extracted
once more with the same solvent. The combined organic phases were dried
over Na,SO,, filtered, and stripped of solvent. The residue was subjected to
column chromatography (SiO,, hexane/CH,Cl,, 1:10) to give the product as
a clear oil (475 mg, 67%). [a]ss=+59.8 (¢=0.479m, CH,Cl,); UV/Vis
(CH,CL,): Apay () =270 (9000), 310 nm (2000); CD (CH,CLy): A, (Ag) =
310 nm (4-0.6); IR (neat): ¥=2995, 2957, 2846, 2740, 1757 (C(O)OCHs),
1702 (C(O)H), 1592, 1484, 1451, 1260, 1136, 789 cm~!; 'H NMR (300 MHz,
CDCly): 6=1.64 (d, /=69 Hz, 3H; OCHCH,), 3.77 (s, 3H; COOCH,),
4.86 (q, J=6.9Hz, 1H; OCHCHj;), 719 (dxdxd, 1H (H4), J(H,,Hs)=
76 Hz, J(H,H,)=2.7Hz, J(H,H)=15Hz), 735 (dxd, 1H (H2),
J(H,,H,)=2.7 Hz, J(H,,Hy) = 1.4 Hz), 747 (t, 1H (H5), J=76 Hz), 751
(dxt, 1H (H6), J(Hs,Hs) =7.6 Hz, J(H,,H,) =1.5 Hz), 9.96 (s, 1H; CHO);
BC NMR (75MHz, CDCL); 6=30.9 (CH;CH), 52.5 (OCH;), 72.6
(CH;CH), 113.6 (C2), 1222 (C4), 124.1 (C6), 130.3 (CS5), 137.8 (C1),
158.2 (C3), 172.1 (COO), 191.8 (CHO).
(R,S)-Methyl-(3-formylphenoxy)-2-propionate [ (R,S)-4]: The product was
isolated in 57 % yield after reaction of 3-hydroxybenzaldehyde (3) with
(R,S)-methyl lactate by the procedure described for the chiral butyl ester.
This compound showed the same UV, IR and NMR spectra as the
corresponding enantiopure (R)-4.
(R)-Methyl[3-(4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-oxi-
de)phenoxy]-2-propionate [(R)-6]: (R)-Methyl(3-formylphenoxy)-2-pro-
pionate ((R)-4); 374 mg, 1.8 mmol), and 2,3-dihydroxylammonium-2,3-
dimethylbutane sulfatel'! (439 mg, 1.8 mmol) were dissolved in dry
methanol (20 mL) and the mixture was stirred at room temperature
overnight. After addition of NaHCO; (151 mg, 1.8 mmol) in water (20 mL),
the precipitate which formed was filtered off. Without further purification,
this adduct was dissolved in CH,Cl, (50 mL) and oxidised with a solution of
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NalO, (385 mg, 1.8 mmol) in water (30 mL). After stirring the two-phase
mixture for 30 min at 0°C, the organic phase was separated, and the
aqueous phase was extracted with CH,Cl, (2 x20 mL). The combined
organic phases were dried over Na,SO,, filtered, and stripped of solvent.
The residue was subjected to column chromatography (SiO,, AcOEt/
CH,(], 1:12) to yield the product as a dark blue solid (240 mg, 40 % ). M.p.
113°C; UV/Vis (CH,CLy): Ay (6) =269 (11000), 365 (13000), 589 (500),
620 nm (500); CD (CH,CL): A4 (Ag) =260 (+0.85), 365 (—0.95), 435 nm
(4+0.14); IR (KBr): 7#=2987, 2952, 1757 (C(O)OCHs;), 1588, 1398, 1370,
1363 (NO), 1250, 1208, 1138, 1096, 1054, 804, 688, 540 cm~!; LDI-TOF MS:
miz: 335.8 [M*], 303.8 [M —20]"; C;;H,;0:N, (335.38): calcd: C 60.75, H
6.76, N 8.27; found: C 60.88, H 6.91, N 8.35; ESR (CH,Cl,, 10 pm): g=
2.0066, ay =755 (2N), a,,;,,=0.431 (1H)/0.442 (1H), a,,.,=0.193 (1H),
g =0.378 (1H), ay.=0.212 (12H).
(R,S)-Methyl-[3-(4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-
oxide)phenoxy]-2-propionate [ (R,S)-6]: The product was isolated in a 40 %
yield as a dark blue solid after reaction of (R,S)-methyl-(3-formylphenoxy)-
2-propionate and 2,3-dihydroxylammonium-2,3-dimethylbutane sulfate by
the procedure described for the chiral methyl ester (R)-6. M.p. 107°C, UV/
Vis identical to the enantiopure compound; IR (KBr): 7 =2995, 2945, 1757
(C(O)OCHys;), 1581, 1447, 1391, 1363 (NO), 1286, 1237, 1138, 1096, 1054,
794, 688, 540 cm~!; LDI-TOF MS: m/z:335.8 [M]*, 303.8 [M —20]*; ESR
(CH,Cl,, 10 um): g =2.0065, ay =7.57 (2N), @y, = 0.419 (1H)/0.430 (1H),
Oy = 0.222 (1H), ay,,,, = 0.381 (1H), ay. =0.213 (12H).
(R)-[3-(4,4,5,5-Tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-oxide)-
phenoxy]-2-propionic acid [ (R)-1]: (R)-Methyl-[3-(4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazolyl-1-oxy-3-oxide)phenoxy]-2-propionate (266 mg,
0.8 mmol) was dissolved in a solution containing NaOH (1 g, 25 mmol) in
water (10 mL) and ethanol (10 mL) and was stirred at room temperature
for 3 h. The mixture was acidified with aqueous HCI (10 %) and the blue
product was extracted with CH,Cl, (3 x20 mL). The combined organic
phases were dried over Na,SO,, filtered, and stripped of solvent. The
residue was purified by crystallisation from CH,Cl,/hexane to yield the
product as a dark blue solid (240 mg, 94 % ). M.p. 130°C;. UV/Vis (CH,Cl,):
Amax (€) =270 (11000), 366 (13000), 586 (500), 618 nm (500); CD (CH,Cl,):
Amax (A€) =290 (+0.40), 365 (—0.70), 435 nm (+0.12); IR (KBr): # =2987,
2931, 2587 (C(O)OH), 2516 (C(O)OH), 1736 (C(O)OH), 1574, 1454, 1349
(NO), 1279, 1236, 1131, 1089, 1070, 794, 688, 540 cm~'; LDI-TOF MS:
miz: 360.8 [M+K]*, 345.1 [M+Na]*, 329.1 [M+Li]*, 321.8 [M]*, 307.8
[M — CH,]*,291.8 [M — CH, — O]*; C;¢H,,05N, (321.35): caled: C 59.80, H
6.59, N 8.72; found: C 58.87, H 6.43, N 8.54; ESR (CH,Cl,, 10 um): g=
2.0064, ay="1757 (2N), a,;,=0.448 (1H)/0.468(1H), a,,.,=0.189 (1H),
Qe =0.392 (1H), ay. = 0.208 (12H).
(R,S)-[3-(4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-oxide)-
phenoxy]-2-propionic acid [(R,S)-1]: (R)-Methyl-[3-(4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazolyl-1-oxy-3-oxide)phenoxy]-2-propionate was sap-
onified by means of the same procedure as for (R)-1. The product was
purified by crystallisation from CH,Cl,/hexane and isolated as a dark blue
solid (240 mg, 94%). M.p. 145°C; UV/Vis identical to the enantiopure
compound; IR (KBr): 7#=3438, 3001, 2980, 2931, 2608 (C(O)OH), 2530
(C(O)OH), 1722 (C(O)OH), 1577, 1480, 1453, 1347 (NO), 1386, 1234, 1130,
1089, 1044, 790, 687, 539 cm~!; LDI-TOF MS: m/z: 360.8 [M+K]*, 345.1
[M+Na]*, 329.7 [M+Li]*, 321.8 [M]*, 307.8 [M — CH,]|*; C;H,OsN,
(321.35): caled: C 59.80, H 6.59, N 8.72; found: C 60.03, H 6.36, N 8.44;
ESR (CH,Cl,, 10 um): g=2.0065, ay=758 (2N), agm,=0.448 (1H)/
0.468(1H), dpein = 0.189 (1H), ap,p, = 0.392 (1 H), aye = 0.208 (12 H).
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Synthesis and an X-ray Structure of Soluble Phenylacetylene Macrocycles
with Two Opposing Bipyridine Donor Sites

Oliver Henze, Dieter Lentz, and A. Dieter Schliiter*!?!

Abstract: The synthesis of the shape-persistent macrocycles 10a and 10b with two
bipyridine units in opposing sides by Hagihara/Sonogashira cross-coupling chemistry
of suitably functionalized building blocks is reported. X-ray analysis of single crystals
of 10b shows a layered structure with channels filled with solvent molecules and parts
of the flexible chains, with which the cycle is decorated for solubility reasons.

Introduction

We have recently reported on repetitive syntheses of oligo-
phenylene rods and hexagons using a construction kit of
orthogonally protected building blocks.!! These building
blocks can be variably connected to one another by Suzuki
or Stille type cross-coupling chemistry; this enables us to
prepare a variety of monodisperse compounds with sizes of up
to a few nanometer at a reasonable quantity/effort relation.?!
We have now developed a related methodology to the
synthesis of shape-persistent macrocycles with integral 2,2'-
bipyridines (bipy)®! and 2,2:2,6"-terpyridine donor moieties!*l
for subsequent metal complexation and supramolecular
assembly. The present contribution describes the synthesis
of the phenylacetylene macrocycles 10a and 10b, in which the
final ring closure reaction uses the Sonogashira/Hagihara
coupling reaction. The molecular structure of 10b and its
packing in the crystal was investigated by X-ray diffraction
and will also be reported.

Results and Discussion

The targeted cycles 10a and 10b contain flexible chains for
solubility reasons. These chains are designed to allow for their
modification after the cycle’s completion in order to be able to
vary, for example, the aggregation behavior at minimum
synthetic effort. Another built-in feature is the bipy units’ free
rotation; this allows for endo and exo complexation. Depend-
ing upon the metal, its oxidation state, and the counterion, this
orientational option provides access to supramolecular as-

[a] Prof. Dr. A. D. Schliiter, Dipl.-Chem. O. Henze, Priv.-Doz. Dr. D. Lentz
Freie Universitit Berlin, Institut fiir Chemie
Takustr. 3, 14195 Berlin (Germany)
Fax: (+49)30-838-53357
E-mail: adschlue@chemie.fu-berlin.de
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Keywords: bipyridines - cross-cou-
pling - heterocycles - macrocycles -
modular chemistry - supramolecular
chemistry

pects that span the whole range from metal-charged cylin-
drical aggregates®! to metal coordination polymers.[) The
synthetic sequence used to give cycles 10a and 10b is
delineated in Schemes 1-4, which contain a) the syntheses
of the required phenylacetylene building blocks (Scheme 1),
b) the replacement of the two bromo functions of the central
bipyridine building block 5a and 5b (Scheme 2), c) the
connection of the phenylacetylenes with 5a and b, and d) the
ring closure reaction. These or similar synthetic procedures
have already been used by others.”l Only a few strategic and
preparative comments are therefore given here. Scheme 1:
Compound 2 can be prepared with trimethylsilyl (TMS) or
tri(isopropyl)silyl (TIPS) acetylene. Yields are comparably
good (approx. 80%). The use of TIPS turned out to be
somewhat superior as the purification of the respective
product 2b from remaining starting material is more facile
than for 2a.

Scheme 2: It has already been observed in similar cases that
ring closure involving Pd-catalyzed cross-coupling reactions
at arylbromides are inferior to the analogous aryliodides.”
The same observation was made in context of the present
work, in which cyclizations involving Sonogashira chemistry
and arylbromides did not give cycles at all, whereas that with
aryliodides was satisfactory. For this reason the bromo
functions of the bipyridine building blocks 5a and Sb were
converted into iodo functions. This was achieved by a short
nucleophilic stannylation/iododestannylation sequence.®! An
alternative lithiation/silylation/iododesilylation sequence that
proved successful in other cases could not be applied here
because of the sensitivity of bipy towards BuLi. Scheme 3:
The coupling between compounds 4 and 5 proceeded in high
yields. In order to prevent tedious purification procedures,
compounds 4a and 4b were used in an excess of approx-
imately 30 %.

Scheme 4: The ring closure reaction was done with com-
ponents 7 and 9 under high dilution conditions (0.0015M) in
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A2,

la R!=H
1b R!=CH,OHex

R2—==

[Pd(PPh3)4], Cul

R

Br % ,
R
2a R!=H,RZ=TMS
2b R!=CH,0OHex, R? = TIPS

R3—==

[Pd(PPh3)4], Cul

Rl

A A
RS R?

3a R!'=H,R?=TMS,R®=TIPS

3b R!=CH,0OHex, R? = TIPS, R®=TMS cat.
NaOH,
4a Rl=H,R2=H,R®=TIPS MeOH

4b  R!=CH,OHex, R2= TIPS, R®=H

Scheme 1.
5a R*=Hex, X =Br —
5b  R*=MOM, X =Br
NaSn(CHz)3
6a R*=Hex, X =Sn(CHg); —=!
6b R%=MOM, X=Sn(CHg)z |
I2
7a R*=Hex,X=1
—~—
70 R*=MOM, X =1
Scheme 2.

thick-walled glass vessels with a Rotaflo stopcock. The
product mixture contained cycles 10a and 10b, the corre-
sponding oligomers, whose nature was not investigated, and
some insoluble material. The proportions between these
components varied with reaction conditions. In the given
concentration range approximately 60 % of the total mass was
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4+5

8a R!=H,R*=Hex, R°=TIPS
8b R!=CH,OHex, R* = MOM, R® = TIPS

BusNF

9a R'=H,R*=Hex,R°=H
9b R!=CH,OHex, R*=MOM, R®=H

Scheme 3.

7+9

R40OH,C

10a R!=H, R* = Hex
10b R! = CH,OHex, R* = MOM

Scheme 4.

soluble and 25 -30 % was the macrocycle (39-47 % of soluble
material). The macrocycles were isolated by preparative gel-
permeation chromatography (GPC). Because of their sym-
metry the NMR spectra of 10a and 10b were simple. For 10b
single crystals were grown and the structure solved by X-ray
diffraction. Cycles 10a and 10b differ from related macro-
cycles® by the fact that they combine both shape-persistency
and the presence of two opposing and switchable bipy units. A
recent review on phenylacetylene macrocycles is available.[']

Suitable crystals of 10b were obtained by slow diffusion of
diethyl ether or ethanol into a chloroform solution. The X-ray
structural analysis was done at —100°C and revealed that 10b
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crystallizes with four molecules of chloroform per formula
unit. Attempts to mount crystals of 10b -4 CHCI; at ambient
temperature failed due to the loss of solvent molecules.!'!]
Compound 10b -4 CHCI; crystallizes in the triclinic space
group P1 with half a molecule in the asymmetric unit. The
ORTEP diagram of 10b-4 CHCI; shows the position of the
four chloroform molecules (Figure 1a). The individual cycles
form almost planar sheets. Major deviations from planarity
are observed for the bipy subunits (C43-C44-C52-C53 28.4°,
C21-C26-C32-C33 19.0°), which are themselves planar. Be-
cause of the difficulty to distinguish between carbon and
nitrogen all ring atoms were refined as carbon in an early
stage of refinement. The assignment of the bipy nitrogen
atoms is based on bond lengths and thermal parameters. As
observed in most sterically unrestricted bipy derivates,'?! the
NCCN torsion angle is close to 180° (N2-C41-C35-N1 177.1°).

a)

The largest distance across the hole inside the macrocycle,
which is occupied by chloroform molecules, is between the
acetylenic carbon atoms C58—CS8A and is 1.720 nm. The
nitrogen atoms N2 and N2A are separated by 1.039 nm. The
shortest intermolecular distances of the solvent molecule are
found between HIL and the oxygen atom OS51 of the
methoxymethoxymethyl side chains (HIL—O51=227.8 pm)
and the nitrogen atom N2 of the bipy unit (H2L-N2=
237.0 pm).

The quality of the structure determination suffers from a
partial mobility of the chloroform molecules, which gives rise
to high thermal parameters for the chlorine atoms. In addition
the highest peaks in the difference Fourier map are located
close to the chlorine atoms of intercalated solvent molecules.
As it was not possible to find a reasonable disorder model for
the chloroform molecules, corrected structure factors for a

Figure 1. a) Molecular structure of macrocycle 10b-4CHCl; (ORTEP!!). b) Space-filling model (SCHAKAL!") of the packing of macrocycle 10b -
4 CHCI;. Side chains and solvent molecules are omitted to clarify the channels. ¢) Schematic representation of the macrocycles’ packing. Double bonds are
omitted and triple bonds drawn as straight lines for clarity. d) Space-filling model (SCHAKAL!) of the packing of 10b - 4 CHCl, including solvent molecules

and side chains.

2364
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solvent-free model were calculated by using the “squeeze”
option in the programm Platon. The space occupied by the
four chloroform molecules is ~0.560 nm?, which is about 25 %
of the total volume. By using the corrected structure factors
the refinement comparison changes to R1=~0.078 from
0.136 in the model with the solvent molecules.

Similar to Moore’s all hydrocarbon phenylacetylene mac-
rocycles,!3] cycle 10b forms a layered structure with channels
(Figure 1b). The layers have an ABCABC sequence in which,
if viewed along the a axis, every third layer lies directly on top
of each other. The AA distance is 108.59 pm. Figure 1c shows
the arrangement of three cycles of different layers A, B, and C
when viewed along the crystallographic a axis. The cycles are
slightly shifted against each other. A part of each chain is
sandwiched into the empty space between consecutive sides of
cycles, the remaining part reaches into the channel’s interior
void (Figure 1d).

Experimental Section

General: Compound 1a was purchased from Aldrich or Acros. Compounds
1b,% 52,02 5b,2 and NaSn(CH,);® were prepared according to literature.
Compound 2a is a known compound"l but was here prepared following a
different route. All other reagents were purchased from Aldrich or Acros
and used without further purification.

General procedure for the coupling of terminal acetylenes and aryliodines
and arylbromines: A heavy-walled flask was charged with the terminal
acetylene, aryl iodide, [Pd(PPh;),] (0.02equiv per coupling), Cul
(0.02 equiv per coupling), and dry triethylamine. For some sequences,
toluene was used as co-solvent owing to poor solubility of the reactants. The
flask was then evacuated and flushed with nitrogen three times, and sealed
with a Teflon screw cap, and the reaction mixture was stirred for 24 h at
60°C (for iodo compounds) and 80°C (for bromo compounds). Trimethyl-
silylethyne was added after evacuation because of its volatility. After
completion, the solvent was removed and the reaction mixture was purified
by column chromatography (silica gel).

1-Bromo-3-trimethylsilylethynylbenzene (2a): Compound 1la (13 g,
44 mmol), trimethylsilylethyne (4.5 g, 46 mmol), triethylamine (60 mL).
Yield: 8.7 g (78 %) of 2a as a colorless oil; R; (hexane): 0.53; 'H NMR
(CDCl;, 250 MHz): 6=0.35 (s, 9H; Si(CHs;);), 7.15 (dd, =8 Hz, 1H;
phenyl-H), 7.37 (d, 3/ =8 Hz, 1H; phenyl-H), 741 (d, 3J=8Hz, 1H;
phenyl-H), 7.60 (s, 1 H; phenyl-H); 3C NMR (CDCl;, 63 MHz): 6 = —0.15,
95.81, 103.26, 121.99, 125.07, 129.60, 130.34, 131.58, 134.65; MS (EI): m/z
(%): 254 (22.6), 252 (22.4), 239 (100), 237 (99.3); HRMS: m/z: calcd
251.99699; found 251.99586.
1-Bromo-3-hexyloxymethyl-5-triisopropylsilylethynyl-benzene (2b): 1b
(28 g, 70 mmol), triisopropylsilylethyne (13 g, 73 mmol), triethylamine
(200 mL). Yield: 29 g (94%) of 2b as a colorless oil; R; (ethyl acetate/
hexane 1:20): 0.61; b.p. 215°C (3x 107! mbar); 'H NMR (CDCl;,
250 MHz): 6 =0.88 (t, 3H; CH;), 1.13 (s, 21H; Si(C;H;);), 1.23-1.42 (m,
6H; y-, 0-, e-CH,), 1.59 (m, 2H; 5-CH,), 3.46 (t, 2H; a-CH,), 4.42 (s, 2H;,
benzyl-CH,), 7.34 (s, 1H; phenyl-H), 7.44 (s, 1H; phenyl-H), 7.51 (s, 1H;
phenyl-H); *C NMR (CDCl;, 63 MHz): 6=11.25, 14.02, 18.62, 22.60,
25.82,29.62, 31.64, 70.87, 71.56, 92.22, 105.30, 122.02, 125.35, 129.46, 130.37,
133.62, 140.99; MS (EI 80 eV): m/z (% ): 452 (8.1), 450 (7.7), 409 (100), 407
(94.7); HRMS: m/z: caled 450.195356; found 450.19833.
1-Triisopropylsilylethynyl-3-trimethylsilylethynylbenzene (3 a): Compound
2a (17 g, 67 mmol), triisopropylsilylethyne (16 g, 87 mmol), triethylamine
(120 mL). Yield: 22 g (92%) of 3a as a colorless oil; R; (hexane): 0.45;
'"H NMR (CDCl;, 250 MHz): 6 =0.29 (s, 9H; Si(CH,);), 1.16 (s, 21H;
Si(C;H,)s), 7.25 (dd, 3/ =8 Hz, 1H; phenyl-H), 7.39-7.46 (m, 2H; phenyl-
H), 761 (s, 1H; phenyl-H); ¥*C NMR (CDCl;, 63 MHz): 6 = —0.09, 11.30,
18.66, 91.21, 94.78, 104.14, 106.09, 123.38, 123.76, 128.14, 131.65, 131.92,
135.32; MS (EI): m/z (%): 354 (13.4), 339 (5.99), 311 (100); HRMS: m/z:
caled 354.21969; found 354.21991.
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1-Hexyloxymethyl-3-triisopropylsilylethynyl-5-trimethylsilylethynylben-
zene (3b): Compound 2b (4.8 g, 11 mmol), trimethylsilylethyne (2.1 g,
21 mmol), triethylamine (60 mL). Yield: 4.8 g (97 %) of 3b as a colorless
oil; R; (ethyl acetate/hexane 1:20): 0.59; 'H NMR (CDCl;, 250 MHz): 6 =
0.24 (s, 9H; Si(CH,);), 0.89 (t, 3H; CHj;), 1.12 (s, 21 H; Si(C;H;);), 1.24—
1.42 (m, 6H; y-, 6-, e-CH,), 1.60 (m, 2H; 5-CH,), 3.45 (t,2H; a-CH,), 4.41
(s, 2H; benzyl-CH,), 7.39 (s, 2H; phenyl-H), 7.50 (s, 1H; phenyl-H);
BC NMR (CDCl;, 63 MHz): 6 =—0.13, 11.27, 14.02, 18.63, 22.60, 25.84,
29.64, 31.65, 70.72, 71.87, 91.17, 94.75, 104.11, 106.03, 123.33, 123.77, 130.76,
130.95, 134.37,139.13; MS (EI, 80 eV): m/z (%): 68 (7.5), 425 (100); HRMS:
m/z: calcd 468.32437; found 468.32843.

1-Ethynyl-3-triisopropylsilylethynylbenzene (4a): A catalytic amount of
1M NaOH solution was added to a stirred solution of 3a (3.6 g, 10 mmol) in
a mixture of THF (60 mL) and methanol (60 mL). After complete
consumption of the starting material, the reaction mixture was diluted
with diethyl ether (100 mL) and brine (60 mL), and the phases were
separated. The aqueous phase was washed with diethyl ether (50 mL) and
the combined organic phases with brine (50 mL). The organic phase was
dried over MgSO,, the solvent removed, and the resulting oil was purified
by column chromatography (silica gel, hexane) to give 2.7 g (94 %) of 4a as
a colorless oil. R; (hexane): 0.46; b.p. 115°C (2 x 10~! mbar); 'H NMR
(CDCl;, 250 MHz): 6 =1.17 (s, 21 H; Si(C;H;)3), 3.10 (s, 1 H; acetyl-H), 7.28
(dd, 3] =8 Hz, 1 H; phenyl-H), 7.45 (m, 2H; phenyl-H), 7.62 (s, 1 H; phenyl-
H); BCNMR (CDCl;, 63 MHz): 6 =11.25, 18.63, 77.72, 82.74, 91.51, 105.88,
122.30, 123.84, 128.25, 131.79, 132.22, 135.52; MS (EI, 80 eV): m/z (% ): 282
(16.1), 239 (100); HRMS: m/z: calcd 282.18038; found 282.18457.

1-Ethynyl-3-hexyloxymethyl-5-triisopropylsilylethynylbenzene (4b): The
light yellow oil 4b (3.2 g, 87 %) was obtained from 3b (4.4 g, 9.4 mmol)
by using the procedure described for 4a. R; (ethyl acetate/hexane 1:20):
0.51; '"H NMR (CDCl;, 500 MHz): 6 =0.88 (t, 3H; CH;), 1.11 (s, 21 H
Si(C;H;);), 1.23-1.39 (m, 6H; y-, 0-, &-CH,), 1.60 (m, 2H; 8-CH,), 3.06 (s,
1H; acetyl-H), 3.44 (t, 2H; a-CH,), 4.41 (s, 2H; benzyl-CH,), 7.40 (s, 1 H;
phenyl-H), 742 (s, 1H; phenyl-H), 751 (s, 1H; phenyl-H); “C NMR
(CDCl;, 126 MHz): 6 =11.21, 14.03, 18.60, 22.60, 25.81, 29.62, 31.64, 70.74,
71.77, 7764, 82.70, 91.41, 105.83, 122.29, 123.85, 130.83, 131.22, 134.56,
139.24; MS (EL, 80 eV): m/z (%): 396 (11.4) 353 (100); elemental analysis
caled (%) for C,H,,OSi (396.691): C 78.72, H 10.16; found C 78.30, H 9.78.

5,5'-Bis-(3-hexyloxymethyl-5-trimethylstannyl-phenyl)-[ 2,2 |bipyridinyl (6a):
A suspension of 5a (3.5 g, 5 mmol) in DME (20 mL) was added over a period
of 20 min to a solution of NaSn(CH,;); in DME (40 mL), prepared as de-
scribed in literature from Na (2.5 g) and CISn(CHz); (12 g, 60 mmol). After
stirring for 20 h at RT, the solvent was removed under reduced pressure,
and the residual material was purified by chromatography over silica gel
(ethyl acetate/hexane 1:6) to give 3.1 g (71 %) of 6a as colorless crystals. R;
(ethyl acetate/hexane 1:6): 0.20; m.p 107°C; 'H NMR (CDCl;, 250 MHz):
0=0.37 (s, 18 H; Sn(CHy);), 0.89 (t, 6 H; CH;), 1.21-1.45 (m, 12 H; y-, 6-, &-
CH,), 1.64 (m, 4H; f-CH,), 3.56 (t, 4H; a-CH,), 4.61 (s, 4H; benzyl-CH,),
7.52 (s, 2H; phenyl-H), 7.60 (s, 2H; phenyl-H), 7.69 (s, 2H; phenyl-H), 8.05
(dd, *J=8 Hz, “J=2 Hz, 2H; pyridyl-H), 8.52 (d, *J=8 Hz, 2H; pyridyl-
H), 8.94 (s, / =2 Hz, 2H; pyridyl-H); *C NMR (CDCl;, 63 MHz): 6 =
—9.49, 14.00, 22.55, 25.86, 29.68, 31.62, 70.71, 72.73, 120.75, 126.32, 133.42,
134.71, 135.21, 136.62, 137.18, 138.82, 143.46, 147.72, 154.54; MS (EI): m/z
(%): 862 (23.0), 847 (100); elemental analysis calcd (%) for C,,HsN,0,Sn,
(862.334): C 58.50, H 7.01, N 3.25; found C 58.27, H 6.83, N 3.06.

5,5'-Bis-[3-(methoxymethoxy-methyl)-5-trimethylstannyl-phenyl]-[2,2']bi-
pyridinyl (6b): White crystals of 6b (1.9 g, 75%) were obtained from 5b
(2.0 g, 3.3mmol, dissolved in 30 mL DME) by using the procedure
described for 6a. NaSn(CH;); was prepared from Na (1.9g) and
CISn(CHj;); (7.8 g, mmol) in DME (20 mL). R; (ethyl acetate/hexane 1:3):
0.49; m.p. 96°C; '"H NMR (CDCl;, 250 MHz): 6 =0.37 (s, 18 H; Sn(CH,)5),
3.49 (s, 6H; CH;), 4.69 (s,4H; CH,), 4.78 (s,4H; CH,), 7.52 (s, 2H; phenyl-
H), 7.61 (s, 2H; phenyl-H), 7.70 (s, 2H; phenyl-H), 8.07 (dd, 3/ =8 Hz, *J =
2 Hz, 2H; pyridyl-H), 8.54 (d, *J = 8 Hz, 2H; pyridyl-H), 8.95 (d, / =2 Hz,
2H; pyridyl-H,); *C NMR (CDCl;, 63 MHz): 6 =—9.44, 55.38, 69.16,
95.83, 120.80, 126.61, 133.40, 134.98, 135.29, 136.58, 137.30, 138.00, 143.72,
147.76, 154.59; MS (EI, 80 eV): m/z (%): 782 (35.4), 707 (100); elemental
analysis calcd (%) for C3,H,N,O,Sn, (782.116): C 52.21, H 5.67, N 3.58;
found C 52.21, H 5.50, N 3.51.

5,5'-Bis-(3-hexyloxymethyl-5-iodo-phenyl)-[ 2,2’ |bipyridinyl (7a): I, (1.8 g,
72 mmol) over a period of 15min at RT to a solution of 6a (3.1g,
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3.6 mmol) in CHCIl; (120 mL). After stirring for 2 h, a saturated solution of
KF (30 mL) was added. The resulting mixture was made alkaline with
potassium carbonate and the phases were separated. The aqueous phase
was washed with CHC; (2 x 50 mL) and the combined organic phases were
washed with a saturated solution of KF (50 mL) and then with a saturated
sodium thiosulfate solution (50 mL). The organic phase was dried over
MgSO,, the solvent removed, and the resulting oil was purified by
chromatography over silica gel (ethyl acetate/hexane 1:3) to give 2.7 g
(95%) of 7a as white crystals. R; (ethyl acetate/hexane 1:3): 0.56; m.p.
112°C; 'H NMR (CDCl;, 250 MHz): 6 =0.90 (t, 6H; CH;), 1.22-1.45 (m,
12H; y-, 0-, e-CH,), 1.58-1.70 (m, 4H; 5-CH,), 3.52 (t,4H; a-CH,), 4.54 (s,
4H; benzyl-CH,), 7.60 (s, 2H; phenyl-H), 7.78 (s, 2H; phenyl-H), 7.92 (s,
2H; phenyl-H), 8.00 (dd, 3/ =8 Hz, /=2 Hz, 2H; pyridyl-H), 8.51 (d, 3/ =
8 Hz, 2H; pyridyl-H), 8.90 (d, “/=2Hz, 2H; pyridyl-H); “C NMR
(CDCl;, 63 MHz): 6 =14.04, 22.60, 25.85, 29.67, 31.64, 71.01, 71.73, 95.02,
121.00, 125.36, 134.96, 135.23, 136.01, 139.70, 141.87, 147.57, 154.95; MS (EI,
80 eV): m/z (%): 788 (100), 688 (32.3), 561 (26.6); elemental analysis calcd
(%) for C3H,1L,N,O, (788.544): C 54.83, H 5.37, N 3.55; found C 54.86, H
5.36, N 3.25.
5,5'-Bis-[3-iodo-5-(methoxymethoxy-methyl)phenyl]-[ 2,2 bipyridinyl
(7b): White crystals of 7b (1.2 g, 83%) were obtained from 6b (1.6 g,
2.1 mmol, dissolved in 70 mL CHCl; and I, (1.1 g, 4.1 mmol) by using the
procedure described for 6a. R; (ethyl acetate/hexane 1:1): 0.36; m.p. 142°C;
'"H NMR (CDCl;, 500 MHz): 6 =3.41 (s, 6H; CH3), 4.60 (s, 4H; CH,), 4.73
(s, 4H; CH,), 7.56 (s, 2H; phenyl-H), 7.72 (s, 2H; phenyl- H), 7.88 (s, 2H;
phenyl- H), 7.94 (dd, 3/ =8 Hz, *J=2 Hz, 2H; pyridyl-H), 847 (d, 3/ =
8 Hz, 2H; pyridyl-H), 8.84 (d, /=2Hz, 2H; pyridyl-H); *C NMR
(CDCl;, 126 MHz): 6 =55.49, 68.03, 95.00, 95.91, 120.96, 125.50, 134.80,
135.08, 135.15, 136.11, 139.71, 141.02, 147.51, 154.92; MS (EIL, 70 eV): m/z
(%): 708 (100), 662 (4.4), 648 (17.7); elemental analysis calcd (%) for
CysHyI,N,0, (708.326): C 47.48, H 3.70, N 3.95; found C 4737, H 3.65, N
3.69.
5,5'-Bis-[3-hexyloxymethyl-5-(3-triisopropylsilylethynyl-phenylethynyl)-
phenyl]-[2,2]bipyridinyl (8a): Coupling of 4a (2.1 g, 7.5 mmol) and 5a
(20g, 29 mmol) in a mixture of triethylamine (30 mL) and toluene
(10 mL) by using the general procedure gave 2.3 g (88 %) of 8a as a light
yellow oil. R; (ethyl acetate/hexane 1:3): 0.69; '"H NMR (CDCl;, 250 MHz):
0=0.91 (t,6H; CH;), 1.17 (s,42H; Si(C;H;)3), 1.21 - 1.48 (m, 12 H; y-, -, &-
CH,), 1.66 (m, 4H; 8-CH,), 3.54 (t, 4H; a-CH,), 4.59 (s, 4H; benzyl-CH,),
7.32 (dd, 3/ =8 Hz, 2H; phenyl-H), 7.41-7.51 (m, 4H; phenyl-H), 7.55 (s,
2H; phenyl-H), 7.59 (s, 2H; phenyl-H), 7.70 (s, 2H; phenyl-H), 7.72 (s, 2H;
phenyl-H), 8.01 (dd, 3/ =8 Hz, */ =2 Hz, 2H; pyridyl-H), 8.52 (d, >/ =8 Hz,
2H; pyridyl-H), 891 (d, /=2 Hz, 2H; pyridyl-H); *C NMR (CDCl,,
63 MHz): 6=11.20, 14.02, 18.58, 22.58, 25.84, 29.66, 31.63, 70.85, 72.11,
89.05, 89.46, 91.36, 105.98, 120.90, 123.15, 123.84, 125.98, 128.28, 129.09,
130.17, 131.27,131.79, 135.02, 135.42, 137.88, 140.08, 147.53, 154.79; MS (EI,
80 eV): miz (%): 1096 (3.3) 1053 (100), 659 (18.9), 531 (58.5); HRMS: m/z
caled for [M — C;H;]+ 1053.61496; found 1053.61780.

5,5"-Bis-[ 3-(3-hexyloxymethyl-5-triisopropylsilylethynyl-phenylethynyl)-5-
(methoxymethoxy-methyl)-phenyl]-[2,2']bipyridinyl (8b): Coupling of 4b
(2.1 g, 7.5 mmol) and 5b (2.0 g, 2.9 mmol) in a mixture of triethylamine
(30 mL) and toluene (5mL) by using the general procedure gave 2.8 g
(88%) of 8b as a light yellow oil. R; (ethyl acetate/hexane 1:3): 0.36;
'"HNMR (CDCl;, 250 MHz): 6 =0.90 (t, 6 H; CHj;), 1.14 (s, 42 H; Si(C;H,);),
1.23-1.42 (m, 12H; y-, 6-, e-CH,), 1.62 (m, 4H; 5-CH,), 3.48 (s, 6H; CHs),
3.49 (t,4H; a-CH,), 4.48 (s,4H; CH,), 4.69 (s, 4H; CH,), 4.77 (s, 4H; CH,),
743 (s, 2H; phenyl-H), 7.49 (s, 2H; phenyl-H), 7.59 (s, 2H; phenyl-H), 7.61
(s, 2H; phenyl-H), 7.62 (s, 2H; phenyl-H), 7.75 (s, 2H; phenyl-H), 8.06 (dd,
3] =8 Hz, *J=2Hz, 2H; pyridyl-H), 8.55 (d, *J=8 Hz, 2H; pyridyl-H),
8.95 (d, ¥/ =2 Hz, 2H; pyridyl-H); *C NMR (CDCl;, 63 MHz): 6 =11.24,
14.01, 18.62, 22.58, 25.80, 29.63, 31.63, 55.46, 68.48, 70.77, 71.86, 89.26, 91.39,
95.88, 105.99, 121.00, 123.15, 123.93, 124.07, 126.28, 129.36, 130.39, 130.91,
134.11, 135.22, 135.49, 138.08, 139.33, 147.62, 154.91; MS (FAB): m/z (%):
1247 (4.0); elemental analysis caled (%) for CgH,(4N,O4Si, (1245.892): C
7712, H 8.41, N 2.25; found C 77.06, H 8.33, N 2.10.
5,5'-Bis-[3-(3-ethynyl-phenylethynyl)-5-hexyloxymethyl-phenyl]-[2,2']bi-
pyridinyl (9a): Tetrabutylammonium fluoride trihydrate (1.1 g, 3.5 mmol)
was added to a stirred solution of 8a (1.9 g, 1.7 mmol) in THF (40 mL).
After complete consumption of the starting material (1 h), the reaction
mixture was diluted with diethyl ether (100 mL) and water (80 mL), and
the phases were separated. The aqueous phase was washed with diethyl
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ether (50 mL), and the combined organic phases were washed with with
water (50 mL). The organic phase was dried over MgSO,, the solvent
removed, and the resulting residue purified by recrystallization from ethyl
acetate/hexane (1:6) to give 1.26 g (92%) of 9a as white solid. R; (ethyl
acetate/hexane 1:3): 0.46; m.p. 92°C; 'H NMR (CDCl;, 250 MHz): 6 =0.87
(t, 6H; CH,), 1.17-1.42 (m, 12 H; y-, 6-, &-CH,), 1.63 (m, 4H; 8-CH,), 3.10
(s, 2H; acetyl-H), 3.50 (t, 4H; a-CH,), 4.56 (s, 4H; benzyl-CH,), 7.29 (dd,
3] =8 Hz, 2H; phenyl-H), 7.43 (d, *J =8 Hz, 2H; phenyl-H), 7.50 (d, /=
8 Hz, 2H; phenyl-H), 7.55 (s, 2H; phenyl-H), 7.59 (s, 2H; phenyl-H), 7.69 (s,
2H; phenyl-H), 7.71 (s, 2H; phenyl-H), 8.00 (dd, 3/ =8 Hz, 4/ =2 Hz, 2H;
pyridyl-H), 8.50 (d, /=8 Hz, 2H; pyridyl-H), 891 (d, /=2 Hz, 2H;
pyridyl-H); C NMR (CDCl,, 63 MHz): 6 =14.02, 22.59, 25.85, 29.68,
31.64, 70.91, 72.13, 77.91, 82.67, 88.88, 89.63, 120.97, 122.49, 123.33, 126.11,
128.43, 129.15, 130.22, 131.82, 131.91, 135.09, 135.15, 135.48, 137.94, 140.13,
14757, 154.83; MS (EL 80 eV): miz (%): 784 (50.7) 684 (85.8), 546 (44.8),
446 (100); elemental analysis calcd (%) for CssHs,N,O, (785.044): C 85.68,
H 6.67, N 3.57; found C 85.56, H 6.86, N 3.37.

5,5'-Bis-[3-(3-ethynyl-5-hexyloxymethyl-phenylethynyl)-5-(methoxymeth-
oxy-methyl)-phenyl]-[2,2']bipyridinyl (9b): Compound 9b (670 mg, 92 %)
was obtained from a solution of 8b (960 mg, 0.77 mmol) in THF (30 mL)
and tetrabutylammonium fluoride trihydrate (0.58 g, 1.9 mmol) by using
the procedure described for 9a. R; (ethyl acetate/hexane 1:1): 0.39; m.p.
62°C; '"H NMR (CDCl;, 250 MHz): 6 =0.86 (t, 6H; CH;), 1.19-1.41 (m,
12H; y-, 6-, e-CH,), 1.58 (m, 4H; 5-CH,), 3.11 (s, 2H; acetyl-H), 3.44 (s,
6H; CHs;),3.45 (t,4H; a-CH,),4.41 (s,4H; CH,), 4.63 (s,4H; CH,), 4.73 (s,
4H; CH,), 740 (s, 2H; phenyl-H), 7.59 (s, 2H; phenyl-H), 7.52 (s, 2H;
phenyl-H), 7.58 (s, 2H; phenyl-H), 7.59 (s, 2H; phenyl-H), 7.69 (s, 2H;
phenyl-H), 7.98 (dd, 3/ =8 Hz, *J =2 Hz, 2H; pyridyl-H), 8.49 (d, 3/ = 8 Hz,
2H; pyridyl-H), 8.89 (d, /=2 Hz, 2H; pyridyl-H); “C NMR (CDCl;,
63 MHz): 6 =13.94, 22.48, 25.69, 25.52, 31.52, 55.30, 68.29, 70.67, 71.58,
77.67,82.61, 88.96, 89.36, 95.71, 120.83, 122.40, 123.17, 123.80, 126.10, 129.12,
130.23, 130.65, 130.78, 133.93, 134.95, 135.16, 137.84, 139.20, 139.42, 147.39,
154.68; MS (FAB): m/z (%): 933 (34.3); elemental analysis calcd (%) for
CsxHeuN,Og (933.202): C 79.80, H 6.91, N 3.00; found C 79.40, H 6.99, N
2.94.

Macrocycle (10a): A solution of 7a (810 mg, 1.1 mmol) and 9a (820 mg,
1.1 mmol) in triethylamine (360 mL) and toluene (360 mL) was carefully
degassed. After addition of tetrakistriphenylphosphine palladium(o)
(48 mg, 0.04 equiv) and copper(1) iodide (8 mg, 0.04 equiv), this mixture
was stirred under nitrogen at 60 °C for 4 d and then at 95°C for 24 h. After
cooling, the orange suspension was treated with a solution of KCN
(300 mg) in water (100 mL) which resulted in a color change to white. The
mixture was then filtered and the insoluble residue (brown-orange) was
washed with toluene (2 x 50 mL). The phases were separated, the aqueous
one was washed with toluene (50 mL) and the combined organic phases
were washed with water (100 mL). The organic phase was dried over
MgSO,, and the solvent was removed. Purification of the residue by
preparative GPC gave 383 mg (28 %) of cycle 10a. The melting behavior of
10a is presently under investigation. 'H NMR (CDCl;, 250 MHz): 6 =0.85
(t,12H; CH3), 1.16-1.46 (m, 24 H; y-, 0-, e-CH,), 1.62 (m, 8 H; f-CH,), 3.50
(t, 8H; a-CH,), 4.49 (s, 8H; benzyl-CH,), 7.26 (dd, 3/ =8 Hz, 2H; phenyl-
H), 7.41 (m, 8H; phenyl-H), 7.46 (s, 4H; phenyl-H), 7.60 (s, 4 H; phenyl-H),
7.68 (s, 2H; phenyl-H), 7.89 (dd, 3/ =8 Hz, */ =2 Hz, 4H; pyridyl-H), 8.39
(d,*J =8 Hz, 4H; pyridyl-H), 8.80 (d, ¥/ =2 Hz, 4H; pyridyl-H); 13C NMR
(CDCl;, 63 MHz): 0 =14.06, 22.63, 25.91, 29.74, 31.70, 70.93, 72.23, 89.11,
89.73, 120.91, 123.44, 123.85, 125.59, 128.44, 129.18, 129.86, 131.07, 134.80,
134.91, 135.24, 137.53, 139.94, 147.31, 154.70; MS (FAB): m/z (%): 1318
(26.1), 1317 (21.7), 1319 (24.8); elemental analysis caled (%) for
Cy,Hy,N,O, (1317.772): C 83.85, H 7.04, N 4.25; found C 83.52, H 7.37, N
3.88.

Macrocycle (10b): The procedure was analogous to the one described for
10a. Compound 9b (670 mg, 0.72 mmol), compound 7b (510 mg,
0.72 mmol), triethylamine (250 mL), toluene (250 mL), tetrakistriphenyl-
phosphine palladium(o) (33 mg, 0.04 equiv), and copper()) iodide (5.5 mg,
0.04 equiv). Yield: 250 mg (25 % ). The melting behavior of 10a is presently
under investigation. 'H NMR (CDCl;, 500 MHz): 6=0.90 (t, 6H; CHj,
3J=8 Hz), 1.32 (m, 8H; y-, 6-CH,), 1.40 (m, 4H; ¢-CH,), 1.66 (m, 4H; 8-
CH,), 3.46 (s, 12H; CH,), 3.51 (t, 3/=8Hz, 4H; a-CH,), 4.50 (s, 4H;
benzyl-CH,), 4.68 (s, 8H; CH,), 4.78 (s, 8H; CH,), 749 (s, 4H; phenyl-H),
7.55 (s, 4H; phenyl-H), 7.61 (s, 4H; phenyl-H), 7.75 (s, 6 H; phenyl-H), 8.09
(d, 37=8Hz, 4H; pyridyl-H), 8.56 (brs, 4H; pyridyl-H), 8.96 (brs, 4H;
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pyridyl-H); 13C NMR (CDCl;, 63 MHz): 6 =13.98, 22.54, 25.77, 29.60,
31.60, 55.35, 68.33, 70.75, 71.82, 89.01, 89.29, 95.70, 120.64, 123.16, 123.64,
125.23,128.82, 129.75, 129.90, 133.90, 134.18, 134.37, 136.96, 138.64, 139.06,
146.78, 154.14; MS (FAB): m/z (%): 1386 (4.3), 1387 (5.2), 1388 (4.2).
X-ray structure analysis: Crystals of 10b suitable for X-ray structure
analysis were obtained by slow diffusion of diethyl ether into a solution of
10b in chloroform. A prismatic crystal (0.8 x 0.5 x 0.4 mm) was mounted
on top of a glass fibre at — 150 °C and brought into the cold gas stream of a
Bruker-AXS SMART CCD diffractometer. To avoid loss of intercalated
solvent the data collection was performed at —100°C. A total of
1800 frames were collected [Moy, radiation (A=0.71073 A), graphite
monochromator, a scan width of 0.3° in w and exposure time of 20 s per
frame, detector —crystal distance 4.00 cm] and integrated with Bruker Saint
software package using a wide-frame integration algorithm.[! Triclinic,
space group PI, a=10.8587(4), b=14.1781(5), c=16.2292(6) A, a=
76504(1), f=89.246(1), y =68.151(1)°, V=2247.53(14) A3, Z=1, 26,0 =
49.42°, 7543 crystallographically unique reflections [5858 observed with />
20(I)]. The structure was solved by direct methods and refined by full
matrix least squares in full-matrix against F2, non-H atoms anisotropic.!'"]
The hydrogen atoms were included with geometrically calculated positions
and refined with a “riding model”. 541 parameters, R1 =0.136, wR2 =
0.439, GOF = 1.987. The highest residual electron density of 1.99 e A= is
located 1.75 A from the carbon atom of the chloroform molecule C2L,
indicating that one solvent molecule is disordered. In addition all chlorine
atoms of the intercalated chloroform molecules exhibit large temperature
factors. Furthermore, there is some evidence for a disorder of one oxygen
atom of the MOM side chain. These findings explain the unsatisfying R
values of the structure determination. To get an impression of the effects of
the intercalated solvent molecules an £kl file corrected for the electron
density within the solvent accessible area (560 A3, 25% of the cell volume)
was created by using the program PLATON.I'"I Refinement of the
remaining atoms by full-matrix least squares on F? converged at Rl1=
0.078 for 5592 reflections with F, > 40(F,), wR2 =0.264, GOF =1.145 for
all 7543 data and 469 refined parameters.
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Formation of Carboxylic Acids from Small Alkanes in Zeolite H-ZSM-5

Mikhail V. Luzgin,?! Alexander G. Stepanov,*[?! Alain Sassi,”! and Jean Sommer*!*!

Abstract: The activation of propane
and isobutane in acidic zeolite H-ZSM-
5 in the presence of both CO and H,O
has been studied by in situ solid-state
NMR and GC analysis. Evidence was
provided for the conversion of propane
to isobutyric acid at 373-473 K by
cleavage of the C—C bond; methane

simultaneous production of hydrogen.
The low conversion (1-2%) at this
temperature was rationalized by the
existence of a small number of sites that
are capable of generating carbenium

Keywords: alkanes - carboxylic
acids - carbon monoxide - NMR

ions which are trapped by CO at this
temperature. A formate species was
observed when CO and H,O were
present on H-ZSM-5. This species dis-
appeared in the presence of the alkane.
At 573K, the generation of large
amounts of CO, indicates a much higher
conversion of the alkanes into carbox-

and ethane are also produced. Isobutane
is transformed into pivalic acid with

Introduction

Activation of saturated hydrocarbons is an important goal for
industrial organic chemistry. However, the chemical inertness
of alkanes towards most of the usual reagents greatly
complicates their conversion into primary chemical building
blocks, such as olefins, dienes, or aromatic compounds, for use
in organic syntheses. To overcome the inertness of alkanes,
refinery operations, such as catalytic reforming and vapor-
cracking, which require noble-metal catalysts and high
temperatures, are needed."

Liquid superacids are suitable for the activation of alkanes
at low temperatures and pressures.> 3 However, the main
problem in the application of such reactions is the low
selectivity owing to the very high reactivity of the cationic
reaction intermediates, which results in cracking and rear-
rangement of the hydrocarbon skeleton. The use of carbon
monoxide as a trapping agent for the highly reactive
intermediate carbenium ions inhibits these competitive side
reactions in superacidic media and gives rise to useful
products—carboxylic acids.**] These acids are generally
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ylic acids which, however, decompose
under the reaction conditions.

prepared from alkenes in sulfuric acid (Koch reaction);
however, we have recently shown that they can also be
selectively synthesized from an olefin and CO on an acidic
zeolite under mild temperature and pressure conditions.”)

On the other hand, on the basis of regioselective H/D
exchange between isoalkanes and zeolites, Sommer et al.l' 1]
and Hall and Engelhardt!*?l have suggested that alkenes and
carbenium ions occur as reaction intermediates on solid acids
at 373-473 K. We also reported that carbon monoxide
blocked this exchange by trapping the carbenium ion inter-
mediates.['3] Taking these two results into account, we could
expect that carbon monoxide and alkanes should interact on
zeolite at temperatures greatly below the usual working
temperatures at which cracking is observed.

While various suggestions concerning the route of the initial
formation of the carbenium ions during the cracking reaction
can be found in the literature, the chain mechanism of alkane
cracking at 573-673 K over acidic zeolites via carbenium ion
intermediates is that generally accepted nowadays.['* 5] Once
the carbenium ion is formed, it undergoes further trans-
formations: isomerization, hydride transfer, deprotonation
with formation of an olefin that leads to oligomerization,
aromatization, or cracking by (-scission to generate a smaller
carbenium ion and an olefin. The addition of carbon
monoxide and water to the initial alkane would be expected
to change the pattern of the cracking products. Indeed, by
trapping the intermediate carbenium ions at the initial stages
of the cracking reaction performed on acidic zeolite, carbon
monoxide could terminate the carbenium chain mechanism
and produce valuable carboxylic acids instead of olefins and
aromatics.

Herein we report our results on the activation of small
alkanes (propane and isobutane) on acidic zeolite H-ZSM-5
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in the presence of carbon monoxide and water at temper-
atures well below those of previously observed transforma-
tions of the alkanes by the cracking reaction.

Results and Discussion

Formation of carboxylic acids from alkanes, CO and water at
moderate temperatures (373-473 K)

As both propane and isobutane undergo H/D exchange of
methyl hydrogens at 373-473 K on solid acids, including
H-ZSM-5 zeolite, '3 we chose these saturated hydrocarbons
to check our hypotheses concerning the interaction of small
alkanes with CO on acidic zeolites at moderate temperatures.

Propane: Figure 1a shows the *C CP/MAS NMR spectrum
recorded after heating the zeolite sample with coadsorbed
propane, *CO, and water for 2 h at 473 K. In addition to the
signals from adsorbed propane at 6 =17.0 and 6 =18.2,1'%1 a
broad signal of low intensity at d = 191 is observed. This signal
is in the region typical for carbonyl groups;l'7! however, its

Abstract in Russian:

C momomipio crekrpockormu SIMP  TBepmoro Tema in  situ
v I'X aHanmmsa W3yyeHa aKTWBaIMd IIpoIlaHA M M300yTaHa
Ha xuciotHoM neonure H-ZSM-5 B mpucyrersum CO u HyO.
IToka3zaHo, yTo IporaH pearupyeT ¢ CO M BOJOH IIOCPEINCTBOM
paspriBa C-C cBs3H ¢ 00pa3oBaHMEM HM300YTaHOBOM KHCIOTHI M
BRIZIEEHMEM MeTaHa ¥ 5TaHa Ipu 373-473 K. M3o0yran
rpeBpaniaercs B IMMBAJIEBYI0O KHCIOTY C  OJHOBPEMEHHBIM
oOpa3oBaHMeM MOJEKYIIpHOro Bomopofa. Huskad creneHs
ripesparieHust (1-2 %) mpu 373-473 K oObscHIeTCS HaMIHeM B
LleoIuTe HeGONBINOr0 4YMCIa AKTUBHBIX IIEHTPOB, CIIOCOOHBIX
00pa30BBIBATh KapOEHUEBBIE MOHBI, KOTOpHIE pPEarupylorT ¢
oKMCBIO yritepofia. BsammopeiictBue CO ¢ BpeHcreoBCcKUMU
KUCIIOTHBIME IIEHTPaMU LieonuTa B IpucyTcTBrr HyO npuBogur x
00pa30BaHIMIO (OPMUATHBIX CTPYKTYp, KOTOPBHIE MCYE3alOT B
npucyrcTBHM ankaHa. Ilpu 573 K mpomcxomur oGpa3soBaHue
sHauMTENbHBIX KomuuecTB CO,, 4YTO YKa3blBaeT Ha OOJBIIYIO
CTelleHb TIPEBpaIlleHHsS alKaHOB B KapOOHOBBIE KHCIIOTHL,
KOTOpBIE, OJHAKO, pa3araloTcs B JaHHBIX YCIOBUAX PEaKLUH.

Abstract in French: L’activation du propane et de l'iso—bu-
tane par une zeolithe acide de type HZSM-5 en presence de CO
et H,O a ete etudiee par spectroscopie RMN du solide in-situ et
analyse CPG. Il a ete montre que le propane reagissait a 373 —
473 K par protolyse de la liaison C-C avec formation d’acide
isobutyrique, de methane et de propane. Dans les memes
conditions l'isobutane produit Uacide pivalique et de I’hydro-
gene. La faible conversion (1-2 %) observee a cette tempera-
ture est expliquee par le faible nombre de sites capables, a cette
temperature, de generer les carbocations qui sont pieges par
CO. Lorsque seuls CO et H,O etaient presents sur le catalyseur
une espece formiate etait observee qui disparaissait en presence
d’alcane. La formation de grandes quantites de CO, a 573 K est
lindication d’une conversion bien plus elevee en acides
carboxyliques qui se decomposent cependant dans les condi-
tions de la reaction.
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Figure 1. NMR spectra of propane, carbon monoxide, and water coad-
sorbed on H-ZSM-5 zeolite. The samples were heated at 473 K for 2 h.
a) BC CP/MAS NMR, coadsorption of propane, *CO (90% 3C enrich-
ment) and water; b) 3C MAS NMR, coadsorption of [2-*C]propane (99 %
13C enrichment), unlabeled CO and water; c¢) 'H MAS NMR spectrum of
the sample (a). 16000 scans were collected for (a) and (b), 120 scans for (c).
Spinning rate was 4.5 kHz for (a) and (c), 2.7 kHz for (b). Asterisks (*) in
the spectra denote spinning side bands.

position and lineshape differ from those reported previously
for a signal at 0 =184 -185 from 3CO adsorbed on H-ZSM-
5.1 18211 The position of this signal at 6 =191 is characteristic
of the carbonyl group of a carboxylic acid adsorbed onto
H-ZSM-5.P! Thus, the appearance of the signal at =191 is in
agreement with a reaction between propane, carbon mon-
oxide, and water during which *CO was transformed into a
13C-labeled carbonyl group of a carboxylic acid.

To elucidate the reaction pathway further, we then used
BBC-labeled propane for the coadsorption. When the reaction
was carried out with [2-13C]propane, unlabeled CO and water,
a weak signal at 6 =7.3 from ethanel'®! and a signal at = 36.4
were observed in the 3C MAS NMR spectrum, in addition to
the intense signal at 0 =18.2 from the “C-labeled carbon of
the methylene group in propane (Figure 1b). The signal at
0 =36.4 should be assigned to the carboxylic acid, which also
exhibits the signal at 6 =191 in Figure 1a. The 'H MAS NMR
spectrum (Figure 1c) of coabsorbed unlabeled propane, *C-
labeled CO, and water, exhibits a signal at 6 =0.25 from
methane! along with signals from propane at 6 =1.0 (CH,)
and 6 =1.45 (CH,)?? as well as that from H,O adsorbed on a
zeolite Si-OH-Al group at 6 = 6.2.231 To sum up, these NMR
observations are in accordance with the formation of meth-
ane, [1-'*Clethane and [2-'*Clisobutyric acid (IBA) during
activation of [2-B3C]propane by H-ZSM-5 at 473 K in the
presence of CO. Whereas the Haag Dessau mechanism!? is
generally accepted to rationalize the product distribution at
higher temperatures (>573 K), no conversion of propane was
reported at 473 K and below.['}l However, in analogy with the
superacid-catalyzed protolytic activation of propane,° the
Haag and Dessau mechanism (Scheme 1) would rationalize
the formation of the same products.
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CHg—"CH,—CHy — > CH4 + 13CH,—CHg

19QH,— CHg + CHa—'CH;—CHy ——»> 9CH;—CHz + CH —1CH—CH
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CH3_13%H—CH3 €O, cHy—TBCH—CHz T22% (CHg), "*CH—COOH + H

& =0

Scheme 1. Mechanism of [2-*C]propane carbonylation into [2-'*CJisobutyric acid in H-ZSM-5 at 373-473 K.

Indeed, according to Scheme 1, during the course of the
reaction, the selectively *C-labeled CH, group of [2-1*C]pro-
pane is transformed into the labeled CH group of IBA, giving
rise to the signal at 6 =36.4, close to that for liquid IBA at 6 =
34.8.%%1 Unlabeled methane is generated by protolytic attack
on the C—C bond of propane. The formation of [1-'*CJethane
occurs via hydride abstraction from the second propane
molecule to give the isopropyl cation. The resultant isopropyl
cation reacted with CO and water to produce isobutyric acid
with the selective *C label at the CH group. The amount of
propane converted into IBA, as estimated from *C MAS
NMR spectra, was 1% at 473 K.

The products observed by NMR are in agreement with
primary products expected for propane cracking at higher
temperatures. According to reference [26], the rates of
formation of methane and ethene considerably exceeded the
rate of dehydrogenation to produce propene and hydrogen at
623 K. Our GC analysis of the head-space gas-phase has
shown the absence of hydrogen and propene and confirmed
the formation of methane and ethane.

It should be emphasized that we did not observe the
formation of a carboxylic acid from alkane and CO if water
was not coadsorbed on zeolite. Therefore, we conclude that
the specific role of water in this reaction is to trap the
isopropyloxocarbenium ion, formed from the isopropyl cat-
ion, to produce the acid and to regenerate the acidic proton of
the Al-OH-Si group in accordance with Scheme 1.

Interestingly, the primary ethyl cation is not trapped by CO;
a situation which is quite similar to that observed for the
carbonylation of ethene on H-ZSM-5 at low temperature,”
where the rate of oligomerization of the initially formed and
very unstable primary ethyl carbenium ion greatly exceeded
the rate of its carbonylation.

Isobutane: When a sample of *CO, unlabeled isobutane, and
water was heated at 373 or 423 K, three signals appeared in
the ®C CP/MAS NMR spectrum that differed from those of
the initial isobutane and '*CO (Figure 2a): at 6 =193 and 6 =
172 from 3C-labeled carbonyl groups, and at 6 =27.7, a small
signal near the intense signal from CH; and CH groups of
unreacted isobutane at 6=25.5.'Y For the reaction of
coadsorbed isobutane, 3C-labeled at the quaternary carbon
atom ([2-*CJi-C,Hg), unlabeled CO and water, two signals are
detected in the spectrum: at d =25.5 from unreacted iso-
butane and the signal at 6 =40.9 from the reaction product
(Figure 2b). The 'H MAS
NMR spectrum (Figure 2¢) of
13CQ, unlabeled isobutane, and
water exhibited, besides the
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intense signals from unreacted
isobutane at 6 =1.0 (CH;) and
0=18 (CH)? and H,O/Si-
OH-Al protons at 6=6.6,]
two signals for the reaction
products: 6 =4.10 from molec-
ular hydrogen, H,? and the
signal at 0 =1.45.

New signals at 6 =193, 40.9
and 27.7 in the ®*C NMR spectra

@

)
5055
i-C4Hjp + Bco+ H0 ¥
s«
TN\
5217
*
b) 5255
[2-5CJi-CsHig + CO+H,0
5409
* \
A T T T T T
250 200 150 100 50 0
) 510 5145
=\ \
566 5=4.10

i-C4Hjo + *CO+H,0

Figure 2. NMR spectra for isobutane, CO, and water coadsorbed on
H-ZSM-5 zeolite. The sample was heated at 423 K for 2 h. a) C CP/MAS
NMR, coadsorption of unlabeled isobutane, *CO (90% *C enrichment)
and water; b) BC CP/MAS NMR, coadsorption of [2-PClisobutane (82 %
13C enrichment), unlabeled CO and water; c) 'H MAS NMR spectrum of
the sample (a). 16000 scans were collected for (a) and (b), 240 scans for (c).
Spinning rate was 4.7 kHz for (a), 3.0 kHz for (b), 5.1 kHz for (c). Asterisks
(*) in the spectra denote spinning side bands.

provide evidence for the formation of trimethylacetic (pivalic)
acid (TMAA). The signal at 6 =193 can be assigned to the
carboxylic group of TMAA, the signals at 6 =40.9 and 6 =
27.7 to the quaternary carbon and methyl groups of this acid,
respectively. The position of these three signals is similar to
those for both liquid TMAAP7 and that adsorbed on H-ZSM-
5.1 The signal at d=1.45 in the '"H NMR spectrum (Fig-
ure 2¢), a position analogous to that for methyl protons of
liquid TMAA,?2 further supports its formation inside the
zeolite. The observed NMR intensities correspond to ~2 %
conversion of isobutane into TMAA at 423 K.

When taken together, the 3C and 'H NMR data are in good
agreement with the reaction of isobutane given in Scheme 2.

CHg
+CO

H-ZSM-5
— o + H ——» (CH3)3CCOOH + H»
(CHa)eC—H e CH7 @™CHj 2 +H20

Scheme 2. Mechanism of isobutane carbonylation into trimethylacetic acid in H-ZSM-5 at 373 -423 K.
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Again, the product distribution observed for this reaction
by NMR is in agreement with that expected for isobutane
cracking on acidic zeolites at T < 623 K.?l At T>773 K, the
initial cleavage occurs most readily at the C—C bond.”!
Indeed, the initiation of isobutane cracking by the cleavage
of the C—C is a more activated process compared to that by
dehydrogenation.’ Thus, at the moderate temperatures used
in this study, the rate of primary activation of isobutane by
C—H cleavage essentially exceeds that of C—C bond cleav-
age.” In order to check these results that were obtained by in
situ NMR spectroscopy, we used GC analysis to investigate
the product distribution after conversion of isobutane on the
zeolite in the presence of CO and H,O in a static glass reactor.
When about 1 mmol of isobutane was heated at 423 K in the
presence of CO and water on H-ZSM-5 (3.6 g, i.e. ca. 1 mmol
of acid sites) and the composition of the head space was
checked at various time intervals, we noticed that the
conversion (3% of isobutane) was essentially achieved in
the first 2 h and increased only very slowly thereafter. The
detected product was mainly hydrogen. This seems to indicate
that in H-ZSM-5, isobutane is essentially activated by
protolysis of the tertiary C—H bond following the Haag-—
Dessau scheme.[ 24 31]

We suggest that the trapping of carbenium ions with CO
results in the formation of carboxylic acids, which become
detectable by NMR spectroscopy. However, only 1-2% of
alkane is converted into acid. The low conversion observed,
which does not increase substantially with reaction time,
cannot be rationalized unambiguously. Low conversion of
isobutane may be related to the thermodynamic limitations.
Indeed, estimation of the Gibbs free energy for the reaction
with isobutane under standard conditions gave a positive
value of AG; 55 =+28 kImol~,*% this makes the reaction
thermodynamically unfavorable. However, it should be kept
in mind that all the processes that define the thermodynamics
of the reaction inside a zeolite can hardly be taken into
account. Indeed, the conversion of alkanes into acids is
essentially higher in superacidic media,*°l than that observed
in zeolite. In the case of propane, the carbonylation reaction
has no thermodynamic limitation. The calculation gave
negative values of AG, 3 =—53 kJmol 12! This should
result in a higher conversion into the acid than that observed
in our experiments. Therefore, we believe that if the reactions
observed on the zeolite are not thermodynamically limited,
the low conversion may be related to a noncatalytic reaction
pathway. In this respect we may suggest that only 1-2% of
the zeolite acid sites are capable of protolytic activation of
propane and isobutane at 373-423 K and that these sites are
consumed in the protolysis but not regenerated later with the
same strength, because the reaction products, namely the
carboxylic acids, remain adsorbed on the zeolite acid sites.

The participation of only a limited number of acid sites in
the reaction is in contrast with our previous findings on the
H/D exchange reaction observed between deuterated zeolite
and isobutanel'> ' 13 for which all the acid sites of the zeolite
are involved in the hydrogen exchange with isobutane. In that
case, the carbenium ion intermediates are involved in a
catalytic cycle (ion deprotonation —alkene reprotonation) for
which very strong acid sites are not necessary. In the present
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study we assume that the strongest acid sites are not
regenerated.

Considering the very low conversion, the question may also
be raised as to whether trace amounts of iron could be at the
origin of the alkane conversion. To check this possibility we
repeated the experiment with isobutane and a sample of
H-ZSM-5 that contained 0.015 % instead of 0.0036 % Fe,O;:
the same conversion was observed.

On the role of the formate species in alkane activation

We noticed that for “CO +H,O reacting with isobutane
(Figure 2a) and, in some cases with propane, an additional
signal was observed from the carbonyl moiety at 6 =172.
Moreover, the *C CP/MAS NMR spectrum of the sample
that contained only *CO and H,O without coadsorbed alkane
on H-ZSM-5 and heated under the same conditions reveals a
similar weak and broad signal at 6 =172 (Figure 3a). We
assume that this signal, which is outside the region of the

a) BCo + H,0, 473K

13,
CPMAS | 45 11n

b) 13C0 + H,0, 473K
+C3Hy, 473K

©) BCOo + H,0, 473K
+i-C4H,, 296 K
=172
A
MMWW/WJ\AMWW
d
) 3Co + H,0, 473 K
+i-CqHyo, 423K
5=193
TN\
* \ * J
— T T T T T
250 200 150 100 50 0
—

Figure 3. 3C CP/MAS NMR spectra for: a) 3CO (90% C enrichment)
and H,O coadsorbed on H-ZSM-5 zeolite. The sample was heated at 473 K
for 2 h; b) after adsorption of unlabeled propane on the sample a) and
heating at 473 K for 2 h; c) after adsorption of unlabeled isobutane on the
sample prepared similarly to (a); d) after heating of the sample (c) at 423 K
for 2 h. 24000 scans were collected for (a), 20000 scans for (b), 21000 scans
for (c), 18000 scans for (d). Spinning rate was 4.4 kHz for (a) and (b),
4.5 kHz for (c) and (d). Asterisks (*) in the spectra denote spinning side
bands.

signals from carboxylic acids,”! belongs to a formate species
that has already been reported on acidic zeolites®®?! and on
other oxide catalysts.? It should be emphasized that the
formation of small quantities of formate could not be
explained by the presence of a small concentration of
reducible oxides. On the one hand, the concentration of iron
in our sample did not exceed 27 ppm; it is 0.13% of the
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concentration of bridged Si-OH-Al groups. The intensity of
observed signal from the surface formate corresponds to at
least 1% of the total concentration of acidic OH groups.
Evidently, the interaction of CO with iron oxide impurities
could not give rise to the observed intensity of formate. On
the other hand, a formate species bound to paramagnetic Fe’*
would not be detectable by *C NMR spectroscopy. Thus, the
major part of the formate species observed is, in fact, the
formate bound to the Si-O-Al groups.

We have found that the surface formate species was only
generated from CO on H-ZSM-5 in the presence of water.
Moreover, the formate species was only stable under a CO
atmosphere (similar to formyl cation in superacids);®! the
evacuation of the sample containing coadsorbed CO and
water led to the disappearance of the signal at 6 =172 from
the formate. Thus, an equilibrium between carbon monoxide
and the surface formate exists inside H-ZSM-5, and water is
unambiguously involved in the process of the formate
formation (Scheme 3).

H H\C//O
+ H O + + HO
co 0+ 0 é 2
Si Al /N
Si Al

Scheme 3. Formation of formate species from CO in H-ZSM-5 in the
presence of water.

In the presence of CO and water, the signal withstands
prolonged heating within the temperature range 373-473 K
(Figure 3a). However, when propane (or isobutane) was
adsorbed on the sample corresponding to the spectrum in
Figure 3 a, namely containing pregenerated formate from the
interaction of CO and H,0O, and the sample was heated further
at 473 K, the signal at d =172 decreased and the peak
assigned to the carbonyl group of IBA at =191 appeared
(Figure 3b). In the case of isobutane, the signal from the
formate species disappeared almost completely if the sample
was heated at 423 K, and the signal at 6 =193 from TMMA
appeared (see Figures 3¢ and 3d).

At the present stage we have no additional experimental
data which could help us elucidate whether the formyl species
is involved in the activation step of the alkane or if it only
regenerates CO, which is then trapped by the carbenium ions.

Conversion of alkane in the presence of CO and H,O at 473 -
573K

Propane at 523 K: Considering the very low conversions
observed at <473 K, we repeated our experiments at higher
temperatures. Figure 4a shows the ?C MAS NMR spectrum
of the sample with adsorbed [2-1*C]propane and heated at
523 K. Besides the signal from the initially labeled CH, group
of [2-13C]propane at d = 18.2, the second intense signal at § =
17.0 from the CH, groups!'®l of propane is observed. The signal
at 0 = 17.0 arises from the scrambling of the selective *C-label
from CH, into the CH; group of the propane molecule.® The
signals of lower intensity in Figure 4 a are assigned to n-butane
[6(CH;) =14.6, 6(CH,)=271],l'%l isobutane [6(CH; and
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a) [2-C]C5Hg

Ii_szgrﬁ' ;\ 5=73
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Figure 4. NMR spectra for [2-3C]propane (99 % "*C enrichment) adsor-
bed on H-ZSM-5 zeolite in the absence of CO and water: a) *C MAS NMR
and b) 'H MAS NMR for the sample heated at 523 K for 2 h; c) *C CP/
MAS NMR for the sample heated at 573 K for 10 h. Insert: 3C MAS NMR
spectrum of sample (c) for the region of 6 = — 15 to +40 is given. 5000 scans
were collected for (a), 128 scans for (b), 18000 scans for (c). Spinning rate
was 4.3 kHz for (a) and (b), 4.5 kHz for (c). Asterisks (*) in the spectra
denote spinning side bands.

CH) =25.5],l isopentane [d(iso-CH;)=23.1],l'] ethane
[6(CH;) =7.3],1 methane [0(CH,)=—6.1].1%31 TH MAS
NMR spectra of this sample also revealed the signal at 0 =
0.25 from methane (Figure 4b). No hydrogen generation was
observed in the 'TH MAS NMR spectrum at this temperature,
which indicates that the main pathway of propane activation
involves C—C bond cleavage, that leads to propane cracking.

The observed product distribution is in good agreement
with the accepted mechanism of the alkane cracking reac-
tion!!* 13 to produce C,—Cg carbenium ions which can then
alkylate an olefin molecule to give rise to more bulky
carbenium ions. Confirmation of these processes lead to more
stable cyclopentenyl cations!'®%"] or aromatic compounds.!'®]
The final product mixture at T > 573 K['®l consisted of small
(C,-C;) alkanes and secondary products of olefin oligome-
rization, that is aromatic compounds (the signal at 6 =130 in
Figure 4¢). We assume that the cyclopentenyl cations were
not observed in our “C MAS NMR spectra at 523 K on
account of the low conversion of propane itself as well as the
large linewidth of the signals from the cyclopentenyl cati-
onsl'® 37 compared to those from alkanes.

In the presence of CO and water, paraffinic C,— C, products
of propane cracking together with the signals from carboxylic
acids were observed in 3C NMR spectrum (Figure 5). 3C CP/
MAS spectra of the sample with coadsorbed ¥CO, unlabeled
propane and water exhibited the signals from ethane and
butanes and the signal at d =191 from the *COOH group of
carboxylic acids. When the reaction was carried out with
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Figure 5. NMR spectra for propane, carbon monoxide, and water coad-
sorbed on H-ZSM-5 zeolite. The samples were heated at 523 K for 2 h:
a) BC CP/MAS NMR, coadsorption of propane, *CO (90% '*C enrich-
ment) and water; b) *C CP/MAS NMR, coadsorption of [2-'*C]propane
(99 % BC enrichment), CO and water; ¢) *C MAS NMR spectrum of the
sample (a). 16000 scans were collected for (a), 12000 scans for (b), 11200
scans for (c). Spinning rate was 4.0 kHz for (a) and (c), 2.5 kHz for (b).

[2-13C]propane, unlabeled CO, and water (Figure 5b), we
found a product distribution among the alkanes which was
similar to that observed for the reaction of propane alone
(Figure 4 a). Simultaneously, two new signals were observed at
0=36.4 and 6 =30.8. These signals appeared in the spectrum
in parallel with the signal at = 191 in Figure 5a and therefore
they belong to carboxylic acids. The signal at =364,
identified earlier in Figure 1b, indicates that isobutyric acid
(IBA) is formed. The other signal at 0 = 30.8 can be attributed
to the labeled CH, group of propionic acid, which usually
exhibits a signal at & =27.6 in solution.'”? However, we can not
attribute this signal unambiguously to the propionic acid
because all the intermediate carbenium ions generated during
the propane cracking could react with CO to produce the
corresponding carboxylic acids which would be responsible
for this signal.

Importantly, in addition to these reactions, the decarbox-
ylation of carboxylic acidsP 3 was also observed at 523 K, as
indicated by the appearance of the signal at 6 =127 from
gaseous BCO,[4 in the BC MAS NMR spectrum (Fig-
ure 5c¢); the corresponding alkane being formed as the other
reaction product (Scheme 4).

H-ZSM-5
—
523 - 573 K
Scheme 4. Decomposition of a carboxylic acid in H-ZSM-5 at 523 -573 K.

R-COOH R-H + CO,
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Thus, in the course of the reaction of propane in the
presence of CO at 523 K, the following processes occur: the
scrambling of the '*C label in the propane molecule, cracking
of propane, carbonylation of the intermediate olefins and
decarboxylation of the carboxylic acids formed.

At first glance, the cracking and scrambling reactions
strongly dominate over carbonylation. However, we did not
observe the total amount of carbonylation products formed,
since carboxylic acids are decomposed on H-ZSM-5 at this
temperature. If the amount of carbon dioxide produced is
used as an indicator of the carbonylation level, then the
amount of CO transformed into carboxylic acids was esti-
mated to be ~10%; however, the observed quantity of the
acids did not exceed 1% on account of their subsequent
decomposition.

Importantly, the main route of propane transformation at
523 K, both in the absence and the presence of CO, is a
scrambling of the *C label in a propane molecule.*® This
scrambling seems to proceed with carbenium ion intermedi-
acy via protonated cyclopropane intermediates, as generally
accepted for the scrambling of a *C label in hydrocarbons
both in liquid and on solid acid catalysts.?: 44l

Propane at 573 K: When the sample with [2-1*C]propane was
heated further at 573 K, more cracking of the propane
occurred according to the '*C CP/MAS NMR spectrum
(Figure 4c). Now ethane and methane are the prevailing
reaction products (see Figure 4c, insert), in addition to
butanes and aromatics (the signal at =130 in Figure 4c).

In the presence of CO and water, the heating of the samples
at 573 K also produced methane, ethane, butanes and
aromatics (Figure 6). The signals from the adsorbed aromatic
species were observed at 0 =130 (carbons atoms of aromatic
ring) and at 6 =21 (the signal from CHj; group bound to the
aromatic ring).') However, the distribution of paraffinic
products differed from that observed for propane alone:
approximately equal amounts of methane, ethane, and
butanes were formed (see Figure 6¢). Thus, the presence of
CO and water influences the distribution of the cracking
products: from the preferential formation of ethane and
methane in the absence of CO to the formation of approx-
imately equal amounts of C,— C, alkanes in the presence CO.

No signal from the *C-labeled COOH group of the
carboxylic acid was detected in the '*C CP/MAS NMR
spectra if we used the labeled *CO and unlabeled propane for
coadsorption (Figure 6a). However, the C MAS NMR
spectrum of the same sample (Figure 6¢) showed the for-
mation of carbon dioxide* in considerable amounts, ~50 %
of CO was converted into CO,. We suggest that this CO,
originates from the decarboxylation of the acids formed as
unstable reaction intermediates.

Isobutane at 473 -573 K: When the zeolite sample was heated
with isobutane at 473 K in the presence of CO + H,O, the
cracking products appeared simultaneously with the signal
from carboxylic acids, the intensity of which is now larger in
Figure 7a (with respect to isobutane at 6 =25.5) compared to
that in Figure 2a. In addition to the intense signals from
isobutane at 6 =25.5 and carboxylic acids at 6 =193, small

0947-6539/00/0613-2373 $ 17.50+.50/0 2373





FULL PAPER

A. G. Stepanov, J. Sommer et al.

a) C;Hg + *CO + H,0
573K |
3C CPIMAS
6=21.0

S |

* *

b) [2-C]C3H; + CO + H,0
13C CP/MAS

=130

x N\
x32 A A " AJUI

c) C3Hg + 1°CO + H,0
BCMAS|| “co *co,
4 I'4
AJLA A
—r T T T
200 50 0

IISO IOIO
-~

Figure 6. NMR spectra for propane, carbon monoxide, and water coad-
sorbed on H-ZSM-5 zeolite. The samples were heated at 573 K for 10 h:
a) BC CP/MAS NMR, coadsorption of propane, *CO (90% '*C enrich-
ment), and water; b) C CP/MAS NMR, coadsorption of [2-"*C]propane
(99 % BC enrichment), CO, and water; c) *C MAS NMR spectrum of the
sample (a). 17400 scans were collected for (a), 17400 scans for (b), 3600
scans for c¢). Spinning rate was 4.2 kHz for (a), 4.6 kHz for (b), 2.5 kHz for
(c). Asterisks (*) in the spectra denote spinning side bands.

3 5.
3 s,

i-C4Ho + BCO + H,0

F

c) 5=182 | &=170

5=130
* ) *
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Figure 7. 3C CP/MAS NMR spectra for isobutane, CO (90% "C
enrichment), and water coadsorbed on H-ZSM-5 zeolite. The samples
were heated for 2 h at: a) 473 K; b) 523 K; ¢) 573 K. 22700 scans were
collected for (a), 18000 scans for (b), 13600 scans for (c). Spinning rate was
4.5 kHz for (a), 4.3 kHz for (b), 4.5 kHz for (c). Asterisks (*) in the spectra
denote spinning side bands.
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signals from the cracking products: propane (6 =17.0 and 6 =
18.2), ethane (6 =7.6), n-butane (6 =14.6 and 6 =27.1) and
isopentane [0 =12.4 (CH;), 6 =23.0 (i-CH,), 6 =33.6 (CH,)]
were observed. The CH group of isobutyric acid (IBA)
exhibited a small signal at 0 =36.4, while methyl groups
of IBA and methyl groups of trimethylacetic acid contributed
to the signals at 0=23.0 and 0=271, respectively
(Figure 7a, b).

Further increase of the temperature to 523 K led to stronger
cracking and conversion of isobutane with the formation of
propane and n-butane. The intensity of the signal from the
acids increased (Figure 7b). At 573 K, however, the acids
were completely decomposed (Figure 7c¢); the signal from
aromatics at =130 appeared and propane represented the
prevailing product among the paraffins. Similar to the case
with propane, as follows from *C MAS NMR, nearly 50 % of
the CO was converted into CO,.

Thus, similar processes were observed for both propane and
isobutane as the temperature increased, namely when both
alkanes become involved in the cracking process. On the basis
of NMR data we conclude that the total amount of the
carboxylic acids formed increases as the temperature increas-
es from 373 to 523 K. However, at 573 K the acids are
completely decomposed to CO, and alkanes.

Conclusions

From the results of investigations with *C MAS and 'H MAS
solid-state NMR spectroscopy and GC analysis on the
conversion of small alkanes on zeolite H-ZSM-5 in the
presence of CO and water, the following conclusions have
been drawn on the chemical processes proceeding on
H-ZSM-5:

At T=373-473K, 1% of propane was transformed
selectively into isobutyric acid, while methane and ethane
were formed as the other reaction products. At T=373-
423 K, isobutane produced trimethylacetic acid and hydrogen
with 2% conversion. Therefore, the first evidence has been
obtained for the conversion of small alkanes into carboxylic
acids on purely acidic zeolite catalysts at moderate temper-
atures that are 100-150°C lower than those used in the
previously observed transformation of the alkanes by a
cracking reaction.

An increase of the temperature up to 573 K resulted in a
complete decomposition of the carboxylic acids formed; the
main reaction products observed in the NMR spectra, C,—-C,
alkanes and aromatics, arose from the cracking of the alkane.
However, the analysis of the intensities of the signals from CO
and carbon dioxide formed by the decomposition of the
carboxylic acids indicated that ~50% of CO has been
converted into carboxylic acids. This means that, at 573 K,
the conversion of alkanes into the acids is important;
however, the carboxylic acids do not survive prolonged
heating at 573 K under the conditions in a static reactor and
exist inside the zeolite as unstable intermediate species at this
temperature.
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Experimental Section

Sample preparation for NMR experiments: Zeolite H-ZSM-5 (Si/Al=49)
was synthesized according to reference [ and characterized by X-ray
powder diffraction and chemical analysis. According to chemical analysis,
the content of iron in the sample was 27 ppm (0.0036 wt % Fe,O;). The
zeolite (~0.1-0.15 g) was loaded into a glass tube and the sample was
heated at 723 K for 2 h in air to remove atmospheric moisture, and for 4 h
under vacuum at 1073 Pa. After cooling the sample to ambient temperature
(296 K), equal amounts of alkane, CO and water (=1 equiv of each
coadsorbate per Al atom, 300 umolg™!) were frozen out onto H-ZSM-5
under vacuum at the temperature of liquid nitrogen, and the glass tube with
the zeolite was then sealed off from the vacuum system. The sample was
then heated at 373—573 K for 1-10 h for the reaction to proceed under
static conditions in the sealed tube. After quenching the tube with the
sample to room temperature, it was tightly packed into a 7 mm zirconia
NMR rotor for NMR analysis. The reaction products were analyzed in situ
directly inside the zeolite pores by both *C and 'H NMR. To facilitate
NMR analysis, the alkanes and CO with selective 1C labels (80-99 % of
BC isotope enrichment) were employed.

NMR analysis of the reaction products: *C NMR spectra with high-power
proton decoupling and magic angle spinning (MAS) and with or without
cross-polarization (CP) (denoted below as '*C CP/MAS NMR and BC
MAS NMR), and 'H MAS NMR spectra were recorded at 100.613 MHz
(3C) and at 400.13 MHz ('H) (magnetic field of 9 Tesla), respectively, on a
Bruker MSL-400 spectrometer at 296 K. The following conditions were
used for recording spectra with CP: proton high-power decoupling field
11.7 G (5.0 ps length of 90° 'H pulse); contact time 5 ms at Hartmann—
Hahn matching condition of 50 kHz; delay time between scans 3 s. One-
pulse excitation 3C MAS spectra were recorded with 45° flip angle; *C
pulses of 2.5 us duration, and 10— 15 s recycle delay, which satisfied a 10 7}
condition. High-power proton-decoupling in these experiments was used
only during the acquisition time. This eliminated Nuclear Overhauser
Enhancement of the signal areas and allowed quantitative assessment of
the signal areas.*’] One-pulse excitation 'H MAS NMR spectra were
recorded with 45° flip angle pulses of 5 ps duration and 5 s recycle delay. 1*C
and 'H chemical shifts (0) for carbon nuclei of adsorbed organic species
were measured with respect to TMS as the external reference with accuracy
A0 ==+0.5. Precision in the determination of the relative line position was
A6 =0.1-0.15 for ®*C NMR and Ao =0.05 for 'H NMR. The temperature
of the samples during acquisition of NMR spectra was controlled with a
BVT-1000 variable-temperature unit.

Sample preparation for GC analysis: The reaction was carried out in a glass
reactor equipped with a septum (static conditions). H-ZSM-5 (~3.6 g,
1 mmol H) was pretreated at 723 K under vacuum for 1 h. Isobutane or
propane (0.89 mmol), CO (1.34 mmol), and H,O (0.9 mmol) were intro-
duced at 273 K with a syringe. For the reaction with isobutane, ethane was
added to the system and used as an internal standard (i.e. 1.2 % of ethane in
isobutane was used as starting material, considering the low reactivity of
ethane). The reactor was heated (<13 h) at 423 K for the reaction with
isobutane and at 473 K (<20 h) with propane. The head-space gas phase
was analyzed by GC.

Hydrocarbons: [2-3C]Propane (99 % '*C enrichment) was purchased from
IC Chemikalien GmbH, Germany. [2-1*C]Isobutane was prepared by a five-
step synthesis, starting from [1-'*Clacetic acid (82% '*C enrichment).
Propane purchased from Alphagaz (purity: N35) was used after a purity
check by GC. Isobutane purchased from Alphagaz (purity: N35) was
liberated from isobutene impurities (<1000 ppm) by hydrogenation at
353 K on Pt (Adams) under H, and then filtered at room temperature on
fresh H-ZSM-5 (used after activation at 773 K).

GC analysis of the reaction products: Hydrocarbons were analyzed by GC
with a Girdel 300 chromatograph equipped with a column (2 m, 1/8%) filled
with a Hayesep A 80/100 porous polymer. The helium pressure in the
column was 2 bar and the analysis temperature was constant at 363 K.
Hydrogen was analyzed with an Intersmat IGC112M chromatograph
equipped with a 2m column filled with a 5A molecular sieve and a
catharometric detector. The Ar flow rate was 14 mLmin~' and the
temperature was constant at 323 K.
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C-H - = Interactions in 1-n-Butyl-3-methylimidazolium Tetraphenylborate
Molten Salt: Solid and Solution Structures

Jairton Dupont,*?! Paulo A. Z. Suarez,'*! Roberto F. De Souza,!*!
Robert A. Burrow, and Jean-Pierre Kintzinger*!*!

Abstract: The crystal structure of 1-n-
butyl-3-methylimidazolium tetraphenyl-
borate molten salt (1) shows C-H-n
interactions between the hydrogens of
the imidazolium cation and the phenyl
rings of the tetraphenylborate anion.
The imidazolium ring is surrounded by
three tetraphenylborate anions that are
connected with the same cation by
C-H -t (phenyl rings) interactions. The
nearest inter-ion interaction is found
between the N-CH-N proton of the
cation and the B-phenyl -centroid
(2.349 A) with a nearly T-shaped geom-

pendent of its concentration in
[D4]DMSO solution, the imidazolium
proton chemical shifts are in the expect-
ed region and there are no observable
NOE effects between the protons of the
cation with those of the anion, indicating
that 1 behaves in [Dy]DMSO as a
solvent-separated ion pair. In CDCl,
the 'H-NMR spectra of 1 are concen-
tration dependent and all the imidazo-
lium protons are shielded as compared
with those observed in [Dg]DMSO.
Moreover, the 'H NOESY NMR spectra
show all the peaks affected by the

interaction between the protons of the
imidazolium cation and those of the
anion, indicating that in CDCl; 1 pos-
sesses a contact ion pair structure. The
NCHN proton of the cation exhibits the
greatest shielding (up to —4.5 ppm), an
indication of the existence of C-H-n
interactions, even in solution. The calcu-
lated distance of this proton to the
phenyl centroid is 2.3 A for a C-H-n
angle of 180°. The apparent volumes for
the cation and anion, calculated from
the measured PC-NMR relaxation
times, increase from 38 and 140 A3 in

etry. The inter-ionic solution structure of
1 has been investigated by the detection
of inter-ionic contacts in 'H NOESY
NMR spectra between the protons of
the cation and the anion. The "H-NMR
spectra of molten salt 1 is almost inde-

salts -

Introduction

There is a considerable and increasing interest in various types
of weak hydrogen bonds in the fields of molecular recogni-
tion, crystal engineering, and supramolecular chemistry.[!! In
this respect, it has been repeatedly demonstrated from gas
phase experiments, crystal structure analyses, solid state IR
measurements, and theoretical calculations, that aromatic
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[D4]DMSO to 360 and 600 A3 in CDCl;,
respectively; this indicates the forma-
tion of floating aggregates of the type
(1), in CDClI; via weak hydrogen bonds,
with increasing concentration.

molten

rings and other 7t bonds can interact with X—H bonds (usually
X =0, N, and halide), typically with hydrogen-bond proper-
ties (s-hydrogen bonds).l-2

It is also well recognized that hydrogen bonds play an
important role in the organization and structure of ionic
liquids (molten salts), in both the solid and liquid phase,
especially those derived from the 1,3-dialkylimidazolium
cation. It is assumed that the structure of these ionic liquids
should not be considered as statistical aggregates of anions
and cations but instead as three-dimensional networks of
anions and cations, linked together by hydrogen bonds. Since
direct structural information of these materials in the liquid
phase or in solution is difficult to obtain, they are usually
studied indirectly assuming that the solid state and the liquid
phase/solution structures are the same.Pl These compounds
have received special attention due to their distinct physico-
chemical properties and potential applications in electro-
chemistry,¥ two-phase organometallic catalysis,”! as solvents
for organic synthesisl® and extraction technology,” and as
liquid crystals.l®!

0947-6539/00/0613-2377 $ 17.50+.50/0 2377





FULL PAPER

J. Dupont, J.-P. Kintzinger et al.

While investigating the synthesis and applications of
various ionic liquids based on the 1-n-butyl-3-methylimida-
zolium cationP! we have prepared the tetraphenylborate
analogue 1 (Scheme 1). This compound displays characteristic

¢S] BPrY
NaBPhy
acetone

Me— —nBu Me— —nBu
©r 0}

1
Scheme 1. Synthesis of 1.

C-H-m hydrogen bonds between the cation and anion, in
both the solid state and in solution.

Results and Discussion

The reaction of 1-n-butyl-3-methylimidazolium chloride with
an excess of sodium tetraphenylborate in acetone at room
temperature produces 1 (Scheme 1) in almost quantitative
yield. Compound 1 was obtained as large colorless plate-like
crystals from acetone solutions at room temperature.

Abstract in Portuguese: A estrutura cristalina do sal tetrafe-
nilborato de 1-n-butil-3-metilimidazolio 1 mostra interagoes
do tipo C-H — 7t entre os hidrogénios do cdtion imidazolio e os
anéis fenila do dnion tetrafluoroborato. O anel imidazolio estd
cercado por trés dnions tetrafenilborato, os quais estdo ligados
ao mesmo cdtion via interacoes C-H—m. A interagdo interio-
nica mais curta € encontrada entre o hidrogénio N-CH-N do
cdtion e o centroide da fenila do dnion (2,349 A) com uma
geometria aproximadamente do tipo T. A estrutura interionica
de 1 em solucdo foi estudada pela detec¢do dos contatos
interionicos em espectro de RMN de "H (NOESY) entre os
hidrogénios do cdtion e do dnion. Quando em solugdo de
[DsDMSO, os deslocamentos quimico de 'H do composto 1
sdo praticamente independentes da concentragdo. Os desloca-
mentos quimicos dos hidrogénios do anel imidazolio estdo na
regido esperada e ndo hd efeitos tipo NOE observaveis entre os
hidrogenios do cdtion e os do dnion, indicando que 1
comporta-se em [Ds]DMSO como um par ionico dissociado.
Jd em CDCI; o espectro de RMN 'H de 1 ¢ dependente da
concentragdo e todos os hidrogénios do anel imidazolio estdo
em freqiiéncias mais baixas que aquelas observadas em
[Ds]DMSO. Além disto, o espectro de '"H RMN (NOESY)
mostra todos os deslocamentos afetados por interagoes entre os
hidrogeénios do cdtion imidazolio e os do dnion, indicando que
em CDCI; 1 possui uma estrutura do tipo par ionico de contato.
O hidrogeénio N-CH-N do cdtion exibe maior desblindagem
(de ate -4.5 ppm), indicando a existéncia de interagdes do tipo
C-H -, mesmo em solucdo. A distdncia calculada deste proton
até o centrdide da fenila € de 2.3 A para um dngulo C-H—-m de
180°. O volume aparente para o cdtion e o dnion, calculados a
partir dos tempos de relaxacdo do C, aumentam de 38 A3 e
140 A3 em [DgDMSO para 360 A% e 600 A> em CDCL,
respectivamente, indicando a formagdo de agregados do tipo
(1), em CDCl; via ligagoes fracas de hidrogénio, com o
incremento da concentragdo.

2378
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An X-ray diffraction study of 1 shows the expected
structural features for the BMI* cation and BPh, anion; all
bond lengths and angles are in normal range. ORTEPs of the
BMI* cation and BPh,~ anion, packing diagrams, and tables of
atomic coordinates, equivalent isotropic displacement param-
eters and selected bond lengths and angles are provided as
Supporting Information. The molecules pack in alternating
stacks of anions and cations with some long-range graphitic
interactions between the phenyl rings on BPh,~. The distances
between the hydrogen atoms of the BMI* cation and the
phenyl rings of the BPh,~ anion, however, are very close.
Figure 1 shows a BMI' cation and its interactions to its
nearest neighboring BPh,~ anions; the distances and angles
are summarized in Table 1.

C(36*)
B(1*)

Figure 1. A view of the close contacts between the 1-n-butyl-3-methyl-
imidazolium cation and BPh,~ anion (only relevant parts shown) with
hydrogen bonding distances to the phenyl ring centroid indicated. The H
atoms on the phenyl rings are omitted and all anisotropic displacement
ellipsoids are at the 50 % probability level.

Table 1. Nearest hydrogen-m ring interactions in solid state.

C-H -ring centroid!®! H-n ylol (©) C-H-m angle (°)
interaction distance (A)

C(1)-H(1A) 715 2.349 3.4 148.7
C(3)-H(3A) 1y, 2779 172 155.8
C(4)~H(4A) - 7¢ 2.882 9.1 122.0
C(6)~H(6B) -+ 7z 3.043 287 116.3
C(8)~H(8A) -+t 2.654 7.4 1343

[a] The centroids are of the following atoms with symmetry operators in
brackets applied: w, C(11) to C(16) [x — Y5, Y2 —y, z — 2]; - C(31) to C(36)
[2 —x, = Yoty 1Yo+ z]; 7t C(41) to C(46) [1 — x, — YVa+y, 1Y2+z]; . C(41) to
C(46) [— Votx, Yo —y,2 — z]; g N(1), C(1), N(2), C(2), C(3) [x, y, z]. [b] v is
defined as the angle between the normal to the plane of the & ring and the
vector of the H-centroid interaction.

The distance of 2.349 A is closer than those found for C-H -
7 interactions in a recent survey.?d The angle y (defined in
Table 1) at 3.4° is likewise very small; this indicates a nearly
T-shaped geometry which, although ideal, is rarely found in
the solid state.?! The other inter-ionic interactions are around
the average, 2.79(2) A, found in the study. An intra-ionic
interaction between a hydrogen atom of the butyl group and
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the imidazolium ring also exists, although this is somewhat
long.

The 'H-NMR spectrum of 1 in [D¢]DMSO is almost
independent of the concentration and the spectrum shows
the expected chemical shifts for all protons. However, the 'H-
NMR spectra in CDCl; show significant concentration
dependence. Moreover, all the chemical shifts of the imidia-
zolium ring protons are shielded compared with the chemical
shifts observed in [D4{]DMSO (Figure 2).

CH; |S
omp w
9
6 7 8
2 5[ 1
‘ﬁ'
w
1 (O I Y
o mp 54 2 6 CHs 789
T T T T T T T T T T T T
100 90 80 70 60 50 40 30 20 1.0 ppm

Figure 2. 'H-NMR spectra of 1 in [Dg]DMSO (top) and CDCI; (bottom) at
500 MHz (RT, concentration: 5 mg of 1in 0.5 mL solvent). Signals marked
by S and W are for solvent and water.

In particular, the spectra displays an unexpected relative
high field position for the aromatic H? (6 =4.58) in contrast
with the low field position in [D{]DMSO (6 =9.12). Figure 3
shows the chemical shift dependence of the imidazolium
protons on the concentration in CDCl; solutions.

The BC-NMR spectrum of 1 (15 mg in 0.5 mL) displays
almost the same chemical shifts in [Dg]DMSO as in CDCl;;
the most important shielding were observed for the carbons of

the imidazolium cation from —1.9 to —1.2 ppm. Although
CDC(l, is less viscous than [D¢]DMSO (0.537 Cp for the
CDCl; and 1.987 Cp for the [D¢]DMSO at 25°C) the
relaxation times are shorter in CDCl; than in [D]DMSO.
The most important reductions (factor of 0.4) were observed
for the imidazolium carbons (Table 2).

Table 2. BC-NMR chemical shifts, relaxation times and correlation times
for the C—H bonds of 1 in [D{]DMSO and CDCl; (15 mg in 0.5 mL).

HS—(HS I H
CH_(NN\cech7"'1(:$|-|5CgH3 Ho
H2 BPh,
(€]
Carbon [D¢]DMSO CDCl,
6 °C Ti(s) t(ps) 0°C Ti(s)  7(ps)
o 13546 0.77 36.2 13571 042 66.3
m 125.24 0.77 36.2 125.94 0.43 64.8
p 12145 042 66.3 12201 035 79.6
C 13636 1.65 16.9 13468  0.65 42.8
c 12352 139 20.0 12236 059 472
(o 12217 142 19.6 12029 055 50.6
CH, 3565 250 6.10 3541 144 105
ce 4842 1.07 212 4896  0.63 36.1
o} 3127 124 18.3 3164 095 239
Cs 1870 1.86 12.2 19.40 168 135
(ol 1320 255 5.90 1342 267 5.70

The '"H NMR NOESY spectrum of 1in [Dg]DMSO (5 mg in
0.5 mL) shows all the expected peaks due to the atoms in close
proximity within the same ion fragment. However, in CDCl;
at the same concentration, the spectrum shows additional
peaks arising from cation—anion interactions (Figure 4).

The N-methyl protons, the N-CH? protons and H?, H*, and
H? of the imidazolium cation produce a nuclear Overhauser
effect with the H,, H,,, and H, of the anion. These effects
persist when the concentration is decreased to 0.5mg in
0.5 mL or increased to 15 mg in 0.5 mL. The most intense
NOE effects are detected between H? of the cation and H, of
the anion (Figure 4).

The 'H-NMR chemical shifts and the absence of effects
between the protons of the anion and cation observed in the
'"H NMR NOESY spectrum in [D¢]DMSO indicate that 1
possesses a solvent-separated ion-pair structure. In contrast,
in CDCI; the observed shielding for all imidazolium proton
chemical shifts as well as the NOE effects observed between
the protons of the cation and anion are strong indications that

1 behaves as a contact ion pair.
The greater shielding observed

4; 81...__ for H?> (—4.5ppm) compared
Eaﬁ‘:: e o Erki with that for H* and HS
bt T T s K (— 1.6 ppm) of the imidazolium
% 29 %6- ::ET'i};;:::::::_fq’ cation might result from a
8 e, E o C-H-n interaction between
§ T - E S B H? and one of the phenyl rings
© © R - of the anion. For an arrange-

0 s i 6 & 1o 12 14 1 0 2 4 6 & 10 12 14 16 ment similar to that observed in

Concentration (g-L")

Figure 3. Variation of 'H-NMR chemical shifts of the imidazolium cation with the concentration in CDCl;.
(o) H?; (v) H¥%; (&) H'; (0) H; (0) HY () H?; (+) H; (o) H; (V) H,; (a) H,; (8) H,; (w) CDCl;.

Chem. Eur. J. 2000, 6, No. 13

Concentration (g-L™)

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

the crystal structure (Figure 5)
the contribution to the chem-
ical shift of H? due to the ring
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Figure 4. F, sections through the NOESY spectrum (500 MHz), at the
chemical shifts of H!? a), H® b), H? ¢), H* d), and H e) at two different
concentrations in CDCl; (left: 0.5 mg of 1 in 0.5 mL; right: 5 mg of 1 in
0.5mL).

Figure 5. Proposed structure for the contact ion pair of 1 diluted in CDCl;.

current of the phenyl group is calculated from Equation (1),
where r and 6 are the polar coordinates of H? relative to the
phenyl centroid. With r=2.3 A and 6 = 0°, one calculates an
induced chemical shift of —4.5 ppm.

1 —3cos?6
AO=276—— 1)

r3

Noteworthy in conjunction with the formation of the
contact ion pair, which is seen for all concentrations inves-
tigated, there is a second phenomenon that increases the
shielding of the cation protons when the concentration rises
from 0.5 mg to 15 mg. The shielding observed for H* and H®
(—1.2 ppm) is greater than that
for H? (— 0.4 ppm). This obser-
vation can be attributed to the
formation of contact ion pair
aggregates of the type (1),
(Scheme 2). The structure of
these aggregates is probably
floating since, despite the new

2X

2380
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inter-ion proximity, there are no new observable NOE
effects.

The measurement of BC-NMR relaxation times allows to
investigate the species involved in this dynamic process. The
relaxation time for the CH group is the sum of the dipolar
contribution (7};) and of the chemical shift anisotropic
contribution (7},,) following Equation (2).

1 1 1
o, 2
T, Ty T
1 yhyei’ 1 2
with —= 7 and =— (xg ByAO)? T
T, 6 c T. 15 (xs ByAS)* 7¢

where yy, yc, and h are the usual constants and r is C—H
distance (1.0 A), Ao is the anisotropy of a sp? carbon chemical
shift (0 =180), B, the magnetic field (11.75 Tesla) and 7, the
correlation time from the particular C—H bond. In the case of
the BMI™ cation, the correlation time can be calculated from
CH?, CH*, and CH? which are good indications for the cation
reorientation. The average correlation times of 19 ps (in
[D¢]DMSO) and 47 ps (in CDCl;) were determined from T
according to Equation (2). From these T values, the apparent
volumes can be calculated by the Debye BPP formula:
4mna’

Tc = 3
=57 3

where 7 is the solvent viscosity, k the Botzmann constant and
T the temperature. The calculated apparent volumes (47wa’/3)
for the cation in [Dg]DMSO and CDCI, are 38 A3 and 360 A3,
respectively. This volume increase observed in CDCl; might
be attributed to the contact ion pair formation and its
aggregation process at higher concentrations.

The CH, bond correlation time of the tetrafluoroborate
anion is the best indicator for the modifications of the anion
reorientation, in the absence or in the presence of the contact
ion pair. The calculated correlation time increases from 66 ps
in [D¢]DMSO to 80 ps in CDCl; corresponding an apparent
volume increase from 140 A3 to 600 A®.

The observed apparent volume increase, when of ion pair
formation, for each ion is greater than the sum of the apparent
volumes of the separated ions. These excess volumes are
related to the aggregation process depicted in Scheme 2.

Conclusion

In summary this study shows the following: i) clear evidence
of C-H-m hydrogen bonds in the solid state and in the
solution structure of the molten salt 1; ii) a weak hydrogen
bond, in the solid state, is directed towards the phenyl
centroid with a y angle of 3.4° (T-shaped geometry); iii) the
formation of a solvent-separated ion pair in [Dg]DMSO and a
contact ion pair in CDCls; iv) the C-H -t distance in solution

Scheme 2. Proposed path for the formation of contact ion pair aggregates of the type (1),.
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(2.3 A) is very close to that found in the solid state (2.319 A);
v) the formation of floating aggregate solution structures in
CDC(l;, through weak C-H-m bonds, with the increasing of
concentration; vi) this pattern of weak hydrogen bonds
occurs, in both solid and solution structures, as a cooperative
network of C-H -z bonds that are probably necessary for the
stabilization of networks constituted of weak hydrogen bonds.

Experimental Section

General information: All synthetic procedures were carried out under dry
argon using standard Schlenk tube techniques. The solvents were distilled
from appropriate drying agents under argon. The NaBPh, salts were used as
purchased from Aldrich Chemical Company. The 1-n-butyl-3-methylimi-
dazolium chloride salt was prepared as described earlier.[*") Infrared (nujol
mulls or KBr pellets) spectra were recorded in the 4000 -400 cm™! region
using a Mattson 3020 FTIR spectrophotometer. Elemental analyses were
carried out by the “Central Analitica IQ/UFRGS” (Porto Alegre, Brazil).

The 'H- and BC-NMR spectra were recorded at 500.13 and 125.75 MHz on
a Bruker ARX 500 instrument. Carbon relaxation times were measured by
inversion recovery. The mixing time for the NOESY experiments (2048 F,
joints, 512 ¢, increments) was set to 1 s.%

Synthesis of 1: Sodium tetraphenylborate (17.11 g, 50.0 mmol) was added at
room temperature to a solution of 1-n-butyl-3-methylimidazolium chloride
(8.28 g, 50.0 mmol) in acetone (50 mL). After 24 h stirring the reaction
mixture was filtered through a plug of Celite (/=3 cm) and the volatiles
were removed under reduced pressure. Compound 1 was obtained as
colorless crystals by slow evaporation of the acetone (20.6g, 90%).
M.p.: 134°C; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.54 (brs, 8H,
H,),6.99 (t,*Juy=73Hz, 8H, H,,), 6.80 (t, *Jy; =6.9 Hz, 4H, H,), 6.12 (s,
1H, H*), 5.96 (s, 1H, H°), 4.58 (s, 1H, H?), 3.21 (t, */Jyy =71 Hz, 2H, H®),
2.84 (s, 3H, H'), 1.29 (m, 2H, H"), 1.19 (m, 2H, H?), 0.93 (t, /3y = 6.9 Hz,
3H, H’); BC{'H} NMR (CDCl;,): 6 =135.8 (C,), 135.2 (C?), 126 (C,,), 122.4
(€%, 122.0 (C,), 120.4 (C?), 49.1 (C®), 35.5 (C1), 31.7 (C7), 19.4 (C*), 13.5
(C%); IR: (KBr pellets): 7=3165-2866 cm~! (#C-H aromatic and aliphat-
ic), 1563, 1477 cm~! (#C = C); C;,H3sBN, (458.43): caled C 83.84, H 7.69, N
6.11; found: C 83.45, H 8.10 N 5.77.

X-ray measurements: A crystal of approximate dimensions 0.2 x 0.4 x
0.4 mm, suitable for X-ray determination, was fractured from a large
colorless plate-like crystal of 1, crystallized from acetone. The data were
collected with the crystal under a cold stream (7'= 173 K) of nitrogen on a
Siemens P4 diffractometer using graphite-monochromatized Mo, radia-
tion (1=0.710 73 A). The cell parameters were determined from 29
centered reflections with a theta range of 21.3° to 23°. The crystal data and
data collection parameters are: Ci;H;sBN,, M =458.43 gmol~!, ortho-
rhombic, P2,2,2,, a=8833(1) A, b=17001(2) A, c=17860(2) A, V=
2682.0(5) A3, Z=4, u=0.056 mm, D,=1.135 Mgm~3, F(000)=934.3995
reflections (all unique) were collected using w scans of a 6 range of 2.6° to
29.0°, 0<h<12, 0<k<23,0<I1<24. A 9.1% decrease in intensity, as
measured by three check reflections every 97 reflections over the course of
collection, was corrected. No absorption correction was made. SHELXTL/
PC version 5.0 and SHELXL97"" were used to solve and refine the
structure. The final cycles used full-matrix least squares on F? of all the date
with all non-hydrogen atoms treated anisotropically, extinction coef-
ficient =0.0037(5), wR?*=0.1008 for 337 parameters, g.o.f. =0.870, Alo =
0.00, Appy=0.308 e~ A3, Ap,i, = —0.238 e~ A%; the conventional R,[F]=
0.0502 for those reflections with 7 > 20(I). The absolute structure could not
be determined (and the structural results, atomic positions, R factors etc,
showed no dependence on the hand chosen for solution). The weight
expression and R factors are as defined in ref. '), The fractional atomic
coordinates and equivalent isotropic displacement parameters for non-
hydrogen atoms are given in Table 1.

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-130254.
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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A Convergent Total Synthesis of (—)-Mucocin:

An Acetogenin from Annonaceae

Sabine Hoppen, Stefan Biurle, and Ulrich Koert*!?!

Abstract: A total synthesis of the Annonaceous acetogenin mucocin has been
accomplished. The synthesis follows a convergent strategy, wherein at a very late

stage the left part of the molecule is connected with the right part. The key reaction is
the stereocontrolled addition of an organomagnesium compound 2 to the aldehyde 3.
The THP ring of mucocin is build by a 6-endo epoxide cyclization of an
epoxyacetonide precursor (16 — 17). The new modular synthetic approach

Keywords: Annonaceous acetoge-
nins - antitumor agents - mucocin
- natural products - total synthesis

developed herein should be useful for the synthesis of other related natural products

as well as pharmacologically interesting analogues.

Introduction

More than 250 acetogenins from various plant species of
Annonaceae have been isolated and characterised.["! This class
of natural products shows potent biological properties, for
example as antitumor agents, immunosuppressants or pesti-
cides.! As mode of action a blockage of mitochondrial
complex I (NADH-ubiquinone oxidoreductase) of mamma-
lian and insects is discussed.”) The membrane conformation of
Annonaceous acetogenins and its relation to complex I
inhibition has been investigated.®! Furthermore, these com-
pounds inhibit a NADH oxidase, that is found in the plasma
membrane of tumors but not in normal cells® As a
consequence, the ATP level of the tumor cells decreases. This
has an inhibitory effect on multiple drug resistance caused by
ATP-driven transporter systems.

Common structural features of the acetogenins from
Annonaceae are a central cyclic ether part with one left and
one right side chain. A butenolide unit is located at the right
terminus of the molecule. The 2,5-disubstituted tetrahydro-
furan (THF) moiety is part of many acetogenins. Mono-THF,
bis-THF and ter-THF substructures are known and subject to
intensive synthetic efforts.”’] Within the acetogenins a group of
compounds exists also bearing a THP-ring in the molecular
scaffold. Representative members of that group are muco-
cin,l muconin,”! pyranicin,®® and pyragonicin.l®!

Mucocin was isolated from Rollinia mucosa.l! The mole-
cule shows a highly selective inhibitory effect against A-549

[a] Prof. Dr. U. Koert, Dipl.-Chem. S. Hoppen, Dipl.-Chem. S. Biurle
Institut fiir Chemie der Humboldt-Universitét zu Berlin
Hessische Strasse 1-2, 10115 Berlin (Germany)

Fax: (+49)302093 7266
E-mail: koert@lyapunov.chemie.hu-berlin.de
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HO.,, HO Q

H OHHO HOH

H

(-)-mucocin

muconin

pyranicin

pyragonicin

(lung cancer) and PACA-2 (pancreatic cancer) cell lines with
a selectivity up to 10000 times that of the known antitumor
agent adriamycin. Here we report in detail on a convergent
total synthesis of mucocin.

Results and Discussion

Our retrosynthetic analysis of mucocin leads to a disconnec-
tion at C(16)—C(17) (Scheme 1). The target structure could be
constructed by addition of a THP organometallic compound 1
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Scheme 1. Retrosynthetic analysis of mucocin.

to a THF aldehyde 2. In this step, critical attention has to be
paid to the stereocontrol as well as to the compatibility of the
butenolide with the reaction conditions. For the construction
of the THP-ring in 1 a double-bond directed 6-endo opening
of the epoxide in 3 was planned. The THF aldehyde 2 was
deduced from a Wittig-type reaction of the ylide 4 and the
aldehyde 5. The resulting modular strategy using three
building blocks 3, 4, and 5 is versatile and not restricted to
mucocin only.

Starting point for the synthesis of the left half of the
molecule was (E)-dihydromuconic acid 6 (Scheme 2). Reduc-
tion of the dimethyl ester of 6 gave a diol, which was
monosilylated'” and subsequently transformed into the
bromide 7. Asymmetric dihydroxylation!"!! of 7 provided the
diol 8 (ee 86%). The diol 8 easily underwent an undesired
intramolecular Williamson side reaction to the THF alcohol 9
upon evaporation of the solvent during the work up at room
temperature or attempts of chromatographic purification.
Therefore work up of the dihydroxylation was done below
10°C and the crude product was directly converted into the
acetonide 10. The alkylation of 10 to 11, followed by an (E)-
selective reduction!'” provided the allylic alcohol 12. The
optimized solvent combination NHy/THF/DMPU 5:5:2 was
necessary for a yield of 91% in the alkylation step. The

Abstract in German: Berichtet wird iiber die Totalsynthese des
Annoninnaturstoffs Mucocin. Die Synthese folgt einer konver-
genten Strategie, bei der auf einer sehr spdten Stufe der linke
Teil des Molekiils mit dem rechten verkniipft wird. Eine
Schliisselreaktion ist die stereokontrollierte Addition der
Organomagnesiumverbindung 2 an den Aldehyd 3. Der
THP-Ring von Mucocin wird iiber eine 6-endo Epoxicyclisie-
rung einer Epoxiacetonidvorstufe aufgebaut (16 — 17). Der
hier entwickelte modulare Weg sollte nicht nur zur Synthese
von strukturell verwandten Naturstoffen von Nutzen sein,
sondern sich auch zur Herstellung pharmakologisch interes-
santer Analoga eignen.
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Scheme 2. a) 1) TMSCI, MeOH; 2)LiAlH,, THF, 92%; b)NaH
(1.0 equiv), TBDMSCI (1.0 equiv), THF, 0°C, 1h, 54%; c)1) p-TsCl
(2.0 equiv), py (10equiv), CH,Cl,, 0°C, 12h; 2)LiBr (4.0equiv),
acetone, 12 h, 85% over two steps; d) AD-mix a, MeSO,NH,, H,O/
tBuOH 1:1, 0°C — rt, 24 h; e) p-TsOH (5 mol %), 2,2-dimethoxypropane
(4.0 equiv), CH,Cl,, 1h, 92% over two steps; f) propargylic alcohol
(3.0 equiv), nBuLi (6.0 equiv), NHyTHF/DMPU (5:5:2), —40°C, 6 h,
91%; g) Red-Al (2.0 equiv), THF, 0°C, 4 h, 95%; h) TBHP (2.0 equiv),
(=)-DIPT (12 mol %), Ti(OiPr), (10 mol %), CH,Cl,, —20°C, 3.5 h, 85%;
i) TBHP (2.0 equiv), (+)-DIPT (12 mol %), Ti(OiPr), (10 mol %), CH,Cl,,
—20°C, 3.5 h, 79 %. TMS = trimethylsilyl, TBDMS = tert-butyldimethylsil-
yl, p-Ts = p-toluenesulfonyl, py = pyridine, TBHP = fert-butylhydroperox-
ide, DIPT = diisopropyltartrate.

elaboration of the THP-ring was addressed next. An 6-endo
attack of the C(20)-oxygen on an C(23)—C(24) epoxide by an
activation of the C(24) position by an C(25)—C(26) double
bond was envisaged to construct the THP-ring.['¥! Sharpless
epoxidation!'¥l of the allylic alcohol 12 with (—)-diisopropyl-
tartrate afforded the epoxy alcohol 13. The diastereomeric
epoxide 14 was also prepared in order to study the intra-
molecular epoxide cyclization in more detail (vide infra).

Dess—Martin oxidation™ of 13 delivered the aldehyde 15
(Scheme 3). A Wittig reaction of 15 with the C(25)—C(34)
phosphonium ylide introduced the left side chain of mucocin
and provided the epoxyalkene 16 as a 1:1 E/Z mixture. THF as
solvent and the addition of the ylide to a cooled solution of the
aldehyde were the requirements for a 85 % yield in this Wittig
reaction.

With the epoxyalkene 16 in hand, the crucial cyclization to
the THP ring was investigated next. This reaction (16 — 17)
deserves further comments: Starting from an acetonide an
acid catalysed intramolecular 6-endo attack on the alkenyl
epoxide had to occur. Possible intermolecular side reactions at
the epoxide and cleavage of the silyl group had to be
suppressed. The weak nucleophilic protic co-solvent isopropyl
alcohol allowed a clean conversion of 16 to 17. After the
selective opening of the epoxide the double bond at
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Scheme 3. a) Dess—Martin periodinane (2.0 equiv), py (10 equiv),
CH,(Cl,, 0°C, 3 h, 89 %; b) H;,Co,PPh;Br (1.4 equiv), NaHMDS (1.2 equiv),
THF, —78°C, 5min, 85% E:Z=1:1; ¢c) CSA (8 mol%), CH,Cl/iPrOH
(30:1), —40 — 0°C, 3.5h, 89%; d) 5% Pt/C, 1 bar H,, EtOAc, 0°C, 5h,
95%; e) TBDMS-OTf (3.0 equiv), 2,6-lutidine (5.0 equiv), CH,Cl,, 0°C,
1h, 97%; f) CSA (0.25 equiv), CH,Cl,/MeOH (2:1), 0°C, 30 min, 74 %;
2) I, (1.2 equiv), PPh; (1.1 equiv), imidazole (3.0 equiv), CH,Cl,, 0°C, 3 h,
80%. NaHMDS =sodiumhexamethyldisilazide, CSA = camphersulfonic
acid.

20 R=1

C(25)—C(26) was removed by hydrogenation(17 — 18). A
subsequent TBDMS protection gave the bis-silyl ether 19.
Selective deprotection of the primary silyl ether followed by
the conversion of the resulting alcohol into an iodide 20
provided the complete left half of mucocin.

Two mechanistic pathways are possible for the conversion
of 16 to 17 (Scheme 4). First, the acetonide could be cleaved to
the free diol intermediate 21 and a subsequent intramolecular
attack of the OH group on the allylic position of the epoxide
would give rise to the observed product. Second, the opening
of the epoxide could possibly happen in a concerted manner
(25 — 26) without the free diol 21 as an intermediate. If the
epoxide opening reaction was carried out in a MeOH/CH,Cl,
mixture instead of iPrOH/CH,CIl, mixture compound 22 was

o

L OTBDMSsee text Y L OTBDMS
o 5 (| HO OH —
HisC7 21
TBDMSO,,

/  OTBDMS
OTBDMS

25

Scheme 4. A mechanistic alternative for the epoxycyclization from 16 to 17. A two-step mechanism via the free
diol (16 — 21 — 17) or a concerted-type mechanism (25 — 26). a) TBDMS-OTY, 2,6-lutidine, CH,Cl,, —78 —

—40°C, 61%.
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observed as a by-product. Silyl ether 22 results from an
intermolecular attack of MeOH on the epoxide, showing the
intermolecular lability of the epoxide relative to the aceto-
nide. Examples are known in the literaturel'® for the
intermolecular opening of alkenyl epoxides, where a remote
acetonide function is left intact. If 16 was allowed to react with
an excess of TBDMS-OTT only 23, not 24, was observed.
Herein, the TBDMS group plays the electrophilic role of the
proton from 16 — 17. The free diol cannot be an intermediate
in this reaction, because it would have given rise to the
formation of the tris-silyl ether 24. All these observations
favor a concerted mechanism and disfavor the occurrence of
the free diol intermediate.

Furthermore the cyclisation of the diastereomeric epoxide
27 was investigated (Scheme 5). Compound 27 is accessible
from the epoxy alcohol 14 along the same route as described
for 16. However, this time the Z olefin was isolated as the

HO,

OTBDMS

o)\ oxb

HisC7
O; OTBDMS  a 28
+
HO,
Hi1sC7 OTBDMS
27 4 <
0.0
0 X
H15C7 29
HO,
L/ ‘oteoms
H OH

Scheme 5. a) CSA (8 mol %), CH,Cl,/iPrOH (30:1), —60 — 20°C, 16 h,
28:13%, 29: 23%.

main product in the Wittig reaction. All attempts to convert
27 into the THP-derivative 30 failed. At the low temperatures
used for the successful tranfor-
mation of 16 into 17, no turn-
over was observed in the case of
27. At higher temperature only
28 and 29, products from the
intermolecular attack of iPrOH
on the epoxide were observed.
Notice that the acetonide func-
tion in 28 and 29 remained
intact. This leads to the conclu-
sion, that the intramolecular
opening of 16 to 17 is strongly
favored, while it is not for the
reaction of 27 to 30. In addition,
the observation, that the ster-
eoisomer 27 does not form the
THP product explains the
whereabouts of the 7% of the
wrong enantiomer of the dihy-
droxylation step (7 — 8). This

OTBDMS

OTBDMS
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minor stereoisomer ent-8 led to ent-27, which in contrast to 16 o o ab O OH cd
did not cyclize to a THP product. Therefore, the minor isomer Meo AN > oo AN 08n >
from the dihydroxylation step left the synthetic way at this 40 41
point.
TIPS-protected (R)-glycidol 31 was the synthetic entrance o oR
for the preparation of the THF part of mucocin (Scheme 6). A oBn € R?\/C'f/\/ on fg
. . . . . . —_— >
regioselective opening of the epoxide with allyl magnesium 22 43
bromide gave the homoallylic alcohol 32. The latter was R = TBDMS
silylated and ozonized to the aldehyde 33. Addition of the 0 .
RO  OR h RO OR Vg i
OH —— 3 —_—
o
TIPSO TIPSO b,
'.4'0 a / _ c 44 45
HO 9 : Q
31 32 RO OR Yq j RO OR Vg k
TIPSQ NHTF X
i * Phs
TIPSO O 5 NHTf 46 47
33 34 35 0 o)
HO OR Nq I 0 OR Yo
d N - L Q
TIPSQ OPiv
H § 48 49
TIPSO HO
36 Scheme 7. a) NaH (1.5 equiv), nBuLi (L5 equiv), THF, —30 — —15°C,
ef /—D_/\/\/OPN 15 min, then Br(CH,),0OBn (0.85 equiv), —10°C, 2.5 h, 72 %; b) H, (5 bar),
— = W Do Ru'-(S)-(=)-BINAP (0.6 mol%), 95°C, 18 h, 90%, ee=97% (HPLC:
H 37 Chiralcel OD-H, 10% iPrOH in n-hexane, 1.0 mLmin™!); ¢) BH;-Me,S
(2.2 equiv), THF, 60°C, 30 min, 83 %; d) TBDMSCI (2.4 equiv), imidazole
gh /_D_/\/\/OH (3.0 equiv), DMAP (0.1 equiv), CH,Cl,, RT, 16 h, 88%; e) H, (1 atm),
™ 1esd BO% a8 10%Pd/C (5mass%), EtOAc, 98%; f)(COCI), (2.0equiv), DMSO
® (4.0 equiv), NEt; (5.0 equiv), CH,Cl,, —78 — —40°C, 1.5 h; g) NaOCl,
b /_D_/\/\/PPhE» (3.0 equiv), NaH,PO,-2H,0 (4.0 equiv), methyl-2-butene (20 equiv),
> TESC H O H ) BuOH/H,0 1:1, 3h, 95% from 43; h) 1) LDA (2.5 equiv), THF, 0°C,
39 [

Scheme 6. a) H,C=CHCH,MgBr (5 equiv), Cul (3 mol %), THF, —30°C,
1h, 91%; b) TIPS-OTf (1.2 equiv), 2,6-lutidine (2.5 equiv), CH,Cl,, rt,
12 h, 96%; c) O;, CH,Cl,, —75°C, PPh; (1.0 equiv) — rt, 98%; d) 34
(1.8 equiv), 35 (0.1 equiv), Ti(OiPr), (2.0 equiv), xylene, —25°C, 16 h, 70 %
over two steps; ) p-TsCl (4.0 equiv), py/CH,Cl, 1:1, rt, 12 h, 93 %; f) TBAF
(3.0 equiv), THE, rt, 45 min, 95 %, trans:cis =95:5 (HPLC); g) 1) TES-Cl
(1.2 equiv), imidazole (2.0 equiv), CH,Cl,, RT, 2h, 86%; h) DIBAH
(2.5 equiv), THF, —20°C, 1h, 93%; i), (1.2 equiv), PPh; (1.1 equiv),
imidazole (3.0 equiv), CH,Cl,, 0°C — RT, 1.5 h, 84 %; j) PPh; (5.0 equiv),
CH;CN/toluene 1:1, 70°C, 20 h. TIPS = triisopropylsilyl, TBAF = tetrabu-
tylammoniumfluoride.

functionalized diorganozinc compound 34 to the aldehyde 33
gave the alcohol 36. Following Knochel’s protocol the chiral
ligand 35 was used and a diastereoselectivity of 95:5 was
achieved.'”l The use of xylene instead of toluene was
beneficial. Its higher boiling point facilitated the removal of
excess diethyl zinc in the preparation of 34. After tosylation of
the secondary OH group in 36 a subsequent TBAF-induced
intramolecular Williamson reaction delivered the trans-2.5-
disubstituted THF-derivative 37 together with 5% of the
corresponding cis isomer. Both isomers, which resulted from
the 95:5 stereoselectivity in the formation of 36, were
separated on the stage of 37 by chromatography. The primary
OH group of 37 was protected as triethylsilyl (TES) ether and
reductive cleavage of the pivalate gave compound 38. Trans-
formation of the alcohol into an iodide followed by reaction
with triphenylphosphine provided the phosphonium salt 39.

The synthesis of the butenolide aldehyde 49 is summarized
in Scheme 7. Starting point was the alkylation of the dianion
of the f-ketoester 40 followed by a Noyori reduction with
BINAP!I to yield the S-hydroxyester 41 containing the later
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45 min, then (S)-(—)-propenoxide (3.0 equiv), rt, 3 h, 2) PivCl (1.1 equiv),
NEt; (2.0 equiv), CH,Cl,, 1t, 10 min, 73%; i) KHMDS (3.0 equiv), THF,
0°C, 30 min, then PhSeCl (3.0 equiv), 1h; j) MMPP (4.0 equiv), THF/
MeOH 1:1, rt, 30 min, 88 % from 45; k) CSA (0.25 equiv), CH,Cl,/MeOH
1:1, 0°C, 30min, 79%; 1) Dess—Martin periodinane (1.5 equiv), py
(10 equiv), CH,Cl,, 0°C — rt, 45h, 90%. BINAP =2,2"-bis(diphenyl-
phosphino)-1,1"-binaphthyl, MMPP = magnesiummonoperoxophthalate.

C4-OH group of mucocin. The enantioselectivity of the
reaction was determined to ee =96 % by chiral HPLC. The -
hydroxyester 41 was reduced to a diol which was double
protected to the bis-silyl ether 42. Hydrogenolysis of the
benzyl ether function provided the alcohol 43, which was
oxidized to the carboxylic acid 44 by a two-step procedure
(Swern/chlorite).") Treatment of dianion of 44 with (§)-
propene oxide afforded a hydroxy carboxylic acid which was
cyclized via a mixed anhydride to the butyrolactone 45. The
new stereocenter in 45 was formed with a 2:1 selectivity as
determined by inspection of the 'H-NMR spectra. The
C(2)=C(35) double bond was introduced by selenation(45
— 46) and thermal syn-elimination of the selenium oxide.
Only the endocyclic olefin 47 was formed.?% In comparison to
the selenium group the introduction of the corresponding
phenyl thioether was less clean and gave a lower yield. Slightly
acidic conditions were suited to deprotect the primary
TBDMS group in 47 The resulting alcohol 48 could be
oxidized to the aldehyde 49 by the Dess—Martin protocol.
The synthesis of the butenolide aldehyde 49 should be of
interest for other acetogenin syntheses as well.

A Wittig reaction was used to connect the THF subunit 39
with the butenolide aldehyde 49 (Scheme 8). The resulting
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Scheme 8. a) 39, NaHMDS (1.0 equiv), THF, 0°C, 30 min, then 49, —70°C
— 0°C, 20 min, 60 %; b) [ (PPh;);RhCl] (0.15 equiv), H, (1 atm), benzene,
rt, 3h, 95%; c) CSA (0.08 equiv), CH,Cl,/MeOH 5:1, —20°C, 10 min,
76 %; d) Dess — Martin periodinane (2.0 equiv), py (10 equiv), CH,Cl,, 0°C
— 1t,4.5h, 91 %.

alkene 50 was formed as a mixture of E/Z isomers. The
hydrogenation of the isolated double bond™! of compound 50
followed by a selective cleavage of the TES ether gave the
alcohol 51. A Dess—Martin oxidation of 51 to 52 completed
the synthesis of the right half of the target molecule.

The final part of the synthesis required a coupling of the left
half and the right half of the target molecule. The stereo-
selective coupling of an organometallic species of type 2 with
the aldehyde 52 under chelation-controlled conditions should
lead to the desired product. Organomagnesium compounds
were known to produce the chelation-controlled product for
simpler THF aldehydes. Due to the small scale of the coupling
reaction (<1 mmol) a heterogeneous Grignard-type chemis-
try with magnesium turnings was not very suitable. Instead a
homogeneous generation of the corresponding organolithium
compound followed by transmetalation to magnesium was
used. The iodide 5572 which was available from (R)-j-
hydroxy methyl butyrate 53 via the alcohol 54 was used as a
model substrate for the left half first (Scheme 9). The iodide

b c
— —(_\OH —

TBDMSO
53 54
/D H
TBDMSO o JHOhH OR

56 R = TBDPS

L»%

TBDMSO HO HOR{ OR TBDMSO HG HOp OR

57 58

Scheme 9. a) TBDMSCI, imidazole, 93 %; b) DIBAH, toluene, 81 %;c) L,,
PPh;, CH,Cl,, 89%; d) 55 (1.0 equiv), rBuLi (1.8 equiv), Et,0, —105°C,
5 min; then MgBr, - OEt, (2.0 equiv), — 100 —» —25°C, 1.5 h; — —78°C, 56
(1.0 equiv), — —10°C, 1.5 h, 73%.

55 was subjected to a iodine-lithium exchange®! in Et,O at
—100°C and subsequently treated with a solution of magne-
sium bromide in Et,0 at —90°C. Addition of the test
aldehyde 56P* gave the two secondary alcohols 57 and 58 as
coupling products with a 6:1 stereoselectivity. The major
epimer 57 is the chelation-controlled product. The stereo-
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chemical assignment®! was based on *C-NMR data (new
chiral center: 6 =73.8 for 57 and 72.1 for 58).

Next, the coupling of the iodide 20, containing the complete
left half of mucocin with the test aldehyde 56 was examined
(Scheme 10). It was found, that two coupling products 59 and
60 could be isolated in 50% yield with a 4:1 diastereoselec-
tivity. However, the precise choice of temperature and time

TBDMSO,,

TBDMSO,,

TBDMSO,, TBDMSO,,

Scheme 10. a) 20 (1.2 equiv), rBuLi (2.4 equiv), Et,O, — 105 °C, 5 min; then
MgBr, OEt, (2.4 equiv), —100 —» —10°C, 1.5 h; — —78°C, 56 (1.0 equiv),
— —10°C, 1.5 h, 50%; b) HF (5 equiv), CH;CN/CH,Cl,, 0°C, 6 h, 74 %.

was crucial for the success of the reaction. If the trans-
metallation did not take place within 5 min after the iodine-
lithium exchange and if the temperature rose above —90°C
the silane 62 was obtained as the main product. The formation
of 62 can be explained by retro-Brook migration from the
silyl group at O—C(19) to C(17). The alkane 61 was formed as
side product (10—15%) in most of the coupling reactions
using the iodide 20. The tris-silyl ether §9 was deprotected to
the tetraol 63. Compound 63 contains the complete THP/THF
part of mucocin. The NMR data for the THP part matched the
related data from mucocin already.

Encouraged by the results from the test coupling and
equipped with experience concerning the reaction conditions
the convergent final of the synthesis was addressed
(Scheme 11). At —105°C an iodine-lithium exchange in 20
could be realized followed by a transmetallation to magne-
sium. Addition of the aldehyde 52 and subsequent warm up to
—15°C gave the desired product 64 in 53 % yield. 34% of
unreacted aldehyde 52 was reisolated. Noteworthy, only
1.2 equivalents of iodide 20 compared with 1 equivalent of
aldehyde 52 were necessary. The stereoselectivity of the
reaction was 4:1 in favor of the desired epimer 64. The
synthetically undesired but pharmacologically interesting
C(16) minor epimer 65 could be separated by chromatog-
raphy. Cleavage of the silyl protecting groups in 64 provided
(—)-mucocin ([a]p=-12.7, c=0.27 in CH,Cl,) which was
found to be identical with the natural occurring product in
respect to the spectroscopical data. In addition, deprotection
of the minor epimer 65 gave 16-epi mucocin.
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Conclusion

A modular strategy for the assembly of mucocin was
successfully developed. A distinctive feature of this synthesis
is its high convergence. New variations of mucocin with
pharmacological importance should be easily available by
combination of different modules. The butenolide fragment
proved to be compatible with the coupling reaction. The
synthetic route presented here is a new, efficient, and flexible
approach to the Annonaceous acetogenins, a biological
important class of compounds.

Experimental Section

General: All b.p.s and m.p.s are uncorrected values. IR: Biorad FTS
3000MX. NMR: Bruker AC-300, DPX-300 and AMX-600. For 'H NMR,
CDCl, as solvent 0y = 7.24, [D4]benzene as solvent oy = 7.20, [D,]JMeOH as
solvent oy =4.78; for *C NMR, CDCI, as solvent .= 77.0, [D¢]benzene as
solvent 0.=128.0, [D4]MeOH as solvent 0. =49.0. Elemental analysis:
CHN Rapid (Heraeus), CHNS-932 Analysator (Leco). HR-MS: Finnigan
MAT 95. All reactions were performed under an inert atmosphere of argon
in oven- or flame-dried glassware. HPLC: Rainin-Dynamax, SD-200 and
SD-1, PDAI. Dry solvents: THF, Et,O, benzene, xylene, and toluene were
distilled from sodium benzophenone. Pyridine, triethylamine, and CH,Cl,
were distilled from CaH,. All commercially available reagents were used
without purification unless otherwise noted. All reactions were monitored
by thin-layer chromatography (TLC) carried out on Merck F-254 silica
glass plates visualized with UV light and/or heat-gun treatment with 5%
phosphomolybdic acid in ethanol. Column chromatography (CC) and flash
column chromatography (FCC) was performed with Merck silica gel 60
(70-200 mesh and 230-400 mesh). PE: light petroleum ether, b.p. 40—
60°C. MTBE: methyl fert-butyl ether. @ nomenclature: configuration
unspecified.

(E)-1-Bromo-6-fert-butyldimethylsilyloxyhex-3-ene (7)

1. Esterification of 6: Dihydromuconic acid 6 (8.0 g, 55.5 mmol) was
suspended in methanol (150 mL) at 0°C. TMSCI (14 mL, 111 mmol) was
added and the mixture was stirred for 36 h. Then methanol (50 mL) was
evaporated, H,O (100 mL) was added and the aqueous layer was extracted
with Et,0 (3 x 100 mL). After washing of the combined organic layers with
subsequently a sat. aq. NaHCOj solution (100 mL) and NaCl (100 mL) and
drying with MgSO,, the solvents were removed in vacuo. The residue was
purified by distillation under reduced pressure to yield the diester (9.02 g,
52.4 mmol, 94 %) as a colorless solid.

(E)-1,6-Dihex-3-enoic acid dimethyl ester: R;=0.28 (hexanessMTBE 2:1);
IR (film): 7 = 3002, 2955, 2847, 1740, 1437, 1363, 1255, 1198, 1166, 1012, 973,
845 cm™!; 'TH NMR (300 MHz, CDCl;): 6 =3.05 (dd, J=1.6, 3.8 Hz, 4H,
2,5-H,),3.64 (s, 6H, OCHj;), 5.63—5.67 (m, 2H, 3,4-H); *C NMR (75 MHz,
CDCly): 6 =375 (C-2, C-5),51.7 (OCHs), 125.8 (C-3, C-4), 171.8 (C-1, C-6);
CsH,,0, (172.181): caled C 55.81, H 7.03; found C 55.82, H 6.84.

2. Reduction with LiAlH ;: The diester (6.42 g, 37.3 mmol), dissolved in THF
(50 mL), was added dropwise to a suspension of LiAlH, (4.25g,
111.9 mmol) in THF (150 mL) at 0°C. After stirring for 2h at rt the
reaction was quenched by slow addition of H,0O (4.2 mL), 2N NaOH
(13 mL) and H,0 (4.2 mL). The suspension was refluxed for 10 min and
filtered through a pad of Celite. After washing with THF, the solvents were
removed in vacuo. CC (100 g silica gel, AcOEt/Et,0 1:1) of the residue led
to the diol (4.25 g, 36.6 mmol, 98 %) as a colorless oil.
(E)-Hex-3-en-1,6-diol: R;=0.20 (AcOEVEt,O 1:1) IR (film): #=3339,
3033, 2932, 2880, 1657, 1428, 1372, 1233, 1045, 969, 861, 652; '"H NMR
(300 MHz, CDCl;): 6 =2.00-2.29 (m, 4H, 2,5-H,), 2.48 (s, 2H, OH), 3.59
(t,J=6.1 Hz, 4H, 1,6-H,), 5.41-5.49 (m, 2H, 3,4-H); C NMR (75 MHz,
CDCly): 6=359 (C-2, C-5), 61.6 (C-1, C-6), 129.5 (C-3, C4); C¢H,,0,
(116.161): caled C 62.04, H 10.41; found C 62.17, H 10.15.

3. Monosilylation: A solution of the diol (5.0 g, 43.0 mmol) in THF (40 mL)
was added dropwise at 0°C to a suspension of NaH (1.72 g, 60 % in mineral
oil, 43.0 mmol) in THF (100 mL). The mixture was stirred for 45 min at rt.
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TBDMSCI (6.49 g, 150.7 mmol) dissolved in THF (15 mL) was added
dropwise and stirring was continued overnight. The reaction was quenched
by addition of a sat. aq. sodium bicarbonate solution (100 mL). After
extraction with Et,0 (4 x 75 mL), washing of the combined organic layers
with a sat. aq. NaCl (2 x40 mL) solution and drying with MgSO,, the
solvents were evaporated and the resulting crude oil was purified by CC
(150 g silica gel, hexane/MTBE 30:1 — 2:1 — ethyl acetate) to provide
(5.34 g, 23.2 mmol, 54 %) of the monoprotected alcohol as a colorless oil.
24% diol (1.2 g, 10.3 mmol) was reisolated. Additionally the diprotected
alcohol (2.8 g, 8.2 mmol, 19 %) was obtained, which could be recycled.

(E)-1-tert-Butyldimethylsilyloxy-6-hydroxy-hex-3-ene: R;=0.41 (n-hex-
ane/MTBE 2:1); IR (film): ¥=3349, 2955, 2929, 2858, 1650, 1472, 1386,
1255, 1100, 1048, 969, 836, 776, 664 cm~'; 'TH NMR (300 MHz, CDCl;): 0 =
0.02 (s, 6H, SiCH3), 0.86 (s, 9H, SiC(CH,)3), 1.79 (brs, 1 H, OH), 2.16-2.25
(m, 4H, 2,5-H,), 3.54-3.62 (m, 4H, 1,6-H,), 5.37-5.49 (m, 2H, 3,4-H,);
BC NMR (75MHz, CDCL): 6=-5.3 (SiCH;), 18.3 [C(CH,)], 25.9
[C(CH3)], 36.0 (C-2), 36.2 (C-5), 61.8 (C-1), 62.9 (C-6), 128.0 (C-4), 130.2
(C-3); C;,Hy0,Si (230.424): caled C 62.55, H 11.37; found: C 62.60, H
11.45.

4. Tosylation: Pyridine (37 mL) and toluenesulfonyl chloride (17.9 g,
94 mmol) were added at 0°C to the monoprotected alcohol (10.9 g,
47 mmol) dissolved in CH,Cl, (200 mL). The solution was stirred for 16 h
before the reaction was quenched with H,O (100 mL). After 2 h the
aqueous phase was extracted with CH,Cl, (2 x 50 mL). Washing of the
combined organic layers with a sat. aq. NaCl solution (100 mL), drying with
MgSO,, and evaporation of the solvent led to the crude product which was
treated with toluene (2 x 20 mL) and used for the following step without
further purification.

5. Bromination to T: The crude toluene sulfonate was dissolved in acetone
(300 mL) and LiBr (16 g, 188 mmol) was added. After stirring for 24 h at
25°C the solution was quenched with water (150 mL) and extracted with
hexane (3 x 60 mL). The combined organic layers were washed with a sat.
aq. NaCl solution (50 mL) and dried with MgSO,. The solvents were
removed in vacuo. The residue was purified by CC (200 g silica gel, hexane/
MTBE 40:1) to yield bromide 7 (11.8 g, 40 mmol, 85% for two steps) as a
colorless oil.

(E)-1-Bromo-6-tert-butyldimethylsilyloxy-hex-3-ene (7): R;=0.30 (n-hex-
ane/MTBE 40:1); IR (film): 7=3033, 2955, 2930, 2857, 1667, 1472, 1386,
1255, 1103, 1006, 969, 940, 836, 775, 724, 662 cm™!; 'H NMR (300 MHz,
CDCl,): 6=0.03 (s, 6H, SiCH3), 0.87 (s, 9H, SiC(CH,);), 2.18-2.25 (m,
2H, 5-H,), 2.50-2.57 (m, 2H, 2-H,), 3.34 (t, /=72 Hz, 2H, 1-H,), 3.61 (t,
J=68Hz, 2H, 6-H,), 5.39-5.60 (m, 2H, 3.4-H); *C NMR (75 MHz,
CDCl,): 0=-5.3 (SiCH;), 18.3 [C(CH;)], 25.9 [C(CH3)], 32.6 (C-1),
36.1, 36.2 (C-2, C-5), 62.9 (C-6), 128.5 (C-3), 130.2 (C-4); C;,H,50SiBr
(293.320): caled C 49.14, H 859, Br 2724; found C 49.20, H 8.53,
Br 27.17.

(35,45)-1-Bromo-6-tert-butyldimethylsilyloxy-3,4- O-isopropyliden-hex-

ane-3,4-diol (10): Alkene 7 (1.25 g, 4.26 mmol), AD-mix a (5.96 g) and
CH;SO,NH, (0.41 g) were suspended in H,O (21 mL) and fBuOH (21 mL)
at 0°C. After stirring for 6 h the reaction mixture was quenched with
Na,S,0; (6.5 g). The suspension was stirred for another hour, then diluted
with a half sat. aq. NH,Cl solution (20 mL) and extracted with MTBE (3 x
20 mL). After washing of the combined organic layers with phosphate
buffer (pH 7, 20 mL) and sat. aq. NaCl solution (20 mL) and drying with
MgSO, the solvents were evaporated at 5°C. The residue was instantly
dissolved in CH,Cl, (50 mL). Dimethoxypropane (4 mL, 26.8 mmol) and p-
toluene sulfonic acid (30 mg, 0.14 mmol) were added at 0°C. After 1 h the
reaction mixture was quenched with a sat. aq. sodium bicarbonate solution
(20 mL). After extraction with CH,Cl, (3 x20mL), washing of the
combined organic layers with sat. ag. NaCl solution (20 mL) and drying
with MgSO, the solvent was removed in vacuo. The residue was purified by
CC (110 g silica gel, hexane/MTBE 30:1) to yield the bromide 10 (1.44 g,
3.93 mmol, 92%) as a colorless oil. R;=0.29 (n-hexane/MTBE 30:1);
[a] =—34.3 (¢=0.93, CHCl;) (93:7 mixture of enantiomers); IR (film):
7=2986, 2954, 2931, 2883, 2858, 1472, 1463, 1444, 1418, 1379, 1370, 1341,
1253, 1225, 1174, 1149, 1093, 1047, 1006, 993, 971, 939, 836, 812, 776, 731,
663, 571, 517 cm™!; '"H NMR (300 MHz, CDCl;): 6 =0.05 (s, 6H, SiCHj),
0.88 (s, 9H, SiC(CHs);), 1.34 (s, 3 H, acetonide-CHj3), 1.37 (s, 3H, acetonide-
CH;), 1.73-1.77 (m, 2H, 5-H,), 2.04-2.08 (m, 2H, 2-H,), 3.46-3.54 (m,
2H, 1-H,), 3.70-3.80 (m, 4H, 3,4-H, 6-H,); *C NMR (75 MHz, CDCL):
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0=-54 (SiCH,), 18.3 [C(CH;)], 25.9 [C(CHj;)], 272, 27.3 (acetonide-
CH3;), 29.6 (C-1),35.8,36.2 (C-2, C-5),59.7 (C-6), 77.4,78.8 (C-3, C-4),108.4
(acetal); C;5sH3BrOsSi (367.401): caled C 49.04, H 8.51; found C 49.06, H
8.50.

(28, 35)-2-(2'-tert-Butyldimethylsilyloxy)-ethyl-3-hydroxy-tetrahydrofuran
(9): '"H NMR (300 MHz, CDCL;): d=0.05 (s, 6H, SiCHj3), 0.87 (s, 9H,
SiC(CHs);), 1.89-2.14 (m, 4H, 4,1-H,), 3.32-3.40 (brs, 1H, OH), 3.57—
3.85(m,4H,5,2"-H,,2-H),3.98 (dt,/ =7.5,7.9 Hz, 1H, 5-H,), 4.24 - 4.26 (m,
1H, 3-H); *C NMR (75 MHz, CDCl;): = —5.6 (SiCH,), 18.2 [C(CH3)],
25.8 [C(CH,)], 31.7,34.7 (C-4, C-1"), 60.3 (C-2'), 66.0 (C-5), 72.0 (C-3), 82.8
(C-2).
(68,75)-9-tert-Butyldimethylsilyloxy-6,7-O-isopropyliden-2-nonyne-1,6,7-
triol (11): NH; (20 mL) was dried with sodium and condensed into a
reaction flask at —78°C. nBuLi (5mL, 12.5 mmol 2.5M in hexane) was
added dropwise. Then the reaction mixture was allowed to reflux at —33°C
and propargylic alcohol (0.35 mL, 6 mmol), dissolved in THF (10 mL), was
added. After 10 min DMPU (8 mL, distilled from CaH,) was added slowly.
After another 10 min, bromide 10 (735 mg, 2.00 mmol) dissolved in THF
(10 mL) was added dropwise. The reaction mixture was refluxed for 6 h.
After quenching with NH,Cl, the NH; was allowed to evaporate at rt.
Water (50 mL) and MTBE (30 mL) were added and the aqueous layer was
extracted with MTBE (3 x 50 mL). The combined organic layers were
washed with sat. aq. NaCl solution (40 mL), dried with MgSO,, and the
solvents were removed under reduced pressure. The crude product was
purified by CC (30 g silica gel, hexane/MTBE 2:1) to afford the alkyne 11
(621 mg, 1.81 mmol, 91%) as a colorless oil. R;=0.22 (n-hexane/MTBE
2:1); [a]g =—28.5 (¢ =1.02, CHCL); IR (film): 7= 3453, 2986, 2931, 2289,
2225, 1473, 1379, 1253, 1165, 1093, 1007, 939, 837, 777, 664, 514 cm™;
'H NMR (300 MHz, CDCL): 6=0.03 (s, 6H, SiCH;), 0.86 (s, 9H,
SiC(CHs;)3), 1.33 (s, 3H, acetonide-CHj3), 1.34 (s, 3H, acetonide-CHj),
1.66-1.80 (m, 4H, 5,8-H,),2.20 (d, /=5.8 Hz, 1H, OH), 2.32-2.37 (m, 2H,
4-H,), 3.66-3.78 (m, 4H, 6,7-H, 9-H,), 419 (d, /J=5.8Hz, 2H, 1-H,);
3C NMR (75 MHz, CDCl;): 6 = —5.4 (SiCH3;), 15.5 (C-4), 18.3 [C(CHs)],
25.9 [C(CH;)], 271,272 (acetonide-CHj;), 31.7 (C-5), 35.8 (C-8), 51.1 (C-1),
59.4 (C-9), 772, 79.6 (C-6, C-7), 789, 85.4 (C-2, C-3), 108.1 (acetal);
CsH3,0,Si (342.553): caled C 63.11, H 10.00; found C 63.07, H 9.76.
(2E,6S,75)-9-tert-Butyldimethylsilyloxy-6,7-O-isopropyliden-2-nonene-
1,6,7-triol (12): Red-Al (15.7 mL, 52 mmol, 3.4M in toluene), dissolved in
THF (50 mL), was added dropwise to alkyne 11 (8.90 g, 26.0 mmol)
dissolved in THF (120 mL) at 0°C. The reaction mixture was stirred for 4 h.
The reaction mixture was then cooled to —78°C and water (2.5 mL) was
added dropwise. After 30 min at rt the suspension was extracted with Et,O
(3 x 50 mL). The combined organic layers were washed with sat. aq. NaCl
solution (50 mL), dried with MgSO,, and the solvents were removed in
vacuo. The residue was purified by CC (400 g silica gel, hexane/MTBE 2:1)
to yield alkene 12 (8.51 g, 24.7 mmol, 95 %) as a colorless oil. R;=0.19 (n-
hexane/MTBE 2:1); [a]¥ = — 170, (c=1.12, CHCLy); IR (film): #=3413,
2988, 2931, 2858, 1672, 1472, 1463, 1378, 1369, 1255, 1093, 1006, 970, 872,
837, 813, 777, 733, 664, 512 cm~'; '"H NMR (300 MHz, CDCl;): 6 =0.04 (s,
6H, SiCH;), 1.04 (s, 9H, SiC(CHs;);), 1.35 (s, 6H, acetonide-CHj;), 1.59—
1.74 (m, 4H, 5,8-H,), 2.08-2.27 (m, 2H, 4-H,), 3.61-3.80 (m, 4H, 6,7-H,
9-H,), 4.07 (d, J=4.0 Hz, 2H, 1-H,), 5.64-5.71 (m, 2H, 2,3-H); *C NMR
(75 MHz, CDCl,): 6 =—5.4 (SiCH;), 18.3 [C(CH,)], 25.9 [C(CH3;)], 27.2,
27.3 (acetonide-CHs), 28.6 (C-4), 32.0 (C-8), 36.0 (C-5), 59.9 (C-9), 63.6 (C-
1), 77.6, 80.3 (C-6, C-7), 108.1 (acetal), 129.5, 132.2 (C-2, C-3); C;sH3,0,Si
(344.569): caled C 62.74, H 10.53; found C 62.93, H 10.38.
(2R,3R,6S,75)-9- tert-Butyldimethylsilyloxy-2,3-epoxy-6,7-O-isopropyli-
den-nonane-1,6,7-triol (13): A suspension of powdered 4 A molecular
sieves (100 mg) in CH,Cl, (10 mL) was cooled to 0°C. b-(—)-Diisopropyl-
tartrate (24 mg, 0.10 mmol) and Ti(OiPr), (25 mg, 0.087 mmol) were added
sequentially. After the reaction mixture was cooled to —25°C, TBHP
(0.32 mL, 1.74 mmol, 5.5M in nonane), which had been treated 15 min with
molecular sieves 4 A, was added and the resulting mixture was stirred for
25 min. During that time the allylic alcohol 12 (300 mg, 0.87 mmol) was
dissolved in CH,Cl, (1 mL) and dried with molecular sieves 4 A. Then it
was added to the reaction mixture and the suspension was stirred for 4 h at
—20°C. After quenching with NaOH (0.4 mL of a 10% NaOH in a sat. aq.
NacCl solution) and addition of Et,0 (4 mL), the mixture was allowed to
warm up to 10°C. Stirring was maintained for an additional 10 min at 10°C,
then MgSO, (400 mg), and Celite (50 mg) were added. After 15 min of
stirring the mixture was allowed to settle and the clear solution was filtered
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through a pad of Celite. After washing with Et,O, the solvents were
removed in vacuo. CC (20 gsilica gel, hexane/MTBE 1:1) of the residue led
to the epoxide 13 (266 mg, 0.74 mmol, 85 %) as a colorless oil. R;=10.23 (n-
hexane/MTBE 1:1); [a]¥=-13.7 (c=1.01, CHCL) ee (AE) >98%
('H NMR); IR (film): # = 3452, 2985, 2930, 2858, 1642, 1472, 1379, 1253,
1168, 1090, 1034, 1006, 940, 837, 777, 724, 664, 512cm~'; 'H NMR
(300 MHz, CDCl,): 6 =0.02 (s, 6H, SiCHj3), 0.87 (s, 9H, SiC(CH,),), 1.33
(s, 6H, acetonide-CH,), 1.65-1.75 (m, 6H, 4,5,8-H,), 2.89-2.94 (m, 2H,
2,3-H), 3.59-3.78 (m, 6 H, 6,7-H, 1,9-H,); 3*C NMR (75 MHz, CDCl;): d =
—5.4 (SiCH;), 18.3 [C(CHs)], 25.9 [C(CHa)], 272, 27.3 (acetonide-CHj;),
28.8,29.0 (C-4, C-5), 35.9 (C-8), 56.1, 58.2 (C-2, C-3), 59.8, 61.9 (C-1, C-9),
77.7, 80.8 (C-6, C-7), 108.2 (acetal); C,sH3,05Si (360.569): caled C 59.96, H
10.06; found C 60.12, H 10.17.

(25,35,68,75)-9-tert-Butyldimethylsilyloxy-2,3-epoxy-6,7-O-isopropyliden-
nonane-1,6,7-triol (14): The other diastereomer was prepared on the same
way as 13 with L-(4)-diisopropyl-tartrate. Yield 79 %. R;=0.23 (n-hexane/
MTBE 1:1); [a]# = —36.0 (c=0.99, CHCl;); 'H NMR (300 MHz, CDCL,):
0=0.03 (s, 6H, SiCHs;), 0.87 (s, 9H, SiC(CHs);), 1.34 (s, 6 H, acetonide-
CH,;), 1.64-1.74 (m, 6H, 4,5,8-H,), 2.89-3.01 (m, 2H, 2,3-H), 3.56-3.90
(m, 6H, 6,7-H, 1,9-H,); *C NMR (75 MHz, CDCl,): 6 = — 5.4 (SiCH3), 18.3
[C(CH3)], 25.9 [C(CH3)], 27.2, 27.3 (acetonide-CHj), 28.0, 28.4 (C-4, C-5),
35.9 (C-8), 55.4,58.2 (C-2, C-3), 59.8, 61.7 (C-1, C-9), 77.6, 80.1 (C-6, C-7),
108.1 (acetal).

(2R,3R,6S8,7S)-9-tert-Butyldimethylsilyloxy-6,7-dihydroxy-2,3-epoxy-6,7-

O-isopropyliden-nonanal (15): The epoxide 13 (419 mg, 1.17 mmol) was
dissolved in CH,Cl, (10 mL) and cooled to 0°C. Pyridine (1.1 mL) and
Dess—Martin periodinane (738 mg, 1.76 mmol) were added and the
reaction mixture was stirred for 3 h. Then a sat. aq. sodium bicarbonate
solution (20 mL) was added and the aqueous layer was extracted with
MTBE (3 x 15 mL). After washing of the combined organic layers with sat.
aq. NaCl solution (20 mL) and drying with MgSO,, the solvents were
removed in vacuo. The residue was purified at the same day by FCC (30 g
silica gel, hexane/MTBE 3:1) to yield aldehyde 15 (371 mg, 1.04 mmol,
89%) as a colorless oil. R;=0.38 (n-hexane/MTBE 2:1); 'H NMR
(600 MHz, CDCl,): 6 =0.03 (s, 6H, SiCHj;), 0.87 (s, 9H, SiC(CH,);), 1.32
(s, 3H, acetonide-CH3), 1.33 (s, 3H, acetonide-CHj;), 1.57-1.85, (m, 6H,
4,5,8-H,), 3.12 (dd, J=6.3 Hz, 2.0 Hz, 1H, 2-H,), 3.26 (dt, J=2.0, 5.3 Hz,
1H, 3-H), 3.61-3.77 (m, 4H, 6,7-H, 9-H,), 8.99 (d, /=6.3, 1H, 1-H);
BC NMR (75MHz, CDCL): 0=-54 (SiCH;), 18.3 [C(CH,)], 25.9
[C(CH3)], 272 (acetonide-CH,), 28.5, 28.6 (C-4, C-5), 35.8 (C-8), 56.7,
59.4 (C-2, C-3), 59.7 (C-9), 77.7, 80.4 (C-6, C-7), 108.2 (acetal), 198.2 (C-1).

(35,45,7R,8R ,90)-1-tert-Butyldimethylsilyloxy-7,8-epoxy-3,4-O-isopropy-
liden-octadec-9-ene-3,4-diol (16): The phosphonium salt of nonyl bromide
(4.87 g, 10.4 mmol) was dissolved in THF (25 mL) and cooled to 0°C.
NaHMDS (8.88 mL, 8.88 mmol, 1M in THF) was added dropwise. After
stirring for 30 min the orange solution was cooled to — 78 °C and added to a
solution of cooled (—100°C) aldehyde 15 (2.65 g, 7.40 mmol) in THF
(25 mL) via syringe. After 5 min the reaction was quenched with H,O. The
aqueous layer was extracted with Et,O (3 x 20 mL). The combined organic
layers were washed with sat. aq. NaCl solution (10 mL) and phosphate
buffer (pH 7, 10 mL) and dried with MgSO,. The solvents were removed in
vacuo. The residue was purified by CC (80 g silica gel, hexane/MTBE 10:1)
to yield the vinyl epoxide 16 (2.96 g, 6.32 mmol, 85%) as a colorless oil.
E/Z=1:1 (‘H NMR).

16: (Z isomer): R;=0.24 (n-hexane/MTBE 12:1); [a]¥ = —4.4, (¢ =1.05,
CHCL,); IR (film): ¥ =2984, 2955, 2928, 2856, 1658,1463, 1378, 1368, 1252,
1168, 1091, 1006, 940, 882, 837, 777, 724, 664, 511 cm~'; 'TH NMR (600 MHz,
CDCly): 8 =0.06 (s, 6H, SiCH,), 0.83-0.87 (m, 12H, SiC(CH,),, 18-H,),
1.21-1.27,1.60-1.61 (m, 12H, 12,13,14,15,16,17-H,), 1.38 (s, 6 H, acetonide-
CH,), 1.70-1.76 (m, 6H, 2,5,6-H,), 2.15-2.21 (m, 2H, 11-H,), 2.83-2.86
(m, 1H, 7-H), 335 (dd, J=2.0 Hz, 9.0 Hz, 1H, 8-H), 3.61-3.77 (m, 4H,
1-H,, 3,4-H), 5.02 (dd, J=9.0 Hz, 11.0 Hz, 1H, 9-H), 5.68 (dt, /=77 Hz,
11.0 Hz, 1H, 10-H); 3C NMR (150 MHz, CDCl;): 6 = —5.4 (SiCHj;), 14.1
(C-18), 183 [C(CHy)], 22.7 (C-17), 25.9 [C(CHa)], 273 (acetonide-CHs),
27.8 (C-11),29.0,29.1,29.3,29.4,29.5, 29.6, 31.9 (C-5, C-6, C-12, C-13, C-14,
C-15, C-16), 36.0 (C-2), 54.4 (C8), 59.9 (C-7), 60.0 (C-1), 77.6, 80.6 (C-3,
C-4), 108.1 (acetal), 126.8 (C-9), 136.7 (C-10); C,;H;,0,Si (468.795): caled
C 69.18, H 11.18; found C 69.21, H 10.87.

E isomer: "H NMR (300 MHz, CDCL,): 6 =0.06 (s, 6 H, SiCH;), 0.83-0.87
(m, 12H, SiC(CH,),, 18H,), 121-127, 160-161 (m, I12H,
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12,13,14,15,16,17-H,), 1.38 (s, 6 H, acetonide-CH,), 1.70-1.76 (m, 6 H, 2,5,6-
H,), 1.91-2.01 (m, 2H, 11-H,), 2.83-2.86 (m, 1H, 7-H), 3.06 (dd, J
=2.3Hz, 79 Hz, 1H, 8-H), 3.61-3.77 (m, 4H, 1-H,, 3,4-H), 5.15 (dd, /=
79Hz, 154Hz, 1H, 9-H), 5.88 (dt, /=68 Hz, 154 Hz, 1H, 10-H);
B3C NMR (75MHz, CDCL): 6=-54 (SiCH;), 14.1 (C-18), 183
[C(CHy)], 22.7 (C-17), 25.9 [C(CH;)], 27.3 (acetonide-CH;), 29.0, 29.1,
29.3,29.4,29.5,29.6,31.9 (C-5, C-6, C-12, C-13, C-14, C-15, C-16), 32.0 (C-
11), 36.0 (C-2), 58.8 (C-8), 60.0 (C-1), 60.2 (C-7), 77.6, 80.6 (C-3, C-4), 108.1
(acetal), 127.3 (C-9), 136.8 (C-10).

(28,3R,6S,1'S,1” ©)-2-Decenyl-3-hydroxy-6-(3'-tert-butyl-dimethylsilyloxy-
1'-hydroxy)-propyl-tetrahydropyran (17): Vinyl epoxide 16 (110 mg,
0.235 mmol) was dissolved in CH,Cl,/2-propanol (10 mL, 30:1) and cooled
to —60°C. CSA (5mg, 0.022 mmol) was added. After 4h (-60°C —
—15°C) the reaction was quenched by addition of Et;N (1 mL). The
solvents were evaporated and the residue was purified by FCC (15 g silica
gel, hexane/MTBE 2:1) to provide the tetrahydopyran 17 (90 mg,
0.210 mmol, 89 %) as a colorless oil. £/Z=1:1 ("H NMR). 17: (Z isomer):
R;=0.30 (n-hexane/MTBE 1:1); [a]y =-29.9, (¢=0.85, CHCL); IR
(film): 7 =3400, 3012, 2927, 2856, 1657, 1463, 1408, 1362, 1261, 1255, 1083,
978,938, 872, 836, 776, 722,666 cm~'; '"H NMR (600 MHz, CDCl,): 6 = 0.05
(s, 6H, SiCH;), 0.86-0.89 (m, 12H, SiC(CHy;);, 10"-H;), 1.25-1.29, 1.30—
1.38 (m, 12H, 4", 5", 6", 7", 8",9"-H,), 1.49-1.52 (m, 2H, 4-H,), 1.59-1.60
(m, 1H, 5-H,), 1.65-1.68 (m, 2H, 2"-H,), 1.74-1.76 (m, 1H, 5-H,), 2.09-
2.18 (m, 3H, 3"-H,, 3-OH), 2.95 (d, J=2.8 Hz, 1H, 1'-OH), 3.27-3.30 (m,
2H, 3,6-H), 3.65-3.67 (m, 1H, 1'-H), 3.78-3.83 (m, 2H, 3'-H,), 3.87 (dd,
J=8.7Hz, 9.1Hz, 1H, 2-H), 536 (dd, /=9.1 Hz, 10.7 Hz, 1H, 1"-H),
5.75-5.81 (m, 1H, 2”-H); 3C NMR (150 MHz, CDCl,): 6 = — 5.4 (SiCH,),
14.1 (C-10"), 18.3 [C(CH3)], 22.7 (C-9"), 25.9 [C(CH3)], 26.3 (C-4), 28.4,
29.2,29.3,29.4,29.7,30.9, 31.9 (C-3",C4", C-5", C-6", C-7", C-8", C-5), 35.2
(C-2'), 60.9 (C-3), 70.2 (C-3), 72.0 (C-1"), 78.3 (C-2), 80.1 (C-6), 1272 (C-
17), 1370 (C-2"); CyyH;z0,Si (428.728): caled C 67.24, H 11.29; found C
67.41, H 11.30.

E isomer: '"H NMR (300 MHz, CDCl,): 6 =0.05 (s, 6 H, SiCH3), 0.86—0.89
(m, 12H, SiC(CHs);, 10”-H;), 1.25-1.76, (m, 18H, 4,5,2',4",5",6",7",8",9"-
H,), 2.09-2.18 (m, 3H, 3"-H,, 3-OH), 2.95 (s, 1H, 1'-OH), 3.27-3.30 (m,
2H, 3,6-H), 3.49-3.51 (m, 1H, 2-H), 3.65-3.67 (m, 1H, 1'-H), 3.78-3.83
(m, 2H, 3-H,), 538-5.41 (m, 1H, 1”-H), 5.80-5.85 (m, 1H, 2"-H);
BC NMR (75MHz, CDClL): 6=-54 (SiCH;), 14.1 (C-10”), 183
[C(CHy)], 22.7 (C-97), 25.9 [C(CH3)], 26.3 (C-4), 284, 29.0, 29.2, 29.4,
29.7,30.9,32.4 (C-3",C-4",C-5", C-6",C-7", C-8", C-5), 35.2 (C-2'), 60.9 (C-
3),71.9 (C-3), 72.0 (C-1"), 80.1 (C-6), 83.7 (C-2), 127.5 (C-1"), 136.6 (C-2").
(28,3R,6S,1'S)-2-Decyl-3-hydroxy-6-(3'-tert-butyldimethylsilyloxy-1'-hy-
droxy)-propyl-tetrahydropyran (18): Pt/C (90 mg, 0.023 mmol Pt, 5% on
C) was suspended in ethyl acetate (25 mL) at 0°C. The mixture was
degassed and stirred under hydrogen atmosphere (1 atm) for 5 min. Alkene
17 (1.20 g, 2.80 mmol) dissolved in ethyl acetate (5 mL) was added and the
mixture was stirred vigorously for 5h. Then the solution was filtered
through a pad of silica gel, washed with ethyl acetate, and the solvent was
evaporated. The residue (1.14 g,2.65 mmol, 95 % ) was a colorless oil, which
was spectroscopically pure and needed no further purification. R;=0.27
(n-hexane/MTBE 1:1); [a]F =—33.1, (¢c=0.94, CHCL); IR (film): 7=
3410, 2926, 2856, 1466, 1388, 1361, 1256, 1094, 1006, 938, 836, 776 cm™',
'H NMR (300 MHz, CDCl;): 6 =0.05 (s, 6H, SiCHj3), 0.87-0.90 (m, 12H,
SiC(CHs);, 107-H;), 1.10-1.35 (m, 16H, 2",3",4",5",6",7",8",9"-H,), 1.36 -
1.55 (m, 4H, 1"4,5-H,), 1.64-1.74 (m, 3H, 2',5-H,), 1.78-1.82 (m, 1H,
3-OH), 2.07-2.13 (m, 1H, 4-H,), 2.86-2.87 (m, 1 H, 1'-OH), 3.00—3.06 (m,
1H, 2-H), 3.15-3.18 (m, 1H, 6-H), 3.24-3.31 (m, 1 H, 3-H), 3.59-3.65 (m,
1H, 1-H), 3.78 -3.84 (m, 2H, 3'-H,); "'C NMR (75 MHz, CDCL;): 6 =—5.4
(SiCH3), 14.1 (C-10"),18.3 [C(CH;) ], 22.7 (C-9"),25.9 [C(CH,) ], 25.5, 25.6,
26.7,29.3,29.6,29.7, 31.9, 32.0, 32.7 (C-4, C-5, C-1", C-2", C-3", C-4", C-5",
C-6", C-7",C-8"),35.6 (C-2'), 60.6 (C-3"),70.6 (C-3), 71.9 (C-1"), 80.1 (C-6),
82.1 (C-2); C,yH5y0,Si (430.744): caled C 66.92, H 11.70; found C 66.76, H
11.48.
(28,3R,65,1'S)-2-Decyl-3-tert-butyldimethylsilyloxy-6-(1',3'-di-tert-butyldi-
methylsilyloxy)-propyl-tetrahydropyran (19): Diol 18 (2.10 g, 4.88 mmol)
was dissolved in CH,Cl, (40 mL) and cooled to 0°C. 2,6-Lutidine (2.9 mL,
25.0 mmol) and TBDMS-OTf (3.5mL, 15mmol) were added under
stirring. After 30 min the reaction was quenched with a sat. aq. sodium
bicarbonate solution (20 mL). The aqueous layer was extracted with
MTBE (3 x 20 mL) and the combined organic layers were washed with a
sat. aq. NaCl solution (2 x 15 mL) and dried with MgSO,. After evapo-
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ration of the solvents the residue was purified by CC (80 g silica gel,
hexane/CH,Cl, 8:1) to afford 19 (3.13 g, 4.76 mmol, 97 %) as a colorless oil.
R;=0.28 (n-hexane/CH,Cl, 8:1); [a] =—39.6, (c=0.98, CHCL); IR
(film): 7=2955, 2929, 2857, 1472, 1388, 1361, 1256, 1095, 1006, 873, 836,
775, 669 cm~; 'H NMR (300 MHz, CDCl;): 6=0.02-0.03 (brs, 18H,
SiCH;), 0.85-0.89 (m, 30H, SiC(CHj;);, 10"-H3), 1.20-1.39 (m, 16 H, 2", 3",
4",5",6",7",8",9"-H,), 1.39-1.84 (m, 7H, 1",2",4,5-H,), 1.93-2.04 (m, 1 H,
4-H,), 2.93-3.02 (m, 1H, 2-H), 3.19-3.24 (m, 2H, 3,6-H), 3.61-3.69 (m,
2H,3"-H,),3.74-3.78 (m, 1 H, 1'-H); 3C NMR (75 MHz, CDCl,): 6 = — 4.8,
—4.4, —43 (SiCH,), 14.1 (C-10"), 182 [C(CH,)], 22.7 (C-9"), 25.7, 25.9,
26.0 [C(CH,)], 25.1,25.2, 29.4, 29.7, 29.8, 31.9, 32.0 (C-4, C-5, C-1", C-2",
C-3",C4", C-5", C-6", C-7", C-8"), 35.5 (C-2), 60.1 (C-3"),70.9, 71.1 (C-3,
C-1'), 79.8 (C-6), 82.3 (C-2); HR-MS (C3H790O,Si;): caled 659.5286; found
659.5280.
(25,3R,65,1'S)-2-Decyl-3-tert-butyldimethylsilyloxy-6-(1'-zert-butyldime-
thylsilyloxy-3'-iodo)-propyl-tetrahydropyran (20): 1. Monodeprotection
with CSA: Compound 19 (550 mg, 0.83 mmol) was dissolved in CH,Cl,
(10 mL) and MeOH (5 mL) at 0°C. CSA (25 mg, 0.10 mmol) dissolved in
MeOH (5 mL) was added under stirring. The reaction was quenched after
30 min by the addition of a sat. aq. sodium bicarbonate solution (8 mL).
After extraction with MTBE (4 x 10 mL), washing of the combined organic
layers with sat. aq. NaCl solution (10 mL) and drying with MgSO, the
solvents were evaporated and the resulting crude oil was purified by CC
(20 g silica gel, MTBE/hexane 1:5) to obtain the corresponding alcohol
(332 mg, 0.61 mmol, 74%) as a colorless oil. 14% silyl ether 19 (80 mg,
0.12 mmol) could also be regained.
(28,3R,6S,1'S)-2-Decyl-3-tert-butyl-dimethylsilyloxy-6-(1'-tert-butyldime-
thylsilyloxy-3'-hydroxy)-propyl-tetrahydropyran: R;=0.35 (n-hexane/
MTBE 5:1); [a] =—475, (c=2.26, CHCL); IR (film): v=3401, 2930,
2858, 1466, 1368, 1253, 1100, 1013, 840, 776, 672 cm~'; '"H NMR (300 MHz,
CDCl;): 0=0.04 (brs, 12H, SiCH;), 0.84-0.87 (m, 21 H, SiC(CHs;);, 10”-
H;), 1.21-149 (m, 21H, 1”,2"3"4"5",6",7".8",9" 4,5-H,), 1.54-1.74 (m,
1H, 2’-H,), 1.76-1.91 (m, 1H, 2'-H,), 1.93-2.05 (m, 1 H, 4-H,), 2.85 (t, 1H,
3'-OH), 3.02-3.10 (m, 1H, 2-H), 3.19-3.24 (m, 1H, 3-H), 3.25-3.34 (m,
1H, 6-H), 3.62-3.70 (m, 2H, 3'-H,), 3.79-3.84 (m, 1H, 1-H); C NMR
(75 MHz, CDCly): 6=-4.8, —43 (SiCH;), 14.1 (C-10"), 179, 18.0
[C(CH3)], 22.7 (C-97), 25.8, 25.9 [C(CH,;)], 24.5, 25.0, 29.3, 29.5, 29.6,
29.6,29.7,31.8,31.9, 33.3 (C-4, C-5, C-1", C-2", C-3", C-4", C-5", C-6", C-7",
C-8"), 354 (C-2'), 60.2 (C-3), 709 (C-3), 73.0 (C-1'), 80.0 (C-6),
82.7 (C-2); C3HgyO,Si, (545.008) caled C 66.12, H 11.84; found C 66.17,
H 11.67.

2. lodation: lodine (88 mg, 0.348 mmol) was added to a solution of
imidazole (59 mg, 0.870 mmol) and PPh; (84 mg, 0.319 mmol) in CH,Cl,
(2mL) at 0°C. After stirring for 5 min, the alcohol (158 mg, 0.290 mmol)
dissolved in CH,Cl, (1 mL) was added slowly. The reaction mixture was
stirred for 2.5h with exclusion of light. Then it was quenched by the
addition of a aqueous Na,S,0; solution (10 mL). The aqueous layer was
extracted with MTBE (3 x 10 mL). The combined organic layers were
washed with sat. aq. NaCl solution (10 mL), dried with MgSO,, and the
solvents were removed in vacuo. The crude product was purified by FCC
(8 g silica gel, hexane/MTBE 30:1) to yield 20 (152 mg, 0.232 mmol, 80 %)
as a colorless oil. R;=0.31 (n-hexane/CH,Cl, 8:1); [a]¥ = —47.7 (c=0.44,
CHCL); IR (film): 7=2929, 2857, 1466, 1367, 1253, 1098, 937, 837, 774,
672 cm™'; '"H NMR (300 MHz, CDClL;): 6 =0.03-0.07 (m, 12H, SiCHj),
086 (m, 21H, SiC(CH;);, 10"-H;), 123-175 (m, 21H,
172"3"4"5"6",7"8"9"4,5H,), 1.82-1.93 (m, 1H, 2'-H,), 1.93-2.02 (m,
1H, 4-H,), 2.02-2.16 (m, 1H, 2'-H,), 2.96-3.04 (m, 1H, 2-H), 3.10-3.31
(m, 4H, 3,6-H, 3-H,), 3.65-3.74 (m, 1H, 1-H); *C NMR (75 MHz,
CDCly): 6=-48, —4.3 (SiCH;), 3.5 (C-3'), 141 (C-10"), 179, 18.0
[C(CH3)], 22.7 (C-9”), 25.8, 25.9 [C(CH;)], 25.0, 29.4, 29.6, 29.6, 29.7,
31.8, 31.9, 33.5 (C4, C-5, C-17, C-27, C-3", C4", C-5", C-6", C-7", C-8"),
36.6 (C-2), 70.9 (C-3), 740 (C-1'), 79.4 (C-6), 82.5 (C-2); HR-MS
(C3HgO5181,): caled 639.3126; found: 639.3122 [M — CH,]*.
(35,4S,7R,80,90)-1-tert-Butyldimethylsilyloxy-3,4- O-isopropyliden-7-hy-
droxy-8-methoxy-octadec-9-ene-3,4-diol (22): 1:1 mixture of diastereomers
at C-8; '"H NMR (300 MHz, CDCl,): 6 =0.03 (s, 6 H, SiCHj3), 0.88 —0.97 (m,
12H, SiC(CHs;);, 18-H;), 1.21 - 1.89 (m, 12 H, 12,13,14,15,16,17-H,), 1.34 (s,
6H, acetonide-CHy;), 1.63-2.07 (m, 8H, 2,5,6,11-H,), 2.26-2.32, 2.63 - 2.66
(m, 1H, OH), 3.24-3.29 (m, 3H, OMe), 3.59-3.79 (m, 5H, 1-H,, 3,4,7-H),
3.41-3.46,3.88-3.96 (m, 1 H, 8-H), 5.29-5.40 (m, 1H, 9-H), 5.64-5.79 (m,
1H, 10-H); ®BCNMR (75 MHz, CDCl;): 6 = — 5.2 (SiCHj), 14.1 (C-18), 18.5
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[C(CHS)],21.5 (C-17),26.1 [C(CH})],27.6 (acetonide-CHy), 21.6,23.0,23.5,
28.3,29.2,29.6,29.7,29.9, 31.1, 32.2 (C-5, C-6, C-11, C-12, C-13, C-14, C-15,
C-16), 36.0 (C-2), 56.0 (OMe), 60.0 (C-1), 73.2, 73.4 (C-7), 777, 812 (C-3,
C-4),80.8, 85.7 (C-8), 108.0 (acetal), 125.8, 136.8 (C-9, C-10).

(28,3R,6S,1'S,1” ©)-2-Decenyl-3-tert-butyldimethylsilyloxy-6-(3'-tert-bu-
tyldimethylsilyloxy-1'-hydroxy)-propyl-tetrahydropyran (23): TBDMS-
OTf (44 uL, 0.192 mmol) and 2,6-lutidine (45 puL, 0.384 mmol) were
dissolved in CH,Cl, (0.8 mL). After 30 min vinyl epoxide 16 (30 mg,
0.064 mmol), dissolved in CH,Cl, (0.3 mL), was added at —78°C. After 1 h
the reaction was quenched with phosphate buffer (pH7, 1mL) The
aqueous layer was extracted with CH,Cl, (3 x SmL) and the combined
organic layers were washed with a sat. aq. NaCl solution (5 mL) and dried
with MgSO,. After evaporation of the solvents the residue was purified by
CC (2 g silica gel, hexane/MTBE 20:1) to afford 23 (21 mg, 0.039 mmol,
61%) as a colorless oil. R;=0.42 (n-hexane/MTBE 20:1); 'H NMR
(300 MHz, CDCl;): 6 =0.03-0.04 (brs, 12H, SiCH3;), 0.83-0.87 (m, 21H,
SiC(CHs;);, 10"-H;), 1.25-1.38 (m, 12H, 47, 5", 6", 7", 8", 9"-H,), 1.39-1.79
(m, 6H, 2'4,5-H,), 2.09-2.18 (m, 2H, 3"-H,), 2.92 (d, /=24 Hz, 1H, 1"-
OH), 3.21-3.36 (m, 2H, 3,6-H), 3.59-3.66 (m, 1H, 1-H), 3.75-3.87 (m,
3H, 3-H,, 2-H), 526-533 (m, 1H, 1”-H), 5.55-5.62 (m, 1H, 2"-H);
3C NMR (75 MHz, CDCl,): 6 =—5.4, —4.4 (SiCH;), 14.1 (C-10"), 18.3
[C(CH3)],22.7 (C-97),25.8,25.9 [C(CH,)], 26.4 (C-4), 28.2,29.3,29.5,29.6,
31.9, 33.1 (C-3", C4", C-5", C-6", C-7", C-8", C-5), 35.2 (C-2), 60.8 (C-3"),
71.2 (C-3), 71.9 (C-1"), 78.2 (C-2), 80.0 (C-6), 128.5 (C-1"), 135.4 (C-2");
HR-MS (C;,Hy,0,S1,): caled 542.4187; found: 542.4189.

Reaction of 27 with CSA: Vinyl epoxide 27 (100 mg, 0.213 mmol) was
dissolved in CH,Cl, (8 mL) and 2-propanol (0.3 mL). CSA (10 mg,
0.044 mmol) was added at —60°C. After 4 h (—60°C — rt) no conversion
was observed (TLC). After stirring for another 12 h at rt, NEt; (1 mL) was
added. The solvents were removed in vacuo and the residue was purified by
FCC (10 gsilica gel, hexanes/MTBE 2:1) to provide 28 (15 mg, 0.028 mmol,
13 %) and 29 (26 mg, 0.049 mmol, 23 %) as major products.

(35,48,78,80,9Z)-1-tert-Butyldimethylsilyloxy-3,4-O-isopropyliden-7-hy-
droxy-8-isopropyloxy-octadec-9-ene-3,4-diol (28): (mixture of diastereom-
ers at C-8: 2:1 'H NMR) R;=0.81 (n-hexane/MTBE 2:1); major isomer:
"H NMR (300 MHz, CDg): 6 =0.06 (s, 6 H, SiCH3;), 0.88-0.93 (m, 3H, 18-
H,), 0.97 (s, 9H, SiC(CH,);), 1.02-1.12 (m, 6H, (CH;),CHO), 1.21-1.31
(m, 12H, 12,13,14,15,16,17-H,), 1.40 (s, 3H, acetonide-CHj;), 1.41 (s, 3H,
acetonide-CH3), 1.63-2.05 (m, 8H, 2,5,6,11-H,), 2.29-2.31 (m, 1H, OH),
3.60-3.66 (m, 1H, (CH;),CHO), 3.72-3.90 (m, 5H, 1-H,, 3,4,7-H), 4.17 -
4.20 (m, 1H, 8-H), 5.49-5.56 (m, 2H, 9,10-H); 3C NMR (75 MHz, C¢Dy):
0=-5.2 (SiCHj;), 14.3 (C-18), 18.5 [C(CH,)], 21.5 (C-17), 26.1 [C(CH3)],
27.6 (acetonide-CHj), 21.6, 23.0, 23.5, 28.3, 29.2, 29.6, 29.7, 29.9, 31.1, 32.2
(C-5, C-6, C-11, C-12, C-13, C-14, C-15, C-16, propyl-CH3), 36.4 (C-2), 60.3
(C-1), 68.5 (OCHMe,), 73.6 (C-7), 75.8 (C-8), 78.0, 81.2 (C-3, C-4), 108.1
(acetal), 127.9,134.9 (C-9, C-10); minor isomer: '"H NMR (300 MHz, C,Dy):
0=0.06 (s, 6H, SiCH3), 0.88—-0.93 (m, 3H, 18-H3), 0.97 (s, 9H, SiC(CH,);)
1.02-1.12 (m, 6 H, (CH;),CHO), 1.21-1.31 (m, 12H, 12,13,14,15,16,17-H,),
1.40 (s, 3H, acetonide-CHj;), 1.41 (s, 3H, acetonide-CH3), 1.63-2.05 (m,
8H,2,5,6,11-H,),2.29-2.31 (m, 1 H, OH), 3.60-3.66 (m, 1 H, (CH;),CHO),
3.72-3.90 (m, 6H, 1-H,, 3,4,7,8-H), 5.49-5.56 (m, 2H, 9,10-H); *C NMR
(75 MHz, CsDy): 6 = — 5.2 (SiCH,), 14.3 (C-18), 18.5 [C(CH3) ], 21.5 (C-17),
26.1 [C(CH,;)], 27.6 (acetonide-CHj), 21.6, 23.0, 23.5, 28.3, 29.2, 29.6, 29.7,
29.9,31.1, 32.2 (C-5, C-6, C-11, C-12, C-13, C-14, C-15, C-16, propyl-CHy),
36.4 (C-2),60.3 (C-1), 68.3 (OCHMe,), 73.6 (C-7),78.0, 81.2 (C-3, C-4), 81.6
(C-8), 108.1 (acetal), 127.9, 134.9 (C-9, C-10); HR-MS (C,H;;05Si): calcd
513.3975; found 513.3977 [M — CH,]*.

(35,45,78,80,90)-1-tert-Butyldimethylsilyloxy-3,4-O-isopropyliden-7-hy-
droxy-10-isopropyloxy-octadec-8-ene-3,4-diol (29): R;=0.58 (n-hexane/
MTBE 2:1); '"H NMR (300 MHz, CDCl;): 6 =0.03 (s, 6H, SiCH3), 0.82—
0.87 (m, 12H, SiC(CH,);, 18-H;), 1.06-1.09 (m, 6 H, (CH;),CHO), 1.21-
1.50 (m, 14H, 11,12,13,14,15,16,17-H,), 1.35 (s, 6 H, acetonide-CH3), 1.63 -
1.81 (m, 6 H, 2,5,6-H,), 2.49 (s, 1 H, OH), 3.48 -3.80 (m, 6 H, 1-H,, 3,4,10-H,
(CH;),CHO),4.08-4.19 (m, 1H, 7-H), 5.43-5.65 (m,2H, 8,9-H); *CNMR
(75 MHz, CDCL): 6 = —5.4 (SiCHj;), 14.1 (C-18), 18.3 [C(CH,)], 22.7 (C-
17), 25.9 [C(CH,)], 27.3 (acetonide-CHj;), 21.6, 23.5, 25.6, 28.8, 29.3, 29.6,
29.6, 31.8, 34.4, 35.8 (C-5, C-6, C-11, C-12, C-13, C-14, C-15, C-16, propyl-
CH,), 36.1 (C-2), 59.8 (C-1), 68.5 (OCHMe,), 72.2 (C-7), 77.3 (C-10), 777,
80.9 (C-3, C-4), 108.1 (acetal), 132.6, 134.0 (C-8, C-9); HR-MS (C;3,H4,O5-
Si): caled 528.4210; found 528.4207.
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(25)-2,3-Epoxy-1-(triisopropylsilyloxy)propane (31): Imidazole (3.55¢,
52.2 mmol) and DMAP (530 mg, 4.34 mmol) were added to a solution of
(R)-glycidol (3.00 mL, 43.4 mmol) in CH,Cl, (75 mL). The mixture was
treated with TIPSCI (10.00 g, 51.9 mmol) at 0°C. After stirring at rt for
90 min, the reaction mixture was filtered through a pad of Celite and
diluted with water (100 mL) and n-hexane (50 mL). The aqueous layer was
extracted with n-hexane (2 x 30 mL). The combined organic layers were
washed with water (1 x30 mL), sat. ag. NaCl solution (2 x 30 mL) and
dried with MgSO,. The solvents were removed in vacuo and the residue
was purified by FCC (200 g silica gel, PE/MTBE 10:1) to yield 31 (9.7 g,
97 %) as a colorless oil. R;=0.45 (n-hexane/MTBE 10:1); [a]5 =—3.7 (¢ =
1.0, CHCL,); IR (film): 7 = 3049 w (epoxide-CH), 2943/2866 vs (CH), 1464 s,
1384 m, 1254 m (epoxide-ROR), 1161's,11375,1102 5,883 5,682 s; 'H NMR
(300 MHz, CDCl;): 6 =1.03-1.09 (m, 21 H, TIPS), 2.64 (dd, J =5.3,2.6 Hz,
1H,3-H,),2.75 (dd,J =5.3,4.1 Hz, 1H, 3-H,), 3.06-3.12 (m, 1 H, 2-H), 3.72
(dd, J=11.7, 45Hz, 1H, 1-H,), 3.89 (dd, J =115, 3.2 Hz, 1H, 1-H,);
BC NMR (75 MHz, CDCl;): 6 =119 (SiCH(CHs),), 17.9 (SiCH(CHa),),
44.4 (C-1), 52.6 (C-2), 63.9 (C-3); C;H50,Si (230.42): caled C 62.55, H
11.37; found C 62.48, H 11.49.

(25)-(1-Triisopropylsilyloxy)-hex-5-en-2-ol (32): For the preparation of the
Grignard reagent, a solution of allyl bromide (15.7 g, 130 mmol) in THF
(100 mL) was added dropwise at 0°C to flame-dried magnesium (4.1 g,
170 mmol) in THF (50 mL) to which 1,2-dibromoethane (2 drops) was
added before. The mixture was stirred at 0°C for additional 30 min. After
that the grey suspension was cooled to —30°C and solid copper iodide
(742 mg, 3.9 mmol) was added. The color of the suspension turned to light
green. At —30°C a solution of TIPS-glycidol 31 (6.06 g, 26.3 mmol) in THF
(40 mL) was added. The temperature was allowed to rise to —10°C during
another hour of stirring. At 0°C half sat. aq. NH,CI solution (40 mL) was
added. The mixture was filtered through a pad of Celite, diluted with
MTBE (80 mL), and water (80 mL). The aqueous layer was extracted with
MTBE (3 x 30 mL) and the combined organic layers were washed with sat.
aq. NaCl solution (2 x 40 mL) and dried with MgSO,. The solvents were
removed in vacuo and the residue was purified by CC (180 g silica gel, PE/
MTBE 10:1) to yield 32 (6.55 g, 91%) as a colorless liquid. R;=0.32 (n-
hexane/MTBE 10:1); [a]% = 4.5 (c=1.0, CHCl,); IR (film): 7=3576/3444
br (OH), 3077 w (=CH,), 2943/2866 s (CH), 1641 m (C=C), 1463 s, 1116 s,
1068 m, 882 m; 'H NMR (300 MHz, CDCL;): 6=0.92-0.18 (m, 21H,
TIPS), 1.40-1.60 (m, 2H, 4-H), 2.04-2.28 (m, 2H, 3-H), 2.52 (brs, 1H,
OH), 3.43-3.51 (m, 1H, 2-H), 3.62-3.72 (m, 2H, 1-H), 4.91-5.05 (m, 2 H,
6-H), 5.74-5.88 (m, 1H, 5-H); C NMR (75 MHz, CDCl;): 6=119
(SiCH(CHs;),), 17.9 (SiCH(CH,),), 29.8 (C-4), 32.0 (C-3), 674 (C-1), 71.4
(C-2), 114.7 (C-6), 138.4 (C-5); C;sH3,0,Si (272.50): caled C 60.11, H 11.84;
found C 60.27, H 10.86.

(45)-4,5-Bis(triisopropylsilyloxy)-pentanal (33): 1. TIPS-protection: A
solution of the secondary alcohol 32 (6.70 g, 24.6 mmol) and 2,6-lutidine
(72mL, 61.5mmol) in CH,Cl, (100 mL) was treated with TIPS-OTf
(9.04 g,29.5 mmol) at 0°C. The solution was stirred at rt for 2.5 h, then sat.
aq. NH,Cl solution (100 mL) was added. The aqueous layer was extracted
with MTBE (3 x 30 mL) and the combined organic layers were washed
with sat. aq. NaCl solution (2 x 30 mL) and dried with MgSO,. The solvents
were removed in vacuo and the residue was purified by CC (100 g silica gel,
PE) to afford the desired product (9.97 g, 96 %) as a colorless oil.
(25)-1,2-Bis(triisopropylsilyloxy)-hex-5-ene: R;=0.75 (n-hexane/MTBE
10:1); [a]E = —24.9 (¢=1.0, CHCL); IR (film): 7=3077 w (=CH,), 2943/
2867 s (CH), 1642 w (C=C), 1464 m, 1384/1366 w (1Bu), 1122 m, 882 m, 681
m; '"H NMR (300 MHz, CDCl;): 6 =1.00-1.11 (m, 42H, 2 x TIPS), 1.51 -
1.84 (m, 2H, 3-H,), 2.11-2.23 (m, 2H, 4-H,), 3.50 (dd, /=9.4, 79 Hz, 1H,
1-H,), 3.71 (dd, /=94, 49 Hz, 1H, 1-H,), 3.83-3.92 (m, 1H, 2-H), 4.89-
5.05 (m, 2H, 6-H,), 5.77-5.91 (m, 1H, 5-H); ¥C NMR (75 MHz, CDCl,):
0=12.0, 12.6 (2 x SiCH(CH,),), 18.0, 18.2 (2 x SiCH(CHy),), 28.5 (C-4),
33.6 (C-3), 66.7 (C-1), 72.5 (C-2), 114.0 (C-6), 139.3 (C-5); CyH;,0,
(428.84): caled C 67.22, H 12.22; found C 67.29, H 12.48.

2. Ozonolysis: Ozone (Fischer OZ 503, 100 L O, h~') was bubbled through
a solution of (25)-1,2-bis(triisopropylsilyloxy)-hex-5-ene (3.0 g, 7.0 mmol)
in CH,Cl, (120 mL) at — 75 °C until the color began to turn blue. The excess
of ozone was removed by bubbling argon through the solution. PPh; (1.84 g,
7.0 mmol) was added at — 75 °C and the mixture was stirred at rt for 1 h. The
solution was concentrated in vacuo and the residue was purified by FCC
(200 g silica gel, PE/CH,CI, 4:1) to yield aldehyde 33 (2.96 g, 98%) as a
colorless oil. R;=0.36 (n-hexane/MTBE 20:1); [a]y =—23.1 (c=1.0,
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CHCL); IR (film): #=2942/2866 s (CH), 2724 w (aldehyde-CH), 1731 s
(C=0), 1463 m, 1157 5, 1120 m, 1013 m, 883 m, 681 m; '"H NMR (300 MHz,
CDCl;): 6 =1.00-1.07 (m, 42H, 2 x TIPS), 1.84-2.07 (m, 2H, 3-H,), 2.43 -
2.63 (m, 2H, 2-H,), 3.41-3.49 (m, 1H, 5-H,), 3.72 (dd, J = 9.6, 4.7 Hz, 1 H,
5-H,), 3.89-3.97 (m, 1H, 4-H), 9.78 (t, /=19 Hz, 1H, 1-H); “C NMR
(75MHz, CDCL): 6=119, 125 (2xSiCH(CH),), 179, 181 (2x
SiCH(CHa),), 26.5 (C-2), 38.6 (C-3), 66.0 (C-5), 71.4 (C-4), 203.0 (C-1);
C,3H5005S1, (430.81): caled C 64.12, H 11.70; found C 64.19, H 11.64.

(68,95)-6-Hydroxy-9,10-bis(triisopropylsilyloxy)decyl pivalate (36): 1.
Preparation of the dialkylzinc reagent 34: Diethylzinc (4.6 mL, 45 mmol)
was added to S-iodopentylpivalate (8.94 g, 30 mmol) and Cul (85 mg,
0.45 mmol) at rt. The mixture was stirred at 50°C for 26 h. The black
precipitate was allowed to settle and the solution was transferred to
another flask via a PTFE tube. Xylene (4 mL) was used as rinsing liquid.
The xylene and the excess of diethylzinc were condensed off at 40°C and
reduced pressure (ca. 0.1 mbar). After 18 h more xylene (4 mL) was added
and evaporated again to make the removal of ZnEt, as complete as
possible.

2. Preparation of the catalyst: Ti(OiPr), (4.8 mL, 16 mmol), the chiral
diamine 35 (303 mg, 0.8 mmol), and xylene (5 mL) were stirred at 50 °C for
30 min.

3. Reaction with aldehyde 33: The catalyst suspension was cooled to —40°C
and the prepared dialkylzinc 34 was added through a PTFE tube. Xylene
was used to wash any residual 34 into the reaction flask. The reaction
mixture was stirred at —40°C for 5 min, then a solution of aldehyde 33
(3.45 g, 8.0 mmol) in xylene (5 mL) was added. The color of the mixture
turned to light green. It was allowed to warm up to —25°C and was stirred
at this temperature for 18 h. The reaction mixture was allowed to warm up
to 0°C and water (5 mL), sat. aq. NH,ClI solution (40 mL), and MTBE
(40 mL) were added. The mixture was filtered through a pad of Celite. The
aqueous layer was extracted with MTBE (3 x 30 mL) and the combined
organic layers were washed with sat. aq. NaCl solution (2 x 40 mL) and
dried with MgSO,. The solvents were evaporated in vacuo and the residue
was purified by FCC (180 g silica gel, gradient PE/MTBE 20:1 — MTBE)
to obtain 36 (3.52 g, 70 %) as a colorless liquid. R;=0.12 (n-hexane/MTBE
10:1); IR (film): 7 = 3446 brw (OH), 2842/2866 s (CH), 1731 m (C=0), 1463
m, 1284/1366 w (rBu), 1285 m, 1157 m, 1066 m, 882 m, 680 m; 'H NMR
(300 MHz, CDCly): 6 =0.99-1.07 (m, 42H, 2 x TIPS), 1.16 (s, 9H, tBu),
1.28-1.77 (m, 12H, 3.4,6,7.8,9-H,), 3.50-3.59 (m, 2H, 1-H,), 3.66 -3.74 (m,
1H, 5-H),3.86-3.96 (m, 1H, 2-H), 4.02 (t,J = 6.4 Hz,2H, 10-H,); "CNMR
(75MHz, CDCLy): 6=11.9, 124 (2xSiCH(CHj;),), 18.0, 181 (2x
SiCH(CHa),), 25.4, 26.1, 28.6, 30.5, 31.8, 37.3 (C-3,4,6-9), 272 (C(CH,)5),
38.7 (C(CH,;);), 64.4 (C-10), 65.8 (C-1), 72.1 (C-5), 72.5 (C-2), 178.6
(COO1Bu); C33H;,05Si, (603.08): caled C 65.72, H 11.70; found C 65.85, H
11.61.

5-[(2'R,5'S)-5'-(Hydroxymethyl)-tetrahydrofuran-2'-yl]-pentyl  pivalate
(37): 1. Tosylation: A solution of the secondary alcohol 36 (3.37 g,
5.59 mmol) in CH,Cl, (20 mL) and pyridine (20 mL) was treated with
tosyl chloride (4.26 g, 22.4 mmol) at 0°C. The solution was stirred at rt for
15 h, then sat. aq. NH,Cl solution (40 mL) and MTBE (40 mL) were added.
The aqueous layer was extracted with MTBE (3 x 10 mL). The combined
organic layers were washed with 0.2M HCI (2 x 10 mL), sat. aq. NaHCO;
solution (3 x 10 mL), sat. aq. NaCl solution (2 x 20 mL), and dried with
MgSO,. The solvents were evaporated and the residue was filtered through
silica gel (70 g, PE/MTBE 10:1) to afford tosylate (3.73 g, 8%) as a
colorless oil.

(65,95)-6-(p-Toluenesulfonyloxy)-9,10-bis(triisopropyl-silyloxy)decyl piva-
late: R;=0.26 (n-hexane/MTBE 10:1); '"H NMR (300 MHz, CDCl,): 6 =
0.96-1.04 (m, 42H, 2 x TIPS), 1.16 (s, 9H, Bu), 1.19-1.74 (m, 12H,
3,4,6,7.8,9-H,), 2.40 (s, 3H, Ar-CH,), 3.36 (dd, /=94, 8.7 Hz, 1H, 1-H,),
3.62 (dd, /=94, 49 Hz, 1H, 1-H,), 3.70-3.80 (m, 1H, 2-H), 3.96 (t, /=
6.4 Hz,2H, 10-H,), 4.48-4.58 (m, 1H, 5-H), 727 (d,/=8.1 Hz, 2H, Ar-H),
775 (d, J= 8.1 Hz, 2H, Ar-H); *C NMR (75 MHz, CDCL,): 6 =11.8, 12.4
(2 x SiCH(CHs;),), 17.9, 18.0, 18.1 (2 x SiCH(CHs),), 21.6 (Ar-CHj;), 24.2,
25.7,28.3,28.4,29.3,34.0 (C-3,4,6-9), 272 (C(CHs)3), 38.7 (C(CHj3);), 64.2
(C-10), 66.1 (C-1), 72.0 (C-2), 72.5 (C-5), 84.5 (C-5), 1276, 129.6, 134.7,
1442 (Ar), 178.5 (COO1Bu).

Compound 37: 2. Deprotection and ring closure: A solution of the tosylate
(2.51 g, 3.31 mmol) in THF (20 mL) was treated with a solution of TBAF
(3.15 g, 10.0 mmol) in THF (7 mL) at rt. The reaction mixture was stirred
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for 1h, then sat. NH,Cl solution (10 mL), water (10 mL) and MTBE
(20 mL) were added. The aqueous layer was extracted with MTBE (2 x
10 mL) and the combined organic layers were washed with sat. aq. NaCl
solution (2 x 15 mL) and dried with MgSO,. The solvents were removed in
vacuo and the residue was purified by CC (45 g silica gel, PE/MTBE 1:2) to
yield the THF alcohol 37 (834 mg, 93 %) as a colorless oil. The C-5 epimers
were separated by preparative HPLC (Rainin Si 60, 41.4 x 250 mm, n-
hexane/iPrOH 96:4, 40 mLmin!). 37: R;=0.19 (n-hexane/MTBE 1:1);
HPLC: ;=247 min (Superspher Si 60, n-hexane//PrOH 96:4,
1.0 mLmin™); [a]5= 5.3 (¢=1.0, CHCL); IR (film): #=3437 brm
(OH), 2934/2865 s (CH), 1728 s (C=0), 1541/1480 m, 1398/1366 w (tBu),
1285 s, 1159 5, 1038 s; 'H NMR (300 MHz, CDCl;): 6 =1.14 (s, 9H, rBu),
1.23-1.68, 1.85-2.03 (m, 12H, 3'4',2,3,4,5-H,), 2.25 (brs, 1H, OH), 3.43
(dd, /=115, 62 Hz, 1H, 1"-H,), 3.57 (dd, J=11.7, 3.4 Hz, 1H, 1"-H,),
3.83-3.93 (m, 1H, 2"-H), 3.96-4.09 (m, 1H, 5'-H), 4.00 (t,/=6.6 Hz, 2H,
1-H,); BC NMR (75 MHz, CDCl,): 6 =25.8, 26.0, 27.5, 28.5, 32.0, 35.5 (C-
3'4'2-5),27.1 (C(CHs)s), 38.7 (C(CHj);), 64.2 (C-1), 65.0 (C-1"), 78.9 (C-
5),79.2 (C-2'),178.6 (COO1Bu); C,5H,s0, (272.38): caled C 66.14, H 10.36;
found C 65.69, H 10.04.
5-[(2'R,5'S)-5'-(Triethylsilyloxymethyl)-tetrahydrofuran-2’-yl]-pentan-1-ol
(38): 1. TES-protection: Imidazole (222 mg, 3.70 mmol) and powdered
molecular sieves (4 A, 50 mg) were added to a solution of the alcohol 37
(505 mg, 1.85 mmol) in CH,Cl, (20 mL). The mixture was treated with
TESCI (0.37 mL, 2.22 mmol) at 0°C. After stirring at rt for 2 h, the reaction
mixture was filtered through a pad of Celite and diluted with MTBE
(20 mL), phosphate buffer solution (10mL) and water (5mL). The
aqueous layer was extracted with MTBE (3 x 7mL) and the combined
organic layers were washed with sat. aq. NaCl solution (2 x 20 mL) and
dried with MgSO,. The solvents were evaporated and the residue was
purified by CC (25 g silica gel, PE/MTBE 2:1) to yield the protected
alcohol (617 mg, 86 %) as a colorless liquid.
5-[(2'R,5'S)-5'-(Triethylsilyloxymethyl)-tetrahydrofuran-2'-yl]-pentyl piva-
late: R;=0.67 (n-hexane/MTBE 1:1); [a]} =—3.8 (¢=1.0, CHCL); IR
(film): 7=2930/2875/2856 s (CH), 1760 s (C=0); 'H NMR (300 MHz,
CDCl;): 6=0.51-0.63 (m, 6H, 3 x SiCH,CHj;), 0.87-0.98 (m, 9H, 3 x
SiCH,CHs), 1.16 (s, 9H, tBu), 1.21-1.76 (m, 10H, 5 x alkyl-CH,), 1.88 -
2.02 (m, 2H, alkyl-CH,), 3.50 (dd, J=10.4, 5.5 Hz, 1H, 1"-H,), 3.60 (dd, J =
10.4,5.1 Hz, 1H, 1"-H,), 3.83-3.93 (m, 1 H, 2"-H), 3.97-4.06 (m, 1 H, 5-H),
4.01 (t, J=6.6Hz, 2H, 1-H,); “C NMR (75MHz, CDCL): 6=44
(SiCH,CH;);, 6.7 (SiCH,CH;);, 25.9, 26.1, 28.3, 28.6, 31.8, 357 (C-
3'4'2-5), 272 (C(CH,)3), 38.7 (C(CH,);), 64.3 (C-1), 65.7 (C-1"), 79.0
(C-5'),79.3 (C-2'), 178.6 (COOBu); C,;H,,0,Si (386.64): caled C 65.23, H
10.95; found C 64.98, H 10.85.

2. Cleavage of the pivalate: A solution of the pivalate (510 mg, 1.32 mmol)
in THF (15mL) was treated with DIBAH (3.30 mL, 3.30 mmol, 1M in
hexanes) at —40°C. The reaction mixture was allowed to warm up to
—15°C during 1h. The reaction was quenched by addition of MeOH
(1.5 mL), sat. aq. NaHCOj solution (4 mL) and ethyl acetate (15 mL). The
mixture was stirred for 30 min at rt, then solid Na,SO, (10 g) was added and
the mixture was stirred vigorously for 1 h. The mixture was filtered through
a pad of Celite and the solvents were removed in vacuo. The crude product
was purified by CC (25 g silica gel, PE/MTBE 2:1) to obtain alcohol 38
(373 mg, 93%) as a colorless oil. R;=0.33 (n-hexane/MTBE 1:1); [a]} =
—4.1 (¢=1.0, CHCL); IR (film): 7 = 3407 (OH), 2935/2877 s (CH), 1008 w,
743 w; '"H NMR (300 MHz, CDCL;): 6=0.57 (q, J=74Hz, 6H, 3 x
SiCH,CHj;), 0.92 (t, J=77 Hz, 9H, 3 x SiCH,CH,;), 1.22-1.76 (m, 11H,
OH, 5 x alkyl-CH,), 1.90-2.02 (m, 2H, alkyl-CH,), 3.50 (dd, J=10.4,
5.5Hz, 1H, 1"-H,), 3.56-3.64 (m, 3H, 1"-H,, 1-H,), 3.83-3.94 (m, 1 H, 2"-
H), 3.97-4.07 (m, 1H, 5-H); *C NMR (75MHz, CDCL): 6=44
(SiCH,CHy)s, 6.7 (SiCH,CHs;);, 25.8, 26.0, 28.3, 31.8, 32.7, 35.7 (C-3' 4’2 -
5), 62.9 (C-1), 65.7 (C-1"), 79.0 (C-5), 79.4 (C-2); CisH;,05Si (302.52):
caled C 63.52, H 11.33; found C 63.37, H 11.06.

Phosphonium salt 39: 1. Jodation: To a solution of imidazole (271 mg,
3.98 mmol) and PPh; (383 mg, 1.46 mmol) in CH,Cl, (15 mL) was added at
0°C first a solution of iodine (404 mg, 1.59 mmol) in CH,Cl, (7 mL) and
then a solution of alcohol 38 (401 mg, 1.33 mmol) in CH,Cl, (3 mL). The
reaction mixture was stirred at rt for 1.5 h, then Na,S,0; solution (5% in
water, 30 mL) was added and the mixture was stirred until the brown color
disappeared. The phases were separated and the aqueous layer was
extracted with MTBE (3 x 15 mL). The combined organic layers were
washed with sat. aq. NaCl solution (2 x 20 mL) and dried with MgSO,. The
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solvents were evaporated in vacuo and the residue was purified by CC (45 g
silica gel, PE/MTBE 1:1) to yield the iodide (460 mg, 84 %) as a colorless
oil.

(2R,5S5)-2-(5'-Iodopentyl)-5-(triethylsilyloxymethyl)-tetrahydrofuran:
R;=0.79 (n-hexane/MTBE 1:1); IR (film): #=2953/2935 s (CH), 2911 m,
2875 s, 1460 w, 1088 m, 1005 m, 800 w, 744/728 s; '"H NMR (300 MHz,
CDCl;): 6=0.51-0.63 (m, 6H, 3 x SiCH,CH,), 0.93 (t,/ =79 Hz, 9H, 3 x
SiCH,CH;), 1.20-1.86 (m, 10H, 5 x alkyl-CH,), 1.89-2.03 (m, 2H, alkyl-
CH,), 3.16 (t,/=70Hz, 2H, 5'-H,), 3.47-3.55 (m, 1H, 1"-H,), 3.55-3.63
(m,1H,1"-H,),3.82-3.94 (m, 1H, 2-H), 3.97-4.07 (m, 1 H, 5-H) ; *CNMR
(75 MHz, CDCly): 6 =4.4 (SiCH,CH,);, 6.7 (SiCH,CHy;);, 7.1 (C-5'), 25.2,
28.3, 30.6, 31.8, 33.5, 35.6 (C-3,4,1-4"), 65.7 (C-1"), 79.0 (C-5), 79.3 (C-2);
HR-MS (EI): C¢H;;10,Si caled 411.1216; found 411.1212 [M — H]*.

2. Preparation of the triphenyl-phosphonium salt 39: The iodide (205 mg,
0.50 mmol) and PPh; (656 mg, 2.5 mmol) were dissolved in toluene (3 mL)
and CH;CN (5 mL). The solution was stirred at 70 °C for 24 h. The mixture
was concentrated in vacuo and washed with Et,O several times until the
rinsing liquid was free of PPh; (checked by TLC). The phosphonium salt 39
was dried in vacuo (ca. 0.1 mbar) and was introduced in the Wittig reaction
without further purification.

Methyl (35)-6-(benzyloxy)-3-hydroxyhexanoate (41): 1. Alkylation: So-
dium hydride (80 % in mineral oil, 4.5 g, 150 mmol) was suspended in THF
(200 mL) and cooled to —30°C (internal temperature). The -ketoester 40
(13.9 g, 120 mmol) dissolved in THF (50 mL) was added dropwise, keeping
the temperature below —25°C and stirred for 15 min. Then n-butyllithium
(68.8 mL, 2.18 M in hexane, 150 mmol) was added (7' < 25°C). After 15 min
stirring, O-benzyl-2-bromoethanol (21.5 g, 100 mmol), diluted with THF
(50 mL), was added dropwise (7'< 10°C). The mixture was stirred for 2 h
(T<0°C) and then kept at —25°C for further 15 h. The reaction was
quenched by the addition of conc. HCl (30 mL), MTBE (150 mL) and
water (50 mL). The aqueous layer was extracted with MTBE (3 x 50 mL).
The combined organic layers were washed with sat. aq. NaHCOj; solution
(2 x50 mL) and sat. aq. NaCl solution (2 x 50 mL) and were dried with
MgSO,. The solvents were removed in vacuo and the residue was purified
by FCC (350 g silica gel, gradient PE/MTBE 8:1 to 1:2) to yield the desired
B-keto ester (18.0 g, 72 %) as a pale yellow oil.

Methyl 6-(benzyloxy)-3-oxohexanoate: R;=0.40 (n-hexane/MTBE 1:1);
IR (film): 7=2953/2862 s (CH), 1747/1716 s (C=0), 1453 m, 1437 m, 1322
m, 1261 m, 1104 m (COC), 739/699 m (Ar); '"H NMR (300 MHz, CDCL,):
0 =190 (quint, J=6.2 Hz, 2H, 5-H,), 2.64 (t,/ = 6.6 Hz, 2H, 4-H,), 3.44 (s,
2H, 2-H,), 3.48 (t, J=6.0 Hz, 2H, 6-H,), 3.70 (s, 3H, OCH,), 4.35 (s, 2H,
OCH,Ph), 7.25-7.36 (m, 5SH, Ph); 3C NMR (75 MHz, CDCl,): 6 =23.6 (C-
5), 39.7 (C-4), 48.9 (C-2), 52.2 (OCH3), 68.9 (C-6), 72.8 (OCH,Ph), 126.9,
1275, 127.6, 128.3, 128.4, 138.2 (Ph), 167.6 (C-1), 202.4 (C-3); C,;H 50,
(250.29): caled C 67.18, H 7.25; found C 67.13, H 7.34.

2. Asymmetric hydrogenation: For the preparation of the catalyst complex
[RuCL(PhH),], (94.3 mg, 0.145 mmol) and (S)-(—)-BINAP (200 mg,
0.32 mmol) were dissolved in DMF (SmL) and stirred at 110°C for
20 min. A solution of 6-benzyloxy-3-oxo-hexanoic acid methylester (12.0 g,
479 mmol) in degassed methanol (20 mL) was added to the catalyst
solution and this mixture was transferred to the hydrogenation reactor
(Premex) through a PTFE tube. The solution was treated with 4.5 bar
hydrogen at 95 °C and vigorous stirring for 18 h. After cooling to rt the dark
red solution was concentrated in vacuo and purified by FCC (400 g silica
gel, PE/MTBE 3:1 to 1:3) to afford -hydroxy ester 41 (10.58 g, 88%) as a
pale yellow liquid. The enantioselectivity was determined by chiral HPLC
and found to be 98:2 favoring the desired isomer. R;=0.25 (n-hexane/
MTBE 1:1); HPLC: t; (S enantiomer)=14.2 min, #; (R enantiomer)=
10.6 min (Chiralcel OD-H, n-hexane/iPrOH 90:10, 1.0 mLmin™'); [a]¥ =
23.7 (96:4 mixture of the enantiomers, ¢ =1.0, CHCl;); IR (film): v = 3444
br (OH), 2950/2858 m (CH), 1737 vs (C=0), 1438 m, 1201 m, 1166 m, 1098 s,
739/699 m; 'H NMR (300 MHz, CDCL;): 6 =1.41-1.60 (m, 2H, 5-H,),
1.60-1.79 (m, 2H, 4-H,), 2.36-2.43 (m, 2H, 2-H,), 3.26 (d, J=3.4 Hz, 1H,
OH), 3.43 (t,/=6.0 Hz, 2H, 6-H,), 3.62 (s, 3H, OCH,), 3.91-4.00 (m, 1 H,
3-H), 4.43 (s, 2H, OCH,Ph), 717-729 (m, 5H, Ph); 3C NMR (75 MHz,
CDCl,): 0 =25.8 (C-5), 33.6 (C-4), 41.3 (C-2), 51.2 (OCH3), 67.7 (C-3), 70.1
(C-6), 72.9 (OCH,Ph), 1275, 2 x 127.6, 2 x 128.3, 138.2 (Ph), 173.1 (C-1);
C,,H,0, (252.31): caled C 66.65, H 7.99; found C 66.66, H 7.79.

(35)-1,3-Bis(tert-butyldimethylsilyloxy)-6-benzyloxy-hexane (42): 1. Ester
reduction: In a two-necked flask equipped with a Claisen bridge, methyl
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ester 41 (1.0 g, 4.0 mmol) in THF (10 mL) was treated at rt with borane/
dimethyl sulfide complex (0.9 mL, 8.8 mmol). Dimethyl sulfide was distilled
off at 60°C with a light argon flow. After 30 min the Claisen bridge was
removed. The mixture was cooled to 0°C and water (8 mL) was added
carefully. After addition of solid K,CO; (500 mg) and MTBE (10 mL) the
phases were separated. The aqueous layer was extracted with MTBE (2 x
20 mL) and the combined organic layers were washed with sat. aq. NaCl
solution (2 x 15 mL) and dried with MgSO,. The solvents were removed in
vacuo and the residue was purified by FCC (60 g silica gel, MTBE) to yield
the benzyl protected triol (740 mg, 83 %) as a colorless liquid.
(35)-6-(Benzyloxy)hexane-1,3-diol: R;=0.16 (MTBE); [a]=-6.6 (c=
1.1, CHCL); IR (film): 7=3382 s (OH), 3087/3063/3030 w, 2941/2861 s
(CH), 1453 m, 1363 m, 1204 m, 1098 s, 734/698 m; 'H NMR (300 MHz,
CDCl;): 0 =1.45-1.80 (m, 6H, 2,4,5-H,), 3.40-3.55 (m, 4H, 1-H,, 2 x OH),
3.60-3.70 (m, 3H, 3-H, 6-H,), 4.50 (s, 2H, OCH,Ph), 720-7.37 (m, 5H,
Ph); ®*CNMR (75 MHz, CDCl;): 6 =26.0 (C-5), 34.9 (C-4), 38.3 (C-2), 61.3
(C-1),70.4 (C-3), 71.4 (C-6), 72.9 (OCH,Ph), 127.6, 1277, 128.3, 137.9 (Ph);
Cy3H,005 (224.30): caled C 69.61, H 8.99; found C 69.51, H 9.18.

2. TBDMS-protection: Imidazole (1.00g, 14.7 mmol), DMAP (60 mg,
0.49 mmol), and powdered molecular sieves (4 A, 50 mg) were added to a
solution of the unprotected diol (1.10 g, 4.90 mmol) in CH,Cl, (20 mL). The
mixture was treated with TBDMSCI (3.56 g, 11.8 mmol, 50 % in toluene) at
0°C. After stirring at rt for 16 h, the reaction mixture was filtered through a
pad of Celite and diluted with MTBE (30 mL) and half sat. aq. NH,Cl
solution (30 mL). The aqueous layer was extracted with MTBE (3 x
15 mL) and the combined organic layers were washed with sat. aq. NH,Cl
solution (20 mL), sat. aq. NaCl solution (20 mL) and dried with MgSO,.
The solvents were removed in vacuo and the product was purified by FCC
(100 g silica gel, PE/MTBE 2:1) to yield the fully protected triol 42 (1.96 g,
88%) as a colorless liquid. R;=0.50 (n-hexane/MTBE 10:1); [a]¥ = 8.6
(¢=2.0, CHCL); IR (film): 7 =2954/2929/2857 s, 1472 m, 1361 w, 1256 m,
1099 s, 8365, 775 s, 734/697 w; 'TH NMR (300 MHz, CDCl;): 6 =0.03 (s, 12 H,
4 x SiCH3), 0.87 (s, 18H, 2 x SiC(CHa);), 1.41-1.57 (m, 2H, 5-H,), 1.57-
1.72 (m, 4H, 2,4-H,), 3.45 (t,/=6.4 Hz, 2H, 1-H,), 3.65 (t, /=6.6 Hz, 2H,
6-H,), 3.84 (quint, J=5.6 Hz, 1H, 3-H), 4.49 (s, 2H, OCH,Ph), 7.24-735
(m, 5H, Ph); *C NMR (75 MHz, CDCl): 6=-5.3 (2 x SiCH;), —4.6,
—4.4 (2 xSiCH3), 18.1, 18.3 (2 x Si(C(CH,)3), 25.4 (C-5), 25.9, 259 (2 x
Si(C(CH;);), 33.9 (C-4), 40.9 (C-2), 59.9 (C-1), 69.1 (C-3), 70.6 (C-6), 72.8
(OCH,Ph), 1274, 1276, 128.3, 138.7 (Ph); CysH,505Si, (452.82): caled C
66.31, H 10.68; found C 66.34, H 10.48.
(45)-4,6-Bis(tert-butyldimethylsilyloxy)-hexan-1-ol (43): 10% Pd on acti-
vated carbon (ca. 0.4 mol%) (120 mg) was suspended in ethyl acetate
(75 mL, HPLC grade). The mixture was degassed and stirred under a
hydrogen atmosphere for 15 min. A solution of the benzyl ether 42 (13.0 g,
28.7 mmol) in ethyl acetate (20 mL) was added and the mixture was
vigorously stirred at rt for 20 h under hydrogen atmosphere (1 atm). The
suspension was filtered through a pad of Celite and the solvent was
removed in vacuo to yield 43 (10.1 g, 97 %) as a colorless oil. The product
required no further purification. R;=0.38 (n-hexane/MTBE 2:1); [a]¥ =
9.5 (¢=1.0, CHCL); IR (film): 7# = 3348 br (OH), 2954/2858 s (CH), 1463 w,
1339 w, 1255 m, 1096 m, 1054 m, 836 m, 774 w; 'H NMR (300 MHz, CDCl;):
0=0.02 (s, 6H, 2 x SiCHj;), 0.04 (s, 6H, 2 x SiCH;), 0.87 (s, 18H, 2 x
SiC(CHs);), 1.50-1.76 (m, 6H, 2,3,5-H,), 2.09 (brs, 1H, OH), 3.56-3.68
(m, 4H, 1,6-H,), 3.91 (quint, J=5.7 Hz, 1H, 4-H); *C NMR (75 MHz,
CDCLy): 0=-53 (2xSiCH;), —4.7, —4.5 (2 xSiCH;), 18.1, 182 (2 x
SiC(CHs;);), 25.9, 25.9 (2 x SiC(CH,)5), 28.1 (C-2), 33.7 (C-3), 39.5 (C-5),
59.8 (C-6), 63.1 (C-1), 69.0 (C-4); C;sH,,05Si, (362.70): caled C 59.61, H
11.67; found C 59.55, H 11.61.
(45)-4,6-Bis(tert-butyldimethylsilyloxy)-hexanoic acid (44): 1. Swern oxi-
dation: DMSO (9.86 mL, 139 mmol) was added at —75°C to a solution of
oxalyl chloride (6.07 mL, 69.6 mmol) in CH,Cl, (200 mL). After 15 min
stirring, a solution of the alcohol 43 (10.1 g, 27.8 mmol) in CH,Cl, (20 mL)
was added dropwise at —70°C. After stirring for 20 min, NEt; (27 mL,
195 mmol) was added dropwise at —50°C. The mixture was stirred at
—50°C for 30 min and at 0°C for 60 min. The reaction was quenched by the
addition of water (100 mL). The phases were separated and the aqueous
layer was extracted with CH,Cl, (3 x 30 mL). The combined organic layers
were washed with water (2 x 30 mL) and dried with MgSO,. The solvent
was removed in vacuo and the residue was filtered by FCC (100 g silica gel,
PE/MTBE 2:1) to yield the aldehyde (9.75 g, 97 %) as a yellow oil which
was oxidized to the carboxylic acid immediately.
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(45)-4,6-Bis(tert-butyldimethylsilyloxy)-hexanal: R;=0.62 (n-hexane/
MTBE 2:1); [a]5= 4.1 (¢=0.56, CHCL); IR (film): ¥#=2956/2930 s
(CH), 2889 m/2858 s (CH), 2822/2712 w (aldehyde-CH), 1730 s (C=0),
1473 m, 1389/1361 w (tBu), 1257 s, 1099 s, 1048 m, 836 s, 775 s; 'H NMR
(300 MHz, CDCl;): 6=0.00-0.04 (m, 12H, 2 x SiCH,), 0.84-0.88 (m,
18H, 2 x SiC(CHa);), 1.51-1.92 (m, 4H, 3,5-H,), 2.47 (dt, J=7.5, 1.5 Hz,
2H, 2-H,), 3.63 (t, /] =6.4 Hz, 2H, 6-H,), 3.88 (quint, / =5.5 Hz, 1 H, 4-H),
9.76 (t, J=15Hz, 1H, 1-H); ¥C NMR (75 MHz, CDCl;): 6 =—5.4 (2 x
SiCH,), —4.6, —4.5 (2 x SiCH3;), 18.0, 18.2 (2 x Si(C(CHj;)s3), 25.8,25.9 (2 x
Si(C(CH,)3), 29.2 (C-5), 39.6 (C-3), 39.8 (C-2), 59.6 (C-6), 68.2 (C-4), 202.5
(C-1).

2. Chlorite oxidation: A solution of the aldehyde (9.75 g, 27 mmol) in
tBuOH (100 mL, p.A.) and 2-methyl-2-butene (25 mL) was treated with a
solution of NaClO, (purity 80 %, 9.4 g, 83.4 mmol) and NaHPO, x 2H,0
(173 g, 111 mmol) in water (120mL) at 0°C. The mixture was stirred
vigorously at rt for 2 h, then the phases were separated. The aqueous layer
was extracted with MTBE (2 x 30 mL) and the combined organic layers
were washed with sat. aq. NaCl solution (2x40mL) and dried with
MgSO,. The solvents were evaporated and the residue was purified by CC
(100 g silica gel, CHCL;/MeOH 19:1) to afford the carboxylic acid 44
(9.84 2,97 %) as a colorless oil. R;=0.25 (CHCL/MeOH 19:1); [a]} = 1.6
(¢=1.0, CHCL); IR (film): 7 =2956/2930/2858 m, 1712 m (C=0), 1473 w,
1257 w, 1098 w, 836 w, 775 w; 'H NMR (300 MHz, CDCl;): 6 =0.00-0.04
(m, 12H, 2 x SiCHj;), 0.84-0.88 (m, 18H, 2 x SiC(CHs);), 1.51-1.92 (m,
4H, 3,5-H,), 2.40 (t, J=7.7 Hz, 2H, 2-H,), 3.63 (t, J=6.4 Hz, 2H, 6-H,),
3.88 (quint, J=5.7 Hz, 1H, 4-H); ®C NMR (75 MHz, CDCL): 6 =—5.4
(2 x SiCH3), —4.6 (2 x SiCH3;), 18.0, 18.2 (2 x SiC(CHy;)5), 25.8, 25.9 (2 x
SiC(CHs;);), 29.6 (C-5), 31.7 (C-3), 39.8 (C-2), 59.6 (C-6), 68.2 (C-4), 179.7
(C-1); C;sH,O,Si, (376.68): caled C 57.40, H 10.70; found C 57.19, H 10.24.

(360,55)-3-[ (2'S)-2' 4-Bis(tert-butyldimethylsilyloxy)-butyl]-5-methyl-di-
hydrofuran-2(3H)-one (45): A solution of diisopropylamine (4.34 mL,
31.9 mmol) in THF (90 mL) was treated with n-butyllithium (10.6 mL, 2.5m
in hexanes, 26.6 mmol). The temperature was allowed to rise to 0°C during
30 min. At 0°C a solution of the carboxylic acid 44 in THF (20 mL) was
added dropwise. The dark yellow solution was stirred for 40 min at 0°C.
Then a solution of (§)-propylene oxide in THF (10 mL) was added. The
cooling bath was removed and the mixture was stirred at rt for 3 h. The
reaction was quenched by the addition of sat. aq. NH,Cl solution (20 mL),
water (20 mL) and MTBE (30 mL). The aqueous layer was extracted with
MTBE (2 x 30 mL), acidified to pH 3 with HCI (2m), and extracted with
MTBE (2 x 20 mL) again. The combined organic layers were washed with a
sat. aq. NaCl solution (3 x 40 mL) and dried with MgSO,. The mixture was
concentrated in vacuo and redissolved in CH,Cl, (50 mL). At 0°C NEt;
(2.9 mL, 21.2 mmol) and pivaloyl chloride (1.4 g, 11.7 mmol) were added.
The mixture was stirred at rt for 30 min. The reaction was quenched by
addition of water (40 mL), the phases were separated and the aqueous
layer was extracted with MTBE (3 x 20 mL). The combined organic layers
were washed with sat. aq. NaCl solution (2x30mL) and dried with
MgSO,. The solvents were removed under reduced pressure and the
residue was purified by FCC (120 g silica gel, PE/MTBE 5:1) to afford a 2:1
mixture (‘H NMR) of the epimeric lactones 45 (2.94 g, 67 %) as a colorless
oil. R;=0.63 (n-hexane/MTBE 1:1); IR (film): 7 =2956/2930 s (CH), 2896/
2886 m, 2858 s, 1774 s (C=0), 1257 m, 836 m, 775 s; '"H NMR (300 MHz,
CDCl;): major epimer: 0 =0.00-0.06 (m, 12H, 2 x SiCH3), 0.86 (s, 18H,
2 x SiC(CHs;)3), 1.33 (d, J=6.4 Hz, CH;), 1.42-1.82 (m, 4H, 1'-H,, 3-H,),
1.98-2.15 (m, 2H, 4-H,), 2.65-2.85 (m, 1H, 3-H), 3.56-3.71 (m, 2H, 4'-
H,), 3.96-4.07 (m, 1H, 2'-H), 4.57-4.69 (m, 1 H, 5-H); minor epimer: 6 =
0.00-0.06 (m, 12H, 2 x SiCHj), 0.86 (s, 18 H, 2 x SiC(CHs);), 1.39 (d, J=
6.4 Hz, CH;), 1.42-1.82 (m, 4H, 1'-H,, 3'-H,), 1.98-2.15 (m, 2H, 4-H,),
2.44-2.55 (m, 1H, 3-H), 3.56-3.71 (m, 2H, 4-H,), 3.87-3.97 (m, 1H, 2'-
H), 4.37-4.50 (m, 1H, 5-H); *C NMR (75 MHz, CDCl;): major epimer:
0=—5.4(2xSiCH;), —4.6, —4.5 (2 x SiCHy;), 18.0, 18.2 (2 x Si(C(CH,);),
21.0 (CHs), 25.8 (2 x Si(C(CHs,)3), 35.5 (C-3), 36.3 (C-4), 38.5 (C-1'), 40.3
(C-3), 59.4 (C-4), 677 (C-2'), 74.6 (C-5), 179.3 (C-2); minor epimer: 6 =
—5.4 (2 x SiCH;), —4.6, —4.5 (2 x SiCH3), 18.0, 18.2 (2 x SiC(CH,);), 20.9
(CHs), 25.8 (2 x SiC(CHs);), 377, 38.0, 38.2 (C-3,4,1'), 40.0 (C-3'), 59.4 (C-
4), 674 (C-2'),75.2 (C-5), 179.4 (C-2); C,;H4,0,Si;, (416.74): caled C 60.52,
H 10.64; found C 60.63, H 10.48.

(58)-3-[ (2'S)-2' 4’ -Bis(tert-butyldimethylsilyloxy)-butyl]-5-methylfuran-
2(5H)-one (47): A solution of lactone 45 (1.72 g, 4.12 mmol) in THF
(40 mL) was treated with a suspension of KHMDS (2.46 g, 12.4 mmol) in
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THF (15 mL) at —20°C. The yellow mixture was warmed up to 0°C and
stirred for 30 min. A solution of PhSeCl (2.36 g, 12.4 mmol) in THF
(10 mL) was added and the reaction mixture was stirred at 0°C for 1 h and
additional 20 min at rt. The reaction was quenched by the addition of
phosphate buffer solution (1m, pH 7) (30 mL), water (30 mL) and MTBE
(30 mL). The aqueous layer was extracted with MTBE (3 x 20 mL) and the
combined organic layers were washed with sat. aq. NaCl solution (2 x
30 mL) and dried with MgSO,. The mixture was concentrated in vacuo and
the crude selenium compound 46 was redissolved in THF/MeOH (20 mL/
20 mL). At 0°C MMPP (purity 85%, 9.5 g, 16.5 mmol) was added. The
solution was stirred at rt for 20 min, then phosphate buffer solution (1M,
pH7) (15mL), water (25 mL), and MTBE (40 mL) were added. The
aqueous layer was extracted with MTBE (2 x 20 mL) and CH,Cl, (15 mL).
The combined organic layers were washed with sat. aq. NaCl solution (2 x
30 mL) and dried with MgSO,. The solvents were removed in vacuo and
the residue was purified by FCC (60 g silica gel, PE/MTBE 5:1) to yield the
unsaturated lactone 47 (1.51 g, 87%) as a colorless liquid. R;=0.20 (n-
hexane/MTBE 5:1); [¢]¥ = 31.7 (¢ =1.0, CHCly); IR (film): 7 =2956/2930
s (CH), 2858 m, 2762 s (C=0), 1473 m, 1257 m, 1097 s, 1030 m, 837 s, 775 s;
'"H NMR (300 MHz, CDCl;): 6=0.00-0.06 (m, 12H, 2 x SiCH3;), 0.83-
0.88 (m, 18 H, 2 x SiC(CHj;)3), 1.38 (d, J = 6.8 Hz, CH3;), 1.58-1.68 (m, 2H,
3'-H,), 2.42-2.47 (m, 2H, 1'-H,), 3.58-3.72 (m, 2H, 4'-H,), 4.05-4.15 (m,
1H, 2'-H), 4.93-5.02 (m, 1H, 5-H), 710-7.13 (m, 1H, 4-H); ¥C NMR
(75 MHz, CDCl,): 6 = —5.4 (2 x SiCH;), —4.7, — 4.5 (2 x SiCH3;), 18.0, 18.2
(2 x SiC(CH;);), 19.0 (CH3), 25.8,25.9 (2 x SiC(CHj)3), 32.9 (C-1'),39.6 (C-
3),59.5 (C-4'), 67.3 (C-2), 775 (C-5), 130.6 (C-3), 151.5 (C-4), 174.0 (C-2);
C,H,,0,Si, (414.73): caled C 60.82, H 10.21; found C 60.57, H 10.15.

(59)-3-[ (2'S)-2'-(tert-Butyldimethylsilyloxy)-4'-hydroxy-butyl]-5-methyl-
furan-2(5H)-one (48): At 0°C a solution of CSA (188 mg, 0.81 mmol) in
MeOH (20 mL) was added to a solution of the protected alcohol 47 (1.35 g,
3.26 mmol) in CH,Cl, (20 mL). The mixture was stirred at 0°C for 30 min,
then phosphate buffer solution (1M, pH 7) (5 mL) and water (10 mL) were
added. The aqueous layer was extracted with MTBE (4 x 10 mL) and the
combined organic layers were washed with sat. aqg. NaHCO; solution
(pH 8,10 mL), H,0O (10 mL), sat. aq. NaCl solution (2 x 15 mL), and dried
with MgSO,. The solvents were evaporated in vacuo and the residue was
purified by FCC (60 g silica gel, PE/MTBE 1:2) to yield the primary alcohol
48 (772 mg, 79 %) as a colorless liquid. 11 % starting material 47 (155 mg)
was recovered. R;=0.16 (n-hexane/MTBE 1:2); [a]g = 40.5 (c=13,
CHCL); IR (film): 7=3443 br (OH), 2955/2931 s, 2887/2858 m, 1752 s
(C=0), 1256 m, 1085 m, 1028 m, 837 m, 776 m; 'H NMR (300 MHz,
CDCl;): 6=0.05 (s, 3H, SiCH;), 0.08 (s, 3H, SiCH;), 0.86 (s, 9H,
SiC(CHs);), 1.39 (d, /= 6.8 Hz, CHj;), 1.59-1.81 (m, 2H, 3'-H,), 2.21 (brs,
OH), 2.42-2.58 (m, 2H, 1'-H,), 3.66-3.84 (m, 2H, 4-H,), 4.14-4.24 (m,
1H, 2-H), 4.95-5.04 (m, 1H, 5-H), 7.09-713 (m, 1H, 4-H); C NMR
(75 MHz, CDCly): 0=—-4.8, —4.5 (2 xSiCH;), 179 (SiC(CH;);), 18.9
(CH3;), 25.8 (SiC(CH;)53), 32.9 (C-1"),38.1 (C-3'),59.7 (C-4), 68.9 (C-2'), 77.6
(C-5), 130.4 (C-3), 151.9 (C-4), 173.9 (C-2); C;sHp0,Si (300.47): caled C
59.96, H 9.39; found C 59.86, H 9.01.

(35)-3-(tert-Butyldimethylsilyloxy)-4-[ (5'S)-5'-methyl-2'-0x0-2',5'-dihydro-
furan-3'-yl]-butanal (49): Dess — Martin periodinane (2.12 g, 5.0 mmol) was
added to a solution of alcohol 48 (500 mg, 1.66 mmol) in CH,Cl, (20 mL)
and pyridine (1.34 mL, 16.6 mmol). The solution was stirred at rt for 4.5 h,
then phosphate buffer solution (1M, pH 7, 15 mL) and water (10 mL) were
added. The aqueous layer was extracted with MTBE (3 x 15 mL) and the
combined organic layers were washed with sat. aq. NaCl solution (2 x
20 mL) and dried with MgSO,. The solution was concentrated in vacuo and
the residue was purified by FCC (40 g silica gel, PE/MTBE 1:1) to afford
aldehyde 49 (446 mg, 90 %) as a colorless oil. R;=0.30 (n-hexane/MTBE
1:1); [a] = 278 (¢=0.36, CHCl;); IR (film): 7#=2956/2932 s (CH), 2858
m, 1755/1728 s (C=0), 1405 m, 1085 m, 938 m; '"H NMR (300 MHz, CDCL,):
0=0.03-0.07 (m, 6H, 2 x SiCH3;), 0.81-0.86 (m, 9H, SiC(CH;);), 1.40 (d,
J=6.8Hz, 3H, CH,), 2.43-2.61 (m, 4H, 2,4-H,), 4.45-4.55 (m, 1 H, 3-H),
4.95-5.05 (m, 1H, 5-H), 7.11-7.16 (m, 1H, 4-H), 9.77 (t, J=2.3 Hz, 1H,
1-H); ®C NMR (75MHz, CDCly): d=—4.8, —4.6 (2xSiCH;), 17.9
(Si(C(CHs);), 18.7 (CH;), 25.6 (Si(C(CHs)s3), 33.4 (C-4), 50.2 (C-2), 65.9
(C-3), 776 (C-5'), 129.7 (C-3'), 152.4 (C-4), 173.6 (C-2'), 201.2 (C-1);
C;5sH,60,S1 (298.45): caled C 60.37, H 8.78; found C 60.33, H 9.11.
(55)-3-{(2'R,4' ©)-2'-tert-Butyldimethylsilyloxy-9'-[ (2"R,5"S)-5"-(triethyl-
silyloxy)methyl-tetrahydrofuran-2"-yl}-non-4'-enyl]-5-methylfuran-2(5H)-
one (50): The phosphonium salt 39 was dissolved in THF (5 mL) and
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treated with NaHMDS (0.4 mL 1M in THF, 0.4 mmol) at 0°C. The orange
solution was stirred at 0°C for 30 min, then it was cooled to —70°C and a
solution of aldehyde 49 (120 mg, 0.4 mmol) in THF (3 mL) was added
dropwise. The cooling bath was replaced by an ice bath and the now light
brown-yellow solution was stirred 20 min at 0°C. The reaction was
quenched by the addition of phosphate buffer solution (1m, pH 7, 7 mL).
The mixture was diluted with MTBE (10 mL) and water (8 mL). The
aqueous layer was extracted with MTBE (3 x 7mL) and the combined
organic layers were washed with sat. ag. NaCl solution (2 x 10 mL) and
dried with MgSO,. The solvents were removed in vacuo and the residue
was purified by FCC (35 g silica gel, PE/MTBE 2:1) to yield olefin 50
(138 mg, 60 %) as a colorless oil. R;=0.65 (n-hexane/MTBE 1:1); IR (film):
7=2954/2929 s (CH), 2876/2857 m (CH), 1767 m (C=0), 1462 w, 1377/1361
w (tBu), 1252 w, 1083 m, 1005 w, 837 w, 776 w; 'H NMR (300 MHz, CDCL,):
0=-0.01 (s, 3H, SiCHj), 0.03 (s, 3H, SiCH;), 0.58 (q, /=8.0 Hz, 6H, 3 x
SiCH,CH3), 0.85 (s, 9H, SiC(CH;);), 093 (t, /J=81Hz, 9H, 3x
SiCH,CHj3), 1.39 (d, /=72 Hz, 3H, CH;), 1.22-1.76 (m, 8H, 4 x alkyl-
CH,), 1.90-2.04 (m, 4 H, 2 x alkyl-CH,), 2.09-2.48 (m, 4 H, 2 x alkyl-CH,),
3.50 (dd, /=104, 5.5 Hz, 1H, 1""-H,), 3.60 (dd, /=104, 5.1 Hz, 1H, 1"-
H,), 3.82-3.93 (m, 1H, 2"-H), 3.93-4.08 (m, 2H, 4-H, 5"-H), 4.98 (dq, J =
6.7,1.0 Hz, 1H, 5-H), 5.27-5.53 (m, 2H, 4-H, 5'-H), 7.09 (d, /= 1.5 Hz, 1 H,
4-H); BC NMR (75 MHz, CDCl;): 6 =—4.6, —4.4 (2 x SiCH;), 4.4 (2 x
SiCH,CHj;), 6.7 (2 x SiCH,CH;), 18.0 (SiC(CH;);), 189 (CHj), 25.8
(SiC(CHs,)s), 26.0, 27.5, 28.3, 29.7, 31.8, 32.6, 35.1, 35.7 (C-1',3,6'-9',3" 4"),
66.7 (C-1""), 70.0 (C-2), 77.2 (C-5), 79.0 (C-5"), 79.4 (C-2"), 124.8 (C-5'),
130.9 (C-3), 132.1 (C-4'), 151.5 (C-4), 173.9 (C-2); C;;H5305Si, (566.96):
caled C 65.67, H10.31; found C 66.11, H 10.19; HR-MS (EI): caled 567.3901;
found 567.3902 [M+H]".

(55)-3-{(2'R)-tert-Butyldimethylsilyloxy-9'-[ (2”R,5"S)-5"-(hydroxymeth-
yl)-tetrahydrofuran-2"-yl]-nonyl}-5-methylfuran-2(5SH)-one (51): 1. Wilkin-
son hydrogenation: A solution of [(PPh;);RhCl] (85 mg, 0.09 mmol) in
benzene (4 mL, spectroscopy grade) was degassed and stirred under
hydrogen atmosphere for 15min. A solution of olefin 50 (340 mg,
0.60 mmol) in benzene (2 mL) was added and the mixture was stirred
under hydrogen atmosphere (1atm) for 3h at rt. The solution was
concentrated in vacuo and the residue was purified by FCC (18 g silica gel,
cyclohexane/MTBE 2:1) to yield the desired compound (325 mg, 95 %) as a
light brown oil.

(55)-3-{(2'R)-tert-Butyldimethylsilyloxy-9'-{(2"R,5"S)-5"-[ (triethylsilyl-
oxy)methyl]-tetrahydrofuran-2"-yl}-nonyl}-5-methyl-furan-2(5H)-one:
R;=0.55 (silica gel treated with 1M AgNOs, n-hexane/MTBE 2:1); [a]¥ =
5.6 (c=1.1, CHCLy); IR (film): #=2953/2930 s (CH), 2876/2857 m (CH),
1766 s (C=0), 1463 w, 1385 w, 1253 w, 1084 m, 1005 w, 836 w; 'H NMR
(300 MHz, CDCl;): 6 =—0.01- —0.06 (m, 6H, 2 x SiCHj;), 0.58 (q, J=
79 Hz, 6H, 3 x SiCH,CHj3), 0.85 (s, 9H, SiC(CHj;);), 0.93 (t, /=79 Hz,
9H, 3 x SiCH,CH;), 1.39 (d, /=7.2 Hz, 3H, CH3;), 1.15-1.75 (m, 16 H, 8 x
alkyl-CH,), 1.90-2.03 (m, 2H, alkyl-CH,), 2.37-2.43 (m, 2H, 1'-H,), 3.50
(dd, /=104, 5.5Hz, 1H, 1""-H,), 3.61 (dd, J=10.6, 49 Hz, 1H, 1"'-H,),
3.61-3.97 (m, 2H, 12-H, 2'-H), 3.97-4.07 (m, 1H, 5"-H), 4.98 (dq, J =6.7,
1.4 Hz, 1H, 5-H), 7.09 (d,J = 1.1 Hz, 1 H, 4-H); 3C NMR (75 MHz, CDCl,):
0=-45 (2xSiCH;), 44 (2xSiCH,CH;), 6.7 (2xSiCH,CH;), 18.0
(SiC(CH;)3), 19.0 (CHj), 25.9 (SiC(CH,);), 25.1, 26.2, 270, 28.3, 29.5,
29.6,31.8, 32.7, 35.8, 36.9 (C-1',3'-9,3" 4"), 65.8 (C-1""), 70.1 (C-2"), 774 (C-
5), 79.0 (C-5"), 79.5 (C-2"), 130.8 (C-3), 151.4 (C-4), 174.0 (C-2); HR-MS
(EI): C5,Hg,O5Si; caled 569.4058; found 569.4055 [M+H]*.

2. TES-deprotection: At —20°C a solution of CSA (10 mg, 43 pmol) in
MeOH (1 mL) was added to a solution of the protected alcohol (307 mg,
540 umol) in CH,Cl, (5 mL). The mixture was stirred at —20°C for 10 min,
then phosphate buffer solution (1M, pH 7, 3 mL) and water (2 mL) were
added. The aqueous layer was extracted with MTBE (4 x 5 mL) and the
combined organic layers were washed with sat. aq. NaCl solution (2 x
7 mL) and dried with MgSO,. The solvents were evaporated in vacuo and
the residue was purified by FCC (15 g silica gel, MTBE) to yield the
primary alcohol 51 (187 mg, 76%) as a light orange liquid. R;=0.44
(MTBE); [a] = 3.5 (¢=0.6, CHCL); IR (film): 7 =3433 br (OH), 2929 s
(CH), 2857 m (CH), 1757 m (C=0), 1462 w, 1377 w, 1361 w, 1254 w, 1196 w,
1976 m, 836 m, 775 w; 'H NMR (300 MHz, CDCL): 6 =—0.04 (s, 3H,
SiCH;), —0.01 (s, 3H, SiCH,), 0.81 (s, 9H, SiC(CH,);), 1.36 (d, J=6.8 Hz,
3H, CH;), 1.14-1.69 (m, 16H, 8 x alkyl-CH,), 1.84-2.03 (m, 2H, alkyl-
CH,), 1.36 (brs, 1H, OH),2.36 (d,/ =5.3 Hz,2H, 1"-H,),3.37-3.48 (m, 1 H,
1"-H,), 3.51-3.62 (m, 1H, 1'"-H,), 3.81-3.95 (m, 2H, 2"-H, 2"-H), 3.99-
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4.09 (m, 1H, 5"-H), 490-5.00 (m, 1H, 5-H), 7.04-709 (m, 1H, 4-H);
13C NMR (75 MHz, CDCly): 6 =—4.6 (2 x SiCH,), 179 (SiC(CHy),), 18.9
(CH,), 25.8 (SiC(CHy),), 25.0, 26.1, 274, 29.4, 29.5 (2 x), 31.9, 32.6, 35.6,
36.8 (C-1'3-9'3" 4"), 64.9 (C-1""), 70.1 (C-2'), 774 (C-5), 78.8 (C-5"), 79.4
(C-2"),130.7 (C-3), 151.5 (C-4), 174.0 (C-2); HR-MS (EI): C,sH,0;Si caled
455.3193; found 4553191 [M+H]*.

(28,5R)-5-{(8'R)-8'- tert-Butyldimethylsilyloxy-9'-[ (5”S)-5"-methyl-2"-oxo-
2",5"-dihydrofuran-3"-yllnonyl}-tetrahydrofuran-2-carbaldehyde (52):
Dess —Martin periodinane (145 mg, 340 umol) was added to a solution of
alcohol 51 (78 mg, 170 umol) in CH,Cl, (6 mL) and pyridine (0.14 mL,
1.7 mmol). The solution was allowed to warm up to rt and was stirred for
4.5 h, then phosphate buffer solution (1M, pH 7, 5 mL), water (3 mL) and
MTBE (6 mL) were added. The aqueous layer was extracted with MTBE
(4 x 7mL) and the combined organic layers were washed with sat. aq. NaCl
solution (2 x 10 mL) and dried with MgSO,. The solution was concentrated
in vacuo and the residue was purified by FCC (8 gsilica gel, PE'MTBE 1:2)
to afford aldehyde 52 (70 mg, 91 %) as a colorless oil. R;=0.38 (n-hexane/
MTBE 1:2); IR (film): 7# =2930/2857 s (CH), 1757 s (C=0), 1405 w, 1255 w,
1076 m, 837 m, 776 w; 'H NMR (300 MHz, CDCl;): 6 =—0.02 (s, 3H,
SiCHj;), 0.00 (s, 3H, SiCHj;), 0.83 (s, 9H, SiC(CHs;)s), 1.37 (d, J=6.8 Hz,
3H, CH,), 1.15-2.21 (m, 18H, 1'-7',3,4-CH,), 2.37 (d, J=5.6 Hz, 2H, 9"-
H,), 3.84-4.01 (m, 2H, 5-H, 8-H), 4.24-4.31 (m, 1H, 2-H), 4.96 (dq, J =
6.8, 0.9 Hz, 1H, 5"-H), 705-7.10 (m, 1H, 4"-H), 9.61 (d, /=19 Hz, 1H,
CHO); C NMR (75MHz, CDClL): 6=-4.5 (2xSiCH;), 18.0
(SiC(CHs;)3), 18. 9 (CH;), 25.8 (SiC(CHs;)s3), 25.0, 26.0, 27.1, 29.4, 29.5,
29.5,31.1,32.6,35.3,36.9 (C-3,4,1'-7".9), 70.1 (C-8'), 77.4 (C-5"), 81.2 (C-2),
82.3 (C-5), 130.7 (C-3"), 151.5 (C-4"), 174.0 (C-2"), 203.2 (CHO); HR-MS
(EI): Cy5sHy,O5Si caled 452.2958; found 452.2959 [M]*.

(25,55,1”R,4" R)- tert-Butyldiphenylsilyloxymethyl-5-(1"-hydroxy-4"-tert-
butyldimethylsilyloxy)-pentyl-tetrahydrofuran (57): (BuLi (0.35 mL,
0.59 mmol, 1.68M in pentane) was added to a solution of iodide 55
(101 mg, 0.32 mmol) in Et,0 (7 mL) at —105°C. After 10 min magnesium
bromide etherate (0.27 mL, 0.64 mmol, 2.35m in Et,0) was added and the
solution was stirred for 1.5 h (—100°C — —25°C). Then the mixture was
cooled to —78°C and a solution of aldehyde 56 (118 mg, 0.32 mmol) in
Et,0 (2 mL) was added. The solution was allowed to warm up to —10°C
during 1.5 h. The reaction was quenched by the addition of water (2 mL).
The mixture was diluted with water (5mL) and MTBE (10 mL). The
aqueous layer was extracted with MTBE (3 x SmL) and the combined
organic layers were washed with a sat. aq. NaCl solution (5 mL) and dried
with MgSO,. The solvents were removed in vacuo and the residue was
purified by FCC (20 g silica gel, PE/MTBE 5:1) to yield the coupling
products 57 and 58 (131 mg, 0.235 mmol, 73%) as colorless oils. The
diastereomers could be separated by FCC (6:1 mixture): 57 (major isomer,
chelate product): R;=0.46 (n-hexane/MTBE 5:1); 58 (minor isomer): R;=
0.33 (n-hexane/MTBE 5:1); 57 (major isomer): 'H NMR (300 MHz,
CDCLy): 6=0.05 (s, 6H, SiCHj;), 0.89 (s, 9H, SiC(CH,);), 1.06 (s, 9H,
SiC(CHs;);), 1.13-1.19 (m, 3H, 5"-H;), 1.45-1.54 (m, 2H, 2"-H,), 1.60-1.72
(m,2H, 3"-H,), 1.77-1.90 (m, 2H, 3,4-H,), 1.91-2.51 (m, 2H, 3,4-H,), 2.40
(m,1H,1”-OH), 3.33-3.44 (m, 1H, 1"-H), 3.62-3.71 (m, 2H, 1'-H,), 3.79 -
3.90 (m, 2H, 4", 5-H), 4.08-4.17 (m, 1H, 2-H), 7.37-740 (m, 6H, SiPh),
7.67-771 (m, 4H, SiPh); ®C NMR (75 MHz, CDCL): 6=—-4.7, —4.4
(SiCH,), 18.1, 19.2 [SiC(CHs;) ], 23.7 (C-5"), 25.9, 26.7 [C(CH,)], 28.2, 28.4
(C-3,C-4),29.2 (C-2"),35.2(C-3"),66.4 (C-1"),68.3 (C-4"),73.8 (C-1"),79.5
(C-2), 82.6 (C-5), 127.6, 129.6, 133.6, 135.6 (SiPh); HR-MS (C;,H5,0,Si,):
calcd 499.2700; found 499.2698 [M — C,H,]*. 58 (minor isomer): '"H NMR
(300 MHz, CDCl;): 6 =0.05 (s, 6 H, SiCH3), 0.89 (s, 9H, SiC(CHs)5), 1.05 (s,
9H, SiC(CH,);), 1.13-1.19 (m, 3H, 5"-H;), 1.42-2.14 (m, 8H, 2",3" 3 4-
H,),2.51 (d,J=2.4Hz, 1H,1"-OH), 3.67-3.76 (m, 3H, 1"-H, 1'-H,), 3.79 -
3.89 (m, 2H, 4", 5-H), 4.08-4.18 (m, 1H, 2-H), 7.37-740 (m, 6 H, SiPh),
7.67-772 (m, 4H, SiPh); *C NMR (75 MHz, CDCL): 6 =—4.7, —4.4
(SiCHs), 18.1, 19.2 [SiC(CHs3) ], 23.7 (C-5"), 25.9, 26.7 [C(CH3) ], 28.2, 28.3
(C-3,C-4),29.2 (C-2"),35.2 (C-3"),66.0 (C-1), 67.6 (C-4"), 72.1 (C-1"),79.9
(C-2), 83.4 (C-5), 1276, 129.6, 133.6, 135.6 (SiPh).

Protected mucocin fragment without butenolide 59: Iodide 20 (230 mg,
0.35 mmol) was dissolved in Et,O (10 mL) at —105°C. BuLi (0.40 mL,
0.67 mmol, 1.68M in pentane) and, after 10 min, magnesium bromide
etherate (0.29 mL, 0.68 mmol, 2.3M in Et,0) were added and the solution
was allowed to warm up to —10°C during 1.5 h. Then the mixture was
cooled to —78°C and a solution of aldehyde 56 (104 mg, 0.28 mmol) in
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Et,0 (2mL) was added. The mixture was stirred for 1.5h (—78°C —
—10°C). The reaction was quenched by the addition of sat. aq. sodium
bicarbonate solution (10 mL). The aqueous layer was extracted with
MTBE (3 x 5 mL) and the combined organic layers were washed with sat.
aq. NaCl solution (5mL) and dried with MgSO,. The solvents were
removed in vacuo and the residue was purified by FCC (100 g silica gel, PE/
MTBE 10:1) to yield the coupling products 59 and 60 (124 mg, 0.139 mmol,
50 %) as colorless oils. The diasteromers could be separated by FCC (4.5:1
mixture): 59 (major isomer, chelate product): R;=0.34 (n-hexane/MTBE
10:1); 60 (minor isomer): R;=0.31 (n-hexane/MTBE 10:1); 59 (major
isomer): '"H NMR (300 MHz, CDCl;): 6 =0.05 (s, 12H, Si(CH,)), 0.88 (m,
21H, SiC(CH,), 34-H3), 1.06 (s, 9H, SiC(CH,);), 1.31-2.10 (m, 30H, 13,
14,17, 18, 21, 22, 25, 26, 27, 28, 29, 30, 31, 32, 33-H,), 2.39 (m, 1 H, 16-OH),
2.99-3.04 (m, 1H, 24-H), 3.21-3.30 (m, 2H, 20-H, 23-H), 3.31-3.40 (m,
1H, 16-H) 3.61-3.70 (m, 3H, 11-H,, 19-H), 3.78-3.86 (m, 1H, 15-H),
4.07-4.16 (m, 1H, 12-H), 7.37-740 (m, 6H, SiPh), 7.67-7.71 (m, 4H,
SiPh); C NMR (75 MHz, CDCly): 6 =—4.8, —4.6, —4.4, —4.0 (SiCH,),
14.1 (C-34), 18.0, 18.2, 19.2 (SiC(CHs)5), 25.8, 25.9, (SiC(CHs;);), 22.7,25.1,
26.8,28.3,28.4,29.1,29.3, 29.6, 29.7, 29.8, 31.9, 33.5 (C-13, 14, 17, 18, 21, 22,
25-33), 66.4 (C-11), 71.0 (C-23), 74.1 (C-19), 74.5 (C-16), 79.5 (C-12), 80.0
(C-20), 82.4 (C-24), 82.8 (C-15), 127.6, 129.6, 133.6, 135.6 (SiPh); 60 (minor
isomer): '"H NMR (300 MHz, CDCl;): 6 =0.05 (s, 12H, Si(CH,)), 0.88 (m,
21H, SiC(CH,);, 34-H;), 1.06 (s, 9H, SiC(CH;);), 1.31-2.10 (m, 30H,
13,14,17,18,21,22,25,26,27,28,29,30,31,32,33-H,), 2.43 (m, 1H, 16-OH),
2.97-3.04 (m, 1H, 24-H), 3.19-3.27 (m, 2H, 20,23-H), 3.61-3.74 (m,
4H, 11-H,, 16,19-H), 3.78-3.90 (m, 1H, 15-H), 4.09-4.16 (m, 1H, 12-H),
7.37-740 (m, 6H, SiPh), 7.67-7.71 (m, 4H, SiPh); C NMR (75 MHz,
CDClLy): 6=—-4.8, —4.6, —4.4, —4.0 (SiCH;), 14.1 (C-34), 18.0, 18.2, 19.2
(SiC(CHs,)s), 25.8, 25.9, (SiC(CHa),), 22.7, 25.1, 25.2, 26.8, 28.2, 29.1, 29.4,
29.6,29.6,29.7,29.8,31.9, 33.5, (C-13, 14, 17, 18, 21, 22, 25 - 33), 66.6 (C-11),
70.9 (C-23), 72.4 (C-16), 74.4 (C-19), 79.8 (C-12), 80.0 (C-20), 82.3 (C-24),
82.4 (C-15), 127.6, 129.6, 133.6, 135.6 (SiPh).

(28,3R,65,1'S)-2-Decyl-3-tert-butyldimethylsilyloxy-6-(1'-fert-butyldime-
thylsilyloxy)-propyl-tetrahydropyran (61): 'H NMR (300 MHz, CDCl,):
0=0.03 (s, 12H, SiCHj;), 0.86-0.87 (m, 21H, SiC(CH,);, 10"-H;), 1.23 -
1.77 (m, 25H, 172"3",4",5",6",7",8"9"2' 3 45-H,), 1.93-2.02 (m, 1H,
4-H,), 2.96-3.04 (m, 1H, 2-H), 3.17-3.26 (m, 2H, 3,6-H), 3.43-3.55 (m,
1H, 1-H); ®C NMR (75MHz, CDCL): 6=-47, —4.6, —4.4, —4.0
(SiCH3), 10.1 (C-3), 14.1 (C-10"), 179, 18.2 [C(CH3)], 22.7 (C-9"), 25.8,
25.9 [C(CH3)], 25.0, 25.2, 25.4, 26.0, 29.4, 29.7, 29.7, 29.8, 31.9, 33.6 (C-4,
C-5,C-2,C-1",C-2",C-3",C4",C-5",C-6",C-7",C-8"),71.1 (C-3),75.5 (C-
1), 79.9 (C-6), 82.4 (C-2); HR-MS (C;)HgO;Siy): caled 471.3690; found
471.3689 [M — tBu]*.

(28,3R,65,1'S)-2-Decyl-3-tert-butyldimethylsilyloxy-6-(1'-hydroxy-3'-tert-
butyldimethylsilyl)-propyl-tetrahydropyran (62): 'H NMR (300 MHz,
CDCl,): 6=0.01 (s, 6H, SiCH,), 0.03 (s, 12H, SiCH,), 0.33-0.75 (m, 2H,
3-H,), 0.85-0.87 (m, 21H, SiC(CH;);, 10"-H;), 1.23-1.77 (m, 23H,
172"3".4"5",6"7"8"9"2' 4,5H,), 1.93-2.02 (m, 1H, 4-H,), 2.48-2.53
(m, 1H, OH), 2.96-3.04 (m, 1H, 2-H), 3.17-3.33 (m, 3H, 3,6,1"-H);
BCNMR (75 MHz, CDCl;): 6 = — 6.6, — 6.3, —4.7, — 4.0 (SiCH,), 7.5 (C-3'),
14.1 (C-10"),16.2,18.2 [SiC(CH;)], 22.7 (C-9"),25.5,25.8 [SiC(CH3) ], 25.2,
254, 26.6, 27.1, 276, 29.4, 29.7, 29.7, 31.9, 32.0, 33.2 (C4, C-5, C-2/, C-1",
C-2",C-3",C-4",C-5",C-6", C-7", C-8"),71.3 (C-3), 76.1 (C-1"), 79.2 (C-6),
822 (C-2); HR-MS (C;H4,058i,): caled 471.3690; found 471.3682 [M —
Bu]*.

Mucocin fragment without butenolide 63: Compound 59 (73 mg,
0.082 mmol) was dissolved in THF (5mL) and treated with HF (1 mL,
5% in CH;CN) at 0°C. After 6 h the reaction was quenched by addition of
sat. aq. NH,Cl solution (5 mL). The aqueous phase was extracted with ethyl
acetate (4 x 10 mL). Washing of the combined organic layers with sat. aq.
NacCl solution (5 mL), drying with MgSO,, evaporation of the solvent and
purification by FCC (1 g silica gel, MTBE/acetone 1:1) provided 63 (26 mg,
0.061 mmol, 74%) as a colorless oil. R;=0.43 (acetone/MTBE 1:1);
'"H NMR (300 MHz, CDCl,): 6 =0.85 (t, 3H, 34-H;), 1.21-2.10 (m, 30H,
13,14,17,18,21,22,25,26,27,28,29,30,31,32,33-H,), 2.30-2.60 (brs, 1H, OH),
2.77-2.94 (brs,2H, OH), 2.98-3.05 (m, 1 H, 24-H), 3.08-3.20 (m, 1 H, 20-
H), 3.21-3.28 (m, 1H, 23-H), 3.36-3.54 (m, 3H, 11-H,, 16,19-H), 3.61—
3.68 (m, 1H, 11-H,), 3.78-3.86 (m, 1H, 15-H), 4.07-4.15 (m, 1H, 12-H);
BCNMR (75 MHz, CDCl;): 6 =14.1 (C-34),22.7,25.5, 26.9, 27.8, 28.5, 28.7,
28.9,29.3,29.6,29.7,31.9, 32.0, 32.6 (C-13, 14,17, 18, 21, 22, 25-33), 64.8 (C-
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11), 70.5 (C-23), 73.5 (C-19), 73.8 (C-16), 79.7 (C-12), 80.1 (C-20), 82.0 (C-
24), 82.9 (C-15); HR-MS (C,,H,;04): caled 431.3373; found 431.3369.

4,19,23-O-Tris(tert-butyldimethylsilyl)-mucocin (64) and 16-epi-4,19,23-0-
tris(tert-butyldimethylsilyl)-mucocin (65): In a 10 mL Schlenk tube a
solution of iodide 20 (200 mg, 0.305 mmol) in Et,O (5 mL) was cooled to
—105°C and treated with fert-butyllithium (0.37 mL, 1.482M in pentane,
0.559 mmol). After 4 min at —100°C MgBr,-Et,0 (0.2 mL, 0.61 mmol)
was added. The reaction mixture was allowed to warm up to — 35 °C during
1.5 h. Then the mixture was cooled to — 78 °C and a solution of aldehyde 52
(113 mg, 0.25 mmol) in Et,0 (2 mL) was added. The solution was allowed
to warm up to —15°C during 1.5 h. The reaction was quenched by the
addition of phosphate buffer solution (1M, pH 7, 2 mL). The mixture was
diluted with water (S5mL) and MTBE (10 mL). The aqueous layer was
extracted with MTBE (5 x 5 mL) and the combined organic layers were
washed with sat. aq. NaCl solution (2 x 6 mL) and dried with MgSO,. The
solvents were removed in vacuo and the residue was purified by FCC (20 g
silica gel, gradient PE/MTBE 3:1 — MTBE) to yield the coupling products
64 and 65 (136 mg, 56%) as a colorless oil and to recover unconsumed
aldehyde 52 (33 mg, 34 %). The 4:1 mixture (HPLC) of the C-16 epimers
were separated by preparative HPLC (Rainin Si 60, 21.4 mm x 250 mm, n-
hexane/iPrOH 99:1, 20 mL min~'). Major isomer 64: R;=0.30 (n-hexane/
MTBE 2:1); HPLC: tz =10.34 min (Rainin Si 60, n-hexane/iPrOH 99:1,
1.0 mLmin™!); [a]f=-19.2 (¢=0.60, CHCL); IR (film): #=3123 brs
(OH), 2929 s (CH), 2856 s, 1760 m (C=0), 1255 w, 1095 m, 836 m, 776 m;
'H NMR (300 MHz, CDCl;): 6 =0.02 (brs, 18H, 6 x SiCH;), 0.85 (brs,
30H, 3 x SiC(CHj;)s, 34-H;), 1.39 (d, /= 6.8 Hz, 3H, 37-Hj;), 1.15-2.04 (m,
44H, alkyl), 2.40 (d, J=5.3 Hz, 2H, 3-H,), 2.43 (d, J=2.7 Hz, 1H, OH),
2.98 (m, 1H, 24-H), 3.14-3.27 (m, 2H, 20-H, 23-H), 3.27-3.38 (m, 1 H, 16-
H), 3.62 (dt, J =10.5, 5.3 Hz, 1H, 19-H), 3.75 (dt, /=14.2, 6.7 Hz, 1 H, 15-
H), 3.79-3.88 (m, 1H, 12-H), 3.89-3.94 (m, 1H, 4-H), 4.98 (dq, J=6.8,
1.1 Hz, 1H, 36-H), 7.09 (d, /J=1.1 Hz, 1H, 35-H); *C NMR (75 MHz,
CDCly): 0 =—4.8, —4.6, —4.5, —4.4, —4.0 (SiCH,), 14.1 (C-34), 17.9, 18.0,
18.2 (3 x SiC(CH,)3), 19.0 (C-35), 25.8, 25.85, 25.9 (3 x SiC(CH,)3), 22.7,
25.1, 25.6, 26.2, 28.4, 28.7, 28.8, 29.3, 29.5, 29.6, 29.7, 29.8, 31.9, 32.4, 32.7,
33.5,35.7,36.9 (C-3,5-11,13,14,17,18,21,22,25-33), 70.1 (C-4), 71.0 (C-23),
74.1 (C-19), 74.6 (C-16), 774 (C-36), 79.2 (C-12), 79.9 (C-20), 82.0 (C-15),
824 (C-24), 130.8 (C-2), 1515 (C-35), 174.0 (C-1); HR-MS (EI):
CssH,0305Si; caled 981.7430; found 981.7441 [M+H]"; minor isomer 65:
R;=0.30 (n-hexane/MTBE 2:1); HPLC: tz =13.66 min (Rainin Si 60, n-
hexane/iPrOH 99:1, 1.0 mLmin'); [a]¥ =—21.7 (¢=0.18, CHCl;); IR
(film): #=3127 brs (OH), 2929 m (CH), 2857 w, 1760 w (C=0), 1255 w,
1096 m, 836 w, 775 w; 'H NMR (300 MHz, CDCl,): 6 =0.00-0.06 (m, 18H,
6 x Si(CH;)), 0.82-0.90 (m, 30H, 3 x SiC(CH,);, 34-H;), 1.39 (d, /=
6.8 Hz, 3H, 37-H,), 1.18-2.09 (m, 44H, alkyl), 2.37-2.43 (m, 3H, 3-H,,
OH), 2.94-3.04 (m, 1H, 24-H), 3.16-3.27 (m, 2H, 20,23-H), 3.57-3.73 (m,
2H, 16,19-H),3.80-3.97 (m, 3H, 4,12,15-H), 4.94-5.04 (m, 1 H, 36-H), 7.10
(d, J=15Hz, 1H, 35-H); BC NMR (75 MHz, CDCL): 6 =—4.8, —4.6,
—4.5, —43, —4.0 (6SiCH,), 14.1 (C-34), 18.0, 18.0, 18.2 (3 x SiC(CHy)5),
19.0 (C-35),25.8,25.9,25.9 (3 x SiC(CHs);), 22.7,25.1,25.1,25.3, 25.5, 26.1,
29.0,29.1,29.4,29.5,29.6,29.7,29.7,29.8, 31.9, 32.3, 32.7, 33.5, 36.1, 37.0 (C-
3,5-11,13,14,17,18,21,22,25 - 33), 70.2 (C-4), 70.9 (C-23), 72.6 (C-16), 74.3
(C-19), 77.2 (C-36), 80.0, 80.1 (C-12, C-20), 81.4 (C-15), 82.4 (C-24), 130.9
(C-2),151.5 (C-35), 174.0 (C-1); HR-MS (EI): CssH,305Si;5 caled 981.7430;
found 981.7443 [M+H]".

(—)-Mucocin: A solution of tris-silyl ether 64 (22 mg, 24.4 umol) in CH,Cl,
(1 mL) was treated with HF/acetonitrile (0.4 mL, ca. 0.12 mmol, 5% HF in
CH;CN). The mixture was stirred at rt for 1h, then phosphate buffer
solution (1M, pH 7,1 mL) and water (1 mL) were added. The aqueous layer
was extracted with CHCly/iPrOH 1:1 (6 x 5 mL) and the combined organic
layers were dried with MgSO,. The solvents were removed in vacuo and the
residue was purified by FCC (8 gsilica gel, hexane/MTBE 2:1 then CHCly/
MeOH 10:1) to afford (—)-mucocin (13 mg, 91 %) as a colorless oil. R;=
0.36 (CHCly/MeOH 10:1); HPLC: t; =8.9 min (Rainin Si 60, n-hexane/
iPrOH 70:30, 1.5 mLmin™!); [a]¥ = —12.7, [a]Zs = —13.1, [a]%s = —14.9,
[a]Bs =—26.5, [a]Rs=—40.3 (c=0.27, CH,Cl,); IR (film): #=3124 brs
(OH), 2926 s (CH), 2854 w, 1740 w (C=0), 1094 w, 1072 w; 'H NMR
(300 MHz, CDCl3): 6 =0.85 (t, / =6.8 Hz, 3H, 34-H;), 1.41 (d, J=6.8 Hz,
3H, 37-H;), 1.13-1.75 (m, 41 H, alkyl), 1.76-1.88 (m, 1H), 1.89-2.05 (m,
2H, 13,14-H,), 2.05-2.14 (m, 1 H, 22-H,), 2.30 (brs, 1 H, OH), 2.37 (dd, /=
15.1,8.3 Hz, 1H, 3-H,), 2.50 (d, / =15.1 Hz, 1H, 3-H,), 2.71 (brs, 1 H, OH),
2.84 (brs, 1H, OH), 3.02 (dt, J=8.8,2.2 Hz, 1 H, 24-H), 3.08-3.18 (m, 1 H,
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20-H), 3.18-3.32 (m, 1H, 23-H), 3.34-3.52 (m, 2H, 16,19-H), 3.67-3.95
(m, 3H, 4,12,15-H), 5.04 (dq, /= 6.8, 1.5 Hz, 1H, 36-H), 7.16 (d, /=1.5 Hz,
1H, 35-H); “C NMR (75 MHz, CDCL): 6 =14.11 (C-34), 19.10 (C-35),
22.67,25.47,25.52,26.15,26.90, 28.33, 28.69, 28.76, 29.32, 29.40, 29.45, 29.53,
29.63, 29.72, 31.89, 31.96, 32.39, 32.62, 33.34, 35.58, 3737 (C-3,5-
11,13,14,17,18,21,22,25-33), 69.95 (C-4), 70.55 (C-23), 73.48 (C-19), 73.77
(C-16), 7797 (C-36), 79.30 (C-12), 80.14 (C-20), 81.90 (C-15), 82.00 (C-24),
131.17 (C-2), 151.80 (C-35), 174.61 (C-1); HR-MS (EI): C3;;HyOg caled
639.4836; found 639.4838 [M+H]".

16-epi-Mucocin: A solution of tris-silyl ether 65 (9 mg, 9.17 umol) in
CH,(C], (1 mL) was treated with HF/acetonitrile (0.20 mL, ca. 0.06 mmol,
5% HF in CH;CN). The mixture was stirred at rt for 2 h, then phosphate
buffer solution (1M, pH7, 1 mL) and water (1 mL) were added. The
aqueous layer was extracted with CHCL/iPrOH 1:1 (6 x 5mL) and the
combined organic layers were dried with MgSO,. The solvents were
removed in vacuo and the residue was purified by FCC (8 g silica gel,
hexane/MTBE 1:2, then CHClL;/MeOH 10:1) to afford 16-epi-mucocin
(4 mg, 75 %) as a colorless oil. R;=0.36; [a]§ = —4.5 (¢ =0.09, CHCL,;); IR
(film): 7 =3411/3140 brm (OH), 2926 s (CH), 2855 m, 1745 w (C=0), 1094
w, 1082 w; 'H NMR (300 MHz, CDCl;): 6 =0.86 (t, J = 6.8 Hz, 3H, 34-Hj),
1.43 (d, J=6.8 Hz, 3H, 37-H;), 1.13-1.65 (m, 41 H, alkyl), 1.76-1.88 (m,
1H),1.89-2.05 (m,2H, 13,14-H,), 1.98-2.14 (m, 1 H, 22-H,), 2.25 (brs, 1 H,
OH), 2.37 (dd, J=15.1, 8.3 Hz, 1H, 3-H,), 2.52 (d, /=15.1 Hz, 1H, 3-H,),
2.79 (brs, 1H, OH), 2.98-3.07 (m, 1H, 24-H), 3.08-3.17 (m, 1H, 20-H),
3.18-3.31 (m, 1H, 23-H), 3.39-3.50 (m, 2H, 19-H), 3.69-3.72 (m, 1 H, 16-
H), 3.75-3.98 (m, 3H, 4,12,15-H), 5.04 (dq, J = 6.8, 1.5 Hz, 1 H, 36-H), 7.16
(d, J=15Hz, 1H, 35-H); *C NMR (75 MHz, CDCl;): 6 =14.11 (C-34),
19.11 (C-35),22.68, 25.46, 25.54,25.71, 26.11, 26.97, 27.01, 28.86, 29.32, 29.42,
29.48, 29.58, 29.62, 29.72, 31.91, 31.96, 32.23, 32.58, 33.37, 35.99, 37.39 (C-
3,5-11,13,14,17,18,21,22,25-33), 69.97 (C-4), 70.53 (C-23), 72.51 (C-16),
74.15 (C-19), 7797 (C-36), 80.08 (C-12), 80.21 (C-20), 81.47 (C-15), 81.99
(C-24), 131.17 (C-2), 151.79 (C-35), 174.60 (C-1); HR-MS (EI): C3;HqO5
calcd 620.4652; found 620.4659 [M — H,O]".
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Reduction of Bis[7*-(w-alkenyl)tetramethylcyclopentadienyl]titanium
Dichlorides: An Efficient Synthesis of Long-Chain ansa-Bridged
Titanocene Dichlorides by Acidolysis of Cyclopentadienyl-Ring-

Tethered Titanacyclopentanes

Michal Horacek,!*! Petr Stépnicka,™ Robert Gyepes,®! Ivana Cisafova,*! Iva Tislerova,!!
Jaroslav Zemanek,'®! Jifi Kubista,*! and Karel Mach*!?!

Dedicated to Professor Karl-Heinz Thiele on the occassion of his 70th birthday

Abstract: The reduction of symmetric,
fully-substituted titanocene dichlorides
bearing two pendant w-alkenyl groups,
[TiCL(»>-CsMe,R),], R=CH(Me)CH=
CH, (1a), (CH,),CH=CH, (1b) and
(CH,);CH=CH, (1¢), by magnesium in
tetrahydrofuran affords bis(cyclopenta-
dienyl)titanacyclopentanes  [Ti'V{n':y:
n°ap-CsMe,CH(Me)CH(7i)CH,CH(CH,-
(T)CH(Me)CsMeJ] (2a), [Ti{y'n'sp*
17’-CsMe,(CH,),CH(Ti)(CH,),CH(T?)-

(CH,),CsMe,}] (2b) and [Ti™{n'm'ap’ap™
CsMe,(CH,),CH(Ti)CH(Me)CH(Me)-

CH(Ti)(CH,),CsMe,}] (2¢), respectively,
as the products of oxidative coupling of
the double bonds across a titanocene
intermediate. For the case of complex

isation is obtained owing to a preferred
formation of five-membered titanacy-
cles. The reaction of the titanacyclopen-
tanes with PbCl, recovers starting mate-
rials 1a from 2a and 1b from 2b, but
complex 2c¢ affords, under the same
conditions, an isomer of 1 ¢ with a shifted
carbon-carbon double bond, [Ti-
Cly{#’-CsMe,(CH,CH,CH=CHMe)},]
(1¢). The titanacycles 2a—c¢ can be
opened by HCI to give ansa-titanocene
dichlorides ansa-[{n’:n*-CsMe,CH(Me)-
CH,CH,CH(Me)CH(Me)CsMe,JTiCl,]

Keywords: metallacycles NMR
spectroscopy -« pendant alkenyls -
structure elucidation - titanium

(3a), ansa-[{n’:n’>-CsMe,(CH,)sCsMe,}-
TiCl,] (3b), along with a minor product
ansa-[{n’:n>-CsMe,CH,CH=CH(CH,);-
CsMe JTiCl,] (3b’), and ansa-[{n’:n>-
CsMe,(CH,);CH(Me)CH(Me)CH=CH-
CH,CsMe,JTiCl,] (3¢), respectively,
with the bridging aliphatic chain con-
sisting of five (3a) and eight (3b, 3b’ and
3¢) carbon atoms. The course of the
acidolysis changes with the nature of the
pendant group; while the cyclopenta-
dienyl ring-linking carbon chains in 3a
and 3b are fully saturated, compounds
3¢ and 3b’ contain one asymetrically
placed carbon-carbon double bond,
which evidently arises from the $-hydro-
gen elimination that follows the HCI

1c¢, a product of a double bond isomer-

Introduction

Pendant alkenyl groups attached to cyclopentadienyl ligands
of bent metallocene polymerisation catalysts have a great
potential in modifiyng their catalytic properties. The alkenyl
groups can anchor counter anions based on either [MeAlO],
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addition.

(MAO) or B(C4Fs); co-catalysts!!l or undergo a clean hydro-
boration with HB(C,F;),.”) They may compete for free
coordination sites at the cationic polymerisation centrel’!
and can also be used for immobilisation of the catalyst by
copolymerisation with the formed polymer or by grafting onto
a suitable polymer.”! With respect to the knowledge accumu-
lated on the structure of the efficient polymerisation cata-
lysts,! the alkenylcyclopentadienyl complexes so far studied
from the point of view of a potential catalytic application in
polymerisation of ethene possessed low-substituted cyclo-
pentadienyl ligands. However, fully substituted (3-butenyl)-
tetramethylcyclopentadienyl ligands, although decreasing the
Lewis acidity of the metal atom due to electron-donating
effect of its hydrocarbyl groups, showed an ability to interact
with transition metals by both carbon-carbon double bonds
and cyclopentadienyl ligands.[! Bis[ (1-alkylethenyl)cyclopen-
tadienyl]zirconium dichlorides were also used for the syn-

0947-6539/00/0613-2397 $ 17.50+.50/0 2397





FULL PAPER

K. Mach et al.

thesis of cyclobutane-bridged ansa-metallocene complexes by
a photo-induced [2+2] cycloaddition.”! Very recently, 1-(di-
alkylamino)-1,3-butadien-1,3-diyl ansa-bridged Group 4 met-
allocenes were obtained by a Mannich type coupling from
bis{1-(dialkylamino)ethenyl}metallocene  dichlorides and
were also tested for catalytic activity towards alkene polymer-
ization.®] In titanocene chemistry, a number of titanium
derivatives including [TiCl{»’-CsMe,(CH,CH,CH=CH,)},]
have been prepared and the crystal structure of the dimethyl
derivative [TiMe,{n*>-CsMe,(CH,CH,CH=CH,)},] was deter-
mined.’) However, interaction of the pendant double bond(s)
with the titanium atom in all the Ti"¥ complexes synthesized
has not yet been reported.

Herein we report about the behaviour of pendant double
bonds in a homologous series of bis(w-alkenyl) titanocene
dichlorides [TiCLy(7°-Cp”R),] (Cp” = CsMe,; R = 1-methyl-2-
propenyl, CH(Me)CH=CH, (1a), 3-butenyl, (CH,),CH=CH,
(1b) and 4-pentenyl (CH,);CH=CH, (1c¢)) during their
reduction by magnesium and the use of the products obtained
in the synthesis of ansa-titanocene dichlorides with five- and
eight-membered aliphatic bridging chains.

Results and Discussion

Bis[ (w-alkenyl)tetramethylcyclopentadienyl]titanium dichlo-
rides [TiCly{n>-CsMe,(CH(Me)CH=CH,)},] (1a), [TiCly{5’-
CsMe,(CH,CH,CH=CH,)},] (1b) and [TiCL{r’-CsMe,
(CH,CH,CH,CH=CH,)},] (1¢) were synthesised using the
protocol reported by Okuda, du Plooy and Toscano!” for 1b,
except that the reaction of the corresponding alkenylcyclo-
pentadienyl lithium with [TiCly(THF);] was carried out in
THF and not in 1,2-dimethoxyethane. The use of THF may
account for noticeably lower isolated yields of 1a (39 %) and
1b (45% vs. reported yield of 60 %[). Yet the lower yield of
1c (21 %) was also brought about by a very high solubility of
the complex in the attempted solvents (hexane, ethanol). The
dark red compounds 1a—c are stable in air in the solid state
for at least one year. Their solution NMR spectra are, in
accordance with NMR data for 1b,” indicative of C, or mirror
symmetry of the molecules with all resonances observed in the
expected region. There is also no sign of any interaction of the
alkenyl groups with the metal atom in the NMR spectra. The
presence of two independent chiral centres in 1a leads to the
duplication of 'H and *C NMR signals due to the formation
of diastereoisomers (R,S), (S,R) and (R,R), (S,S); the reso-
nances of the methyl groups on the cyclopentadienyl rings are
diastereotopic and significantly anisochronic in both 'H and
13C NMR spectra owing to their proximity to the C-chiral
centre in the side chain of the cyclopentadienyl ligand.
Unfortunately, the 'H NMR resonances of la are not
separated enough to classify the signals into two groups due
to the diastereoisomers. In the EI-MS spectra, titanocene
dichlorides 1a—c¢ exhibit only poorly abundant molecular
ions, the fragmentation patterns being dominated by [M —
Cl]*, [M — Cp"R]" and [Cp”R]" ions. Their infrared spectra
show intense absorption bands of non-coordinated terminal
double bond at about 1635 and 3065 cm™L.

2398
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The solid-state structure of co
1a (Figure 1, Table 1) resem-
bles in all respects the struc-
tures of other related titano-
cene dichlorides. Both bond
lengths and angles within the
titanocene part of the molecule
are unexceptional when com-
pared with, for example, [TiCl,-
(17°-CsMes),] 1 [TiCL(5p>-Cs-
Me,Ph),]1%!  or [TiCly{n’>-Cs-
Me,(SiMe,)},] .1 As the tita-
nium atom resides in a special
position, the molecule has C,
symmetry due to the crystallo-
graphically imposed symmetry.
The dihedral angle of the least-
squares cyclopentadienyl planes
of 41.6(1)° is similar to that of
[TiCL{n>-CsMe,(SiMe;)},]
(39.8°) but lower than that in
[TiCl,(7°-CsMes),] (44.6°) and
[TiCl,(5°-CsMe,Ph),] (45.6°). The conformation of the cyclo-
pentadienyl rings is about half-way between eclipsed and
staggered. The methylpropenyl group adopts an almost
perfectly planar arrangement as indicated by the dihedral

Figure 1. Molecular structure
of 1a with 30% probability
thermal ellipsoids and the atom
numbering scheme. For clarity
all hydrogen atoms are omitted.
The non-labelled atoms are
generated by the symmetry op-
eration (—x, y, 1/2 - z).

Table 1. Selected bond lengths [A], bond angles, torsion angles and
dihedral angles of least-squares planes [°] for 1a.l%

Ti—Cl 2.356(1) CI-Ti-CI 89.44(6)
C1-Co6 1.523(5) C1-C6-C7 115.0(3)
Co—C7 1.497(5) C1-C6)-C9 108.5(3)
C6—C9 1.559(5) C7-C6-C9 115.4(3)
C7-C8 1.288(6) C6-C7-C8 127.6(5)
C1-C6-C7-C8 125.8(5) C9-C6-C7-C8 1.7(7)
C1-CE-CE!-C1! 161.3(3)
Titanocene moiety
Ti—C(ring) 2.420(3)-2.474(3);

av. 2.445(3)
Ti—CE 2.129(3) CE—CE 3.971(3)
C—C(ring) av. 1.413(4) X ring,ring 41.6(1)
C(ring)—Me av. 1.503(4) X ring, Ti-CI-Cli 20.8(1)
C-C-C(ring) av. 108.0(3) CE-Ti-CE 137.6(1)

[a] Symmetry transformation used to generate equivalent positions i: — x, y,
12 —z.

angle C(9)-C(6)-C(7)-C(8) of 1.7(7)° and its geometry corre-
sponds well to the average values reported for “purely”
organic compounds.'! The least-squares planes of cyclo-
pentadienyl and methylpropenyl moieties are mutualy rotated
at an angle of 84.5(4)°, and the methylpropenyl plane is bent
outwards the open side of the bent metallocene moiety. The
crystal structure of 1la also confirms the absence of any
bonding between the double bonds and the titanium atom of
their own or a neighbouring molecule.

Cyclopentadienyl-ring-tethered titanacyclopentanes: The re-
duction of 1la—c¢ by magnesium metal in THF afforded
complexes 2a—c, respectively, which all were found to possess
titanacyclopentane rings linking the tetramethylcyclopenta-
dienyl ligands (see Scheme 1). The titanacycles are thermally
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Scheme 1. Reductions of bis[#’-(w-alkenyl)tetramethylcyclopentadienyl]titanium dichlorides 1a—c to titanacyclopentanes 2a—c and their reactions with

HCl and PbCl,.

robust; compounds 2¢ and 2b melt without an apparent
decomposition at 74 and 127 °C, respectively, whilst 2a does
not melt up to 260°C. Upon electron ionisation (70 €V) in a
mass spectrometer, they do not fragment, showing only
molecular ions. Although the signals in the 'H NMR spectrum
of the simplest compound 2b are observed in the expected
region, the spectrum is less informative due to ill-resolved or
overlapped (or both) multiplets. In *C NMR spectra, how-
ever, the ¢ values of 30.1 (TiCHCH,) and 78.4 (TiCHCH,)
for 2b compare well with those reported for analogous
compounds cyclo-[{(7>-CsMes),Ti}(CH,),]'"” and bis(arylox-
ide), cyclo-[{(ArO),Ti}(CH,),]!"*l—mainly when one consid-
ers the influence of the 1,2-ethanediyl bridges on the . value
of C, carbon atoms. The NMR data of 2b are also in keeping
with the results of X-ray analysis, indicating a C, (or mirror)
symmetrical structure. According to the NMR spectra, the
structure of 2 ¢ differs from that of 2b only by the presence of
methyl group on each of the two C; carbon atoms of the
titanacyclopentane moiety. This is the result of a double bond
isomerisation that takes place during the reduction of 1¢, thus
giving rise to a thermodynamically stable species with five-
membered titanacycle. The NMR spectra of 2a are relatively
complicated due to the presence of two diastereoisomers in a
statistical 1:1 ratio. Nonetheless, the two sets of 'H and *C
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NMR signals were separated from each other by means of
two-dimensional NMR techniques.

It is worth noting that although the reductive cyclisation of
1a to 2a creates a new chirality centre, that is, the titanium
atom itself, the NMR spectra of 2a exhibit only two sets of
signals. This reflects very likely a flexibility of the titanocene
moiety that precludes the formation of further diastereoiso-
mers, thus rendering the metal-based chirality simplex
virtually optically inactive. The assignment of the signals
indicates a C,C; disubstitution on the TiC, ring, that is, a head-
to-tail linkage of the double bonds, different from a C,C,
disubstitution in 2b and 2¢. Although the C NMR reso-
nances of methine and methylene groups directly o-bonded to
the titanium in 2a are found within the expected region, their
signals in '"H NMR spectra are remarkably up-field shifted
relative to 2b and 2c. This shift should rather be attributed to
an anisotropy of NMR shielding of the titanocene framework
than to an agostic interaction between titanium and TiCH or
TiCH,, since both Ti—H distances of about 2.7 A are longer
(by around 0.4 A) than those in an a-agostic complex
[TiMeCl;(Me,PCH,CH,PMe,)] and a f-agostic complex
[TiEtCl3(Me,PCH,CH,PMe,)] .14

The structure proposed for 2a was corroborated by the
X-ray diffraction analysis, which, although with relatively
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poor data, allowed us to prove unequivocally the assigned
structure (Figure 2). The structure suffers from a statistical
disorder since the four stereoisomers, which differ only in the
configuration on the carbon atom adjacent to the cyclo-
pentadienyl ring, are packed in a racemic crystal as one

C13

Figure 2. Crystal structure of 2a drawn at the 30 % probability level. Only
one position of the disordered C(13) is shown. Selected geometric
parameters: Ti(1)-C(1) 2.19(1), Ti(1)-C(4) 2.18(1), C(1)-C(2) 1.55(2),
C(2)-C(3) 1.50(2), C(3)-C(4) 1.52(2) A; C(1)-Ti-C(4) 73.8(5), Ti-C(1)-
C(2) 102.1(8), Ti-C(4)-C(3) 111.0(8), C(1)-C(2)-C(3) 107(1), C(2)-C(3)-
C(4) 111(1)°; C(1)-C(2)-C(3)-C(4) —33(1)°; xCpl, Cp2 30.6(5)°, ¥ Cpl,
TiC(1)C(4) 18.3(6)°, ¥ Cp2, TiC(1)C(4) 19.8(7)°; Cpl: C(7)—C(11), Cp2:
C(14)—C(18).

species. Although the chemical picture is unequivocal, the
disorder of the methylpropenyl methyl groups (see Exper-
imental Section) lowers the overall precision of the structure
determination and the structural parameters will not be
discussed here in detail.

Crystal structure of 2b: According to a search in the
Cambridge Structural Database (1999 release),["’ the struc-
ture of 2b (Figure 3, Table 2) represents the first example of
structurally characterized simple bis(7’-cyclopentadienyl)ti-
tanacyclopentane with no further ring systems (either spiro
cyclicl'®! or ortho annelated!') or without any reactive

Figure 3. Molecular structure of 2b showing the atom labelling scheme.
Thermal ellipsoids are drawn at the 30% probability level; all hydrogen
atoms are omitted for clarity. The non-labelled atoms are generated by the
symmetry operation (—x, y, 1/2 — z).
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Table 2. Selected bond lengths [A], bond angles, torsion angles and
dihedral angles of least-squares planes [°] for 2b.l?]

Ti—C8 2.208(2) C8-Ti-C8t 86.4(1)
C8—C9 1.526(4) C9-C8-C7 113.7(2)
C8—C7 1.533(3) Ti-C8-C9 102.8(2)
C9-CY 1.533(6) Ti-C8-C7 115.1(2)
C7-C6 1.527(4) C8-C9-CY 112.7(2)
C6—C5 1.499(3) C6-C7-C8 110.3(2)
C5-C6-C7 109.0(2)

Ti-C8-C9-CY 39.0(3) C8-Ti-C8-C9 —13.2(2)
C8-C9-C9'-C8! —56.8(3) C8-C7-C6-C5 —-38.4(3)
C5-CE-CE!-C5! 102.4(2)
Titanocene moiety
Ti—C(ring) 2.396(2)-2.482(2);

av. 2.44(5)
Ti—-CE 2.120(1) CE—CE 3.991(1)
C—C(ring) av. 1.414(6) X ring,ring 40.7(5)
C(ring)—Me av. 1.503(4) X ring,Ti-C8-C8! 21.3(7)
C-C-C(ring) av. 108.0(3) CE-Ti-CE 140.3(1)

[a] Symmetry transformation used to generate equivalent positions i: — x, y,
12 —-z.

functionality attached to the titanacycle (e.g., imino group!'®).
Bis(2,6-diphenylphenoxy-xO)titanacyclopentanel’l  appears
to be the most closely related compound whose solid-state
structure is known. Complex 2b crystallises with the symme-
try of the C2/c space group, so that the crystallographic two-
fold axis passes through the titanium atom and the midpoint
of the C(2)-C(2) bond (i position: x, —y, 1/2 — z). This makes
only one half of the molecule crystallographically indepen-
dent. Molecule of 2b is chiral but related to its centrosym-
metric counterpart in a racemic crystal. The bond lengths
within the titanacycle fall into the range reported for four
analogous compounds:!'* 1618 Ti—C, 2.06-2.19, C,—C,; 1.49 -
1.54 and C;—C; 1.51-1.65 A, respectively, thus confirming the
assumed titanacylopentane-like structure. The C(1)-Ti-C(1%)
angle of 86.4(1)° also compares well with the value of 85.6°
reported for the mentioned bis(phenoxide) complex!™ (cf.
range 81—89° for all the four examples). As for the titanocene
moiety, the mutual conformation of the cyclopentadienyl
rings is dictated by the molecular symmetry and by conforma-
tional flexibility of the CH,CH, linking groups: looking along
the centroid - centroid line, the rings appear half-way between
the eclipsed and staggered conformations. The dihedral angle
of the least-squares cyclopentadienyl planes of 40.7(5)° is very
similar to that reported for the decamethyltitanocene-alkyne
complex [Ti(n>-CsMes),(7>-Me;SiC=CSiMes)], 41.1°;19 this
shows that no unexceptional steric strain arises from the
linkage of the titanacycle to the tetramethylcyclopentadienyls
in the structure of 2b. To reduce steric hindrance, the methyl
groups are bent outwards from the metal centre with their
perpendicular distance to the cyclopentadienyl least-squares
plane ranging from 0.05(2) to 0.37(2) A.

The crystal structure of 2 ¢ resembles very closely that of 2b,
exhibiting a crystallographically inherent C, symmetry (Ta-
ble 3, Figure 4). As the result of double-bond shift, the
titanacycle has a methyl group attached to each of the two
equatorial C; atoms. The titanacyclopentane unit is tethered
to the cyclopentadienyl ligands in such a way that the
cyclopentadienyl carbon atoms bearing the linking chains
are rotated at an angle of 101.6(6)° in 2¢ and 102.4(2)° in 2b
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Table 3. Selected bond lengths [A], bond angles, torsion angles and
dihedral angles of least-squares planes [°] for 2¢.[?

Ti—C8 2.215(4) C8—-C9 1.537(5)
C9—C10 1.534(5) C9—C9 1.550(8)
C7-C8 1.533(5) C6—C7 1.538(6)
C1-Co6 1.497(5)
Ti-C8-C9 104.8(2) Ti-C8-C7 113.7(3)
C8-C9-CY 111.5(3) C7-C8-C9 113.7(3)
C6-C7-C8 110.1(4) C8-C9-C10 110.9(3)
C1-C6-C7 109.6(4) C8-Ti-C8t 84.9(2)
Ti-C8-C9-C10 162.9(3) C6-C7-C8-C9 71.4(4)
C8-C9-C9'-C8i 55.4(4) C1-CE-CE'-Cl! 101.9(4)
Titanocene moiety
Ti—C(ring) 2.376(5)-2.485(5);

av. 2.437(5)
Ti—CE 2.121(4) CE—CE 3.988(5)
C—C(ring) av. 1.407(8) X ring,ring 41.1(1)
C(ring)—Me av. 1.507(8) X ring,Ti-C8-C8t 21.5(3)
C-C-C(ring) av. 108.0(5) CE-Ti-CE 140.2(2)

[a] Symmetry transformation used to generate equivalent positions i: — x, y,
12 —z.

Figure 4. Molecular structure of 2¢ showing the atom labelling scheme.
Thermal ellipsoids are drawn at the 30% probability level; all hydrogen
atoms are omitted for clarity. The non-labelled atoms are generated by the
symmetry operation (1/2—x, —y, z).

(torsion angle C-CE-CE!-C' is given; CE =centroid of the
cylopentadiene ring). The angle between the least-squares
planes of the cyclopentadienyl rings is 41.1(1)° in 2¢ and
40.7(5)° in 2b, but only 30.6(5)° in 2a. An unusually low value
of this angle points to the reason why the titanium atom in 2a
binds to one terminal and one internal atom of the double
bonds; binding to both internal carbon atoms, as it is in 2b,
would lead to a close to parallel orientation of the cyclo-
pentadienyl rings which is apparently energetically less
favourable. It is also worth noting that all the titanacycles
2a-c adopt an almost perfect or even ideal half-chair
conformation due to crystallographically imposed symmetry
(2b, 2¢) as follows from an inspection of ring-puckering
coordinates:® 2a, 0,=0.71(1) A and ¢,=204(1)° (for ring
defined as Ti-C(1)-C(2)-C(3)-C(4); ¢,=198° for an ideal
half-chair conformation); 2b, Q,=0438(3)A and ¢,=
90.0(3)° (ring defined as Ti-C(8)-C(9)-C(9)-C(8); ¢, is
identical with the ideal value of 90° for symmetry reasons);
2¢, 0,=0.442(4) A and ¢,=270.0(5)° (ring defined as Ti-
C(8)-C(9)-C(9)-C(8); ¢, does not differ from the ideal value
270° because of the imposed symmetry).
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With regard to the high thermal stability of 2a—c, it is
somewhat surprising that a reverse process of the titanacycle
formation is also feasible. Chlorination of 2a and 2b by
PbCL?! in THF recovered tinanocene dichlorides 1a and 1b,
while the opening of 2 ¢ affords the thermodynamically more
stable isomer [TiCl{7’-CsMe,(CH,CH,CH=CHMe)},] (1¢)
with the double bond shifted from the terminal position and in
an E configuration. All these products were isolated in a
crystalline form and identified by means of spectroscopic
methods. Moreover, the structure of 1¢’ was determined by
single-crystal X-ray crystallography. The molecule of 1¢’
(Figure 5, Table 4) shows a titanocene skeleton practically

Figure 5. Molecular structure of 1¢” showing the atom labelling scheme.
Thermal ellipsoids are drawn at the 30 % probability level; all hydrogen
atoms are omitted for clarity. The non-labelled atoms are generated by the
symmetry operation (1 —x, y, 3/2 — z).

Table 4. Selected bond lengths [A], bond angles, torsion angles and
dihedral angles of least-squares planes [°] for 1¢".%

Ti—Cl 2.3458(6) CI-Ti-Cl 93.52(4)
C1-C6 1.500(2) C1-C6-C7 111.0(2)
C6—C7 1.538(3) C6-C7-C8 113.2(2)
C7-C8 1.490(3) C7-C8-C9 126.2(2)
C8—-C9 1.313(3) C8-C9-C10 125.2(2)
C9—-C10 1.487(3)
C1-C6-C7-C8 177.5(2) C7-C8-C9-C10 176.6(2)
C6-C7-C8-C9 123.6(2) C1-CE-CE!-C1i 175.1(2)
Titanocene moiety
Ti—C(ring) 2.418(2)-2.479(2);

av. 2.444(2)
Ti—CE 2.126(2) CE-CE 3.965(2)
C—C(ring) av. 1.416(2) X ring,ring 44.01(6)
C(ring)—Me av. 1.501(2) X ring,Ti-CI-Cl# 22.02(6)
C-C-C(ring) av. 108.0(2) CE-Ti-CE 137.6(1)

[a] Symmetry transformation used to generate equivalent positions ii: 1 —
x,y, 32—z

identical to that of 1a. A difference is observed in the CI-Ti-
CIt angles (ii position: 1—x, y, 3/2—z) and in the angles
between the least-squares planes of the cyclopentadienyl
rings, which are both larger by approximately 3° than in 1¢'.
This is apparently a consequence of the crystal packing effects
that cause the pendant alkenyl substituents to divert more
than in 1a (dihedral angle at the centroid—centroid line is
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175.1(2)°in1¢’ and 161.3(3)° in 1a). And again, the CE-Ti-CE
angles amount equally to 137.6(1)° in both 1¢’ and 1a.

As heating to 60°C for 8 h is necessary to complete the
chlorination, it can be concluded that the withdrawal of
“formerly d? electrons” from the titanacycle by oxidation with
PbCl, requires a higher activation energy than analogous
oxidation of titanocene Ti'" or Ti" derivatives, which proceeds
rapidly at room temperature.l?!l This is in agreement with the
fact that the reductive cleavage is apparently favoured by
compounds with a relatively high electron density at the
titanium atom, for example, complexes with carbyl-substitut-
ed cyclopentadienyl ligands. For instance, the carbonylation
of cyclo-[Ti(5°-CsMe;),(CH,),] cleanly affords [Ti(#’-
CsMes),(CO),] and ethenel'l, whereas the non-methylated
analogue cyclo-[Ti(1°-CsH;s),(CH,),] undergoes an insertion
of CO to yield cyclopentanone and [Ti(7>-CsH;),(CO),] .2

ansa-Bridged titanocene dichlorides: Addition of excess
hydrogen chloride to 2a—c affords ansa-bridged titanocene
dichlorides. The products and, hence, the mechanism of this
acidolysis depend on the nature of the parent titanacycle.
Addition of two molecules of HCI to 2a gives cleanly ansa-
[{#*:°-CsMe,CH(Me)CH,CH,CH(Me)CH(Me)CsMe,} TiCl,]
(3a), which contains a saturated five-membered bridge as the
expected product of the scission of two Ti—C bonds. Similarly
to 2a, the symmetry of the molecule of 3a is very low owing to
the presence of independent chirality centres.

In the case of 2b, the same titanacycle-opening reaction
gave a mixture of two new complexes in approximately a 5:2
ratio. The major component (3b) was obtained in a pure form
by crystallisation from a toluene solution of the crude product
while the minor, more soluble product (3b’) was not isolated.
Compound 3b was identified to be ansa-[{n’1’-CsMe,-
(CH,)sCsMe,yJTiCl,] on the basis of its NMR spectra, which
displayed only one half of the principal signals as the
consequence of flexibility of the 1,8-octanediyl linking group,
resulting in an overall C, or 0 symmetry of the molecule in
solution. The structure of 3b in the solid state was also
confirmed by the X-ray diffraction analysis (see below).
The minor component 3b’ was characterised directly in
the reaction mixture by NMR spectroscopy and identified
as an unsaturated analogue of the major component, that
is, ansa-[{n*: p>-CsMe,CH,CH=CH(CH,);CsMe,JTiCl,]. The
'H NMR spectra of 3b’ are less informative due to an
extensive overlap of the CH, multiplets with those of 3b;
however, a comparison of *C and '"H NMR data allowed us
to identify the position of the double bond in the cyclo-
pentadienyl-linking aliphatic chain. The reaction pathway
leading to 3b’ became the only one in the case of 2 ¢, whereby
an analogous titanacycle opening by HCI afforded exclusively
an asymmetrical bridge-unsaturated complex, ansa-[{r’:n’-
CsMe,(CH,);CH(Me)CH(Me)CH=CHCH,CsMe,}TiCl,] (3¢)
as follows from spectral and analytical data. In both the
systems which afforded unsaturated ansa-complexes 3b’ and
3¢, gaseous hydrogen was liberated. This indicates that unlike
formation of 3a and 3b, in which the Ti—C bonds are cleanly
cleaved by HCI, compounds 3b’ and 3¢ are formed by the
above acidolysis combined with a S-hydrogen elimination
reaction. However, it is amazing that 2b and 2¢, which have

2402

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

the same skeleton of the titanacycle, differ so much by the
abundance of the -hydrogen elimination pathway. It appears
evident that the presence of methyl group on the fourth
carbon atom of the ansa-chain has a promoting effect on the
formation of the double bond in the allylic position with
respect to the cyclopentadienyl ligand.

Crystal structure of 3b: In contrast to more symmetrical
complexes mentioned above, a poor packing of a voluminous
and partially mobile eight-membered ansa-carbon chain
renders the whole molecule of complex 3b crystallographi-
cally independent. Nevertheless, the geometry of titanocene
dichloride framework (Figure 6, Table 5) does not differ from

Figure 6. Perspective view of the molecular structure of 3b showing the
atom labelling scheme. Thermal ellipsoids are drawn at the 30%
probability level. For clarity, all hydrogen atoms are omitted.

Table 5. Selected bond lengths [A], bond angles, torsion angles and
dihedral angles of least-squares planes [°] for 3b.l2]

Ti—Cl1 2.3493(8) CI1-Ti-CI2 93.81(4)
Ti—CI2 2.3483(9) C5-C6-C7 116.4(2)
C5-C6 1.507(4) C6-C7-C8 113.0(3)
Co6-C7 1.520(4) C7-C8-C9 115.7(3)
C7-C8 1.527(5) C8-C9-C10 107.2(5)
C8-C9 1.741(8) C9-C10-C11 106.2(5)
C9-C10 1.336(8) C10-C11-C12 116.3(3)
C10-C11 1.66(1) C11-C12-C13 112.9(3)
C11-C12 1.512(5) C12-C13-C14 115.6(2)
C12-C13 1.523(4)
C13-C14 1.509(4)
C5-C6-C7-C8 168.2(3) C9-C10-C11-C12 68.2(6)
C6-C7-C8-C9 47.3(4) C10-C11-C12-C13 44.1(5)
C7-C8-C9-C10 67.2(5) C11-C12-C13-C14 169.2(3)
C8-C9-C10-C11  157.9(4) C5-CE1-CE2-C14 42.1(3)
Titanocene moiety
Ti—C(ring) 2.432(3)-2.490(3); < ringl,ring2 43.9(1)
av. 2.457(3)
Ti—CE(1,2) 2.140(3), 2.140(3)  CE1-CE2 3.994(3)
C—C(ring) av. 1.419(4) X ringl,Ti-Cl1-CI2 21.8(1)
C(ring)—Me av. 1.502(4) X ring2,Ti-ClI1-CI2 22.15(4)
C-C-C(ring) av. 108.0(2) CE1-Ti-CE2 137.9(1)

[a] Ringl: C(1)-C(5), ring2: C(14)-C(18).

those of 1a or 1¢/, giving virtually identical values of the CE-
Ti-CE and CI-Ti-ClI angles as well as of the angles between
least-squares cyclopentadienyl planes. The ansa-chain is
attached close to the hinge position of the titanocene cyclo-
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pentadienyls so that the corresponding carbon atoms of the
cyclopentadienyl rings are mutually rotated by only 42.1(3)°
with respect to the centroid-centroid interconnection. It
indicates that a sufficiently long carbon chain does not impose
a steric hindrance on the cyclopentadienyl ligands larger than
that of the methyl groups. Two central carbon atoms of the
ansa-chain are partly disordered, reflecting that the flexibility
of the ansa-bridge observed in solution is partially retained
even in the solid state.

All the compounds 3a— ¢ are unique, since no similar ansa-
bridged bent metallocene dichlorides with aliphatic bridge of
comparable length are known except for ansa-bis(indenyl)-
zirconium dichloride with 1,12-dodecanediyl bridging
chain.” However, despite high dilution, both rac- and
meso-forms of this compound were obtained in only 15%
and 11 % yields by the metathesis of 1,12-bis(lithioindenyl)-
dodecane with ZrCl, in THF and toluene, respectively.
Among other ansa-metallocenes prepared by the methatetical
approach, ansa-titanocene dichlorides with a trimethylene
bridge were obtained in a maximum 11% yield?* and those
with the SiMe,CH,CH,SiMe, chain in 23% yield.”] The
effect of mobility of the ansa-linking chain on the yield of
mononuclear metallocene complexes is even more pro-
nounced in the series of ferrocenophanes with three, four
and five bridging methylene groups that were synthesized in
2.5,0.053 and 0.025 % yields by metathesis of bis(sodiocyclo-
pentadienyl) derivative with FeCl,.?! The only ansa-titano-
cene dichlorides with relatively long C, and C, bridges
obtained in good yields contain a semi-rigid spacer derived
from, for example, biphenyl,?1 9,10-ethanoanthracene! or
binaphthyl,?! which directs the corresponding dimetallated
bis(cyclopentadienyl) ligands into a position suitable for the
subsequent reaction with one molecule of metal halide.

Conclusion

The magnesium-mediated reductive coupling of the pendant
double bonds in bis(w-alkenyltetramethylcyclopentadienyl)-
titanium dichlorides 1a-c¢ affords cleanly titanacyclopentane
derivatives 2a—c. This reaction proceeds very likely via a
titanocene intermediate that originates from reductive re-
moval of the chloro ligands. Such an assumption is justified by
a good thermal stability of highly carbyl-substituted titano-
cenes, [Ti(7°-CsMes),] B [Ti{1’-CsMe,(SiMe,z-Bu)},]31 and
[Ti{#7°-CsMe,(SiMe;)},]?? and their tendency to react with
unsaturated hydrocarbons: the complexes [Ti(7’-CsMes), (-
GH,) M and [Ti{n>-CsMe4(SiMe;)},(7>-C,H,)]* were ob-
tained in a crystalline form and the former was shown to react
with excess ethene to give an unstable titanacyclopentane
cyclo-[{Ti(7>-CsMes),}(CH,),] 1"

The titanocene intermediate immediately undergoes an
intramolecular oxidative coupling of the pendant double
bonds®! to give thermally robust titanacyclopentanes 2a—c¢
with the titanacycle linked to the tetramethylcyclopentadienyl
ligands. This intramolecular oxidative addition proceeds very
cleanly and with high isolated yields. It is evident, that the
stability of the titanacycle depends strongly on the number of
members within the TiC, cycle. The exclusive formation of
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titanacyclopentane compounds from C;—C;s alkenyl groups
indicates that five-membered cycle is the most stable (at least
when linked to the titanocene cyclopentadienyls). To achieve
this “magic size” of the titanacycle in 2¢, both double bonds
are shifted to the internal position. In the case of 2a, the
double bonds are attached in a mutually opposite way in order
to keep the dihedral angle between the least-squares planes of
the cyclopentadienyl rings (30.6(5)°) as close as possible to the
usual value in bent titanocene compounds (note that this
angle varies between 40.7(5)° and 44.0(1)° for all the
compounds reported here).

The reaction of titanacycles 2a—c¢ with PbCl, recovers 1a
and 1b, while the position of the shifted double bond is
retained in 1¢’. Simple acidolysis of the Ti—C bonds in the
titanacycles 2a—2c¢ affords titanocene dichlorides with five-
(from 2a) and eight-membered (from 2b and 2c¢) ansa-
bridges. The ring opening of 2a and 2c¢ proceeds cleanly to
afford bridge-saturated and bridge-unsaturated ansa-com-
plexes (3a and 3¢, respectively) as the sole products, but a
mixture of both products (3b and 3b’) in a 5:2 ratio was
obtained from titanacycle 2b. Such a formation of both
aliphatic and olefinic bridging chains from structurally similar
precursors still remains rather puzzling although the forma-
tion of the latters seems to be satisfactorily explained by a j-
hydrogen elimination reaction. Despite the fact that account-
ing for all factors that control the mechanisms of reactions of
2a—c with HCl is still impossible, this method complements
the synthetic routes leading to ansa-bridged Group 4 metal-
locene derivatives through modification of functional groups
on preformed metallocene complexes. More importantly, the
synthetic approach presented here allows one to synthesize
selectively long-chain ansa-metallocenes that are accessible
by the traditional metathesis of organic-chain-spaced bis-
(cyclopentadienyl) salts with an appropriate source of a
transition metal only with difficulties.

Note: After submission of this paper, it was reported that the
reduction of ansa-zirconocene and -hafnocene dichlorides
with silyl-bridged bis(1-indenyl) ligands bearing pendant
4-pentenyl groups by sodium amalgam also affords ring-
tethered metallacyclopentanes.!

Experimental Section

General comments: Syntheses of the starting bis{(w-alkenyl)tetramethyl-
cyclopentadienyljtitanium(1v) dichlorides 1a—c¢ were carried out in an
argon atmosphere. All other experiments were performed under high-
vacuum conditions on a vacuum line with exclusion of greased joints, and
with all-glass devices equipped with breakable seals. Samples for NMR and
UV/Vis spectra were prepared on a vacuum line and sealed off. Crystals for
X-ray analyses were mounted into Lindemann glass capillaries under
purified nitrogen in glovebox (mBraun Labmaster 130, O, and H,O
concentrations lower than 2.0 ppm). Crystals for mass spectral measure-
ments and melting point determination were placed into capillaries in the
glovebox and sealed by flame. KBr pellets for infrared spectra were
prepared in the glovebox and measured under nitrogen in an air-proof cell
on a Specord IR-75 spectrometer. NMR spectra were recorded on a Varian
UNITY Inova 400 spectrometer ('H, 399.95 MHz; "*C, 100.58 MHz) in
C¢Dy solutions at 298 K. Chemical shifts (6/ppm) are given relative to the
solvent signal (dy 7.15, O 128.00). The assignment of the NMR signals is
based on 'H, BC{'H}, *C APT/DEPT, COSY-90/DQF (double quantum
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filtered) COSY and '*C HMQC spectra. Mass spectra were measured on a
VG 7070E instrument (EI, 70 eV; only important mass peaks are reported).
UV/Vis spectra were recorded on a Varian Cary instrument in the range of
280-2000 nm using all-sealed quartz cells (Hellma, 0.1 and 1.0 cm). The
melting points were determined in sealed glass capillaries under nitrogen,
and are uncorrected.

Chemicals: Hexane, toluene, tetrahydrofuran (THF) and C,D4 were
refluxed with LiAlH, and stored as solutions of dimeric titanocene [(u-
7°;>-CoHg) (u-H),{Ti(5°-CsH;) ]! on a vacuum line. The (w-alkenyl)-
tetramethylcyclopentadiene ligands C;HMe,R, where R =CH(Me)CH=
CH,, (CH,),CH=CH, and (CH,);CH=CH,) were obtained as a mixture of
regioisomers by addition of 2,3,4,5-tetramethylcyclopent-2-enone to the
appropriate alkenyl Grignard reagent!”) and dehydration of the resulting
1-hydroxy-1-(alkenyl)-2,3,4,5-tetramethylcyclopent-2-enes induced by a
catalytic amount of iodine. The procedure is described in detail for
C;HMe,(CHMeCH=CH,).

Preparation of 5-(1-methyl-2-propenyl)-1,2,3,4-tetramethylcyclopenta-
diene: 3-Chloro-1-butene (22.50 g, 0.248 mol) in diethyl ether (100 mL)
was added dropwise to magnesium turnings (10.0 g, 0.41 mol) in diethyl
ether (250 mL) over a period of 60 min and the mixture was refluxed for
30 min. Then, a solution of 2,3,4,5-tetramethylcyclopent-2-enone (34.2 g,
0.248 mol) in diethyl ether (100 mL) was added to the solution of Grignard
reagent over 60 min, the grey-green reaction mixture was refluxed for 2 h
and then slowly poured onto a vigorously strirred slurry of ice (200 g) in
water (300 mL). The organic layer was separated and aqueous phase was
extracted with diethyl ether (3 x 50 mL). Organic phases were combined,
and diethyl ether was removed on a rotary evaporator, leaving 3-hydroxy-
3-(1-methyl-2-propenyl)-1,2,4,5-tetramethylcyclopent-2-ene, which was im-
mediately dehydrated by addition of an iodine solution in diethyl ether
(50 mg I, in 20 mL). A water layer which separated after standing overnight
was removed, the organic layer was shaken with a saturated aqueous
solution of sodium thiosulfate and twice with water, and dried by
anhydrous sodium sulfate. Ether was evaporated and the crude product
was distilled under dynamic vacuum of a rotary pump at the temperature of
a boiling water bath. The GC analysis of the distillate showed the presence
of about 2% of the unconverted alcohol, which was removed by addition of
LiAlH, (ca. 0.05 g) and stirring for 1 h. Repeated vacuum distillation gave a
mixture of isomeric cyclopentadienes as a colourless liquid. Yield: 34.9 g
(80.0%); IR (neat): #=3070 (m), 2955 (s), 2915 (s), 2850 (s), 2730 (w), 1815
(w), 1650 (m), 1630 (s), 1440 (s), 1410 (s), 1370 (s), 1330 (w), 1235 (w), 1150
(w), 990 (s), 850 (m), 730 (m), 695 (m), 560 (W), 520 cm~! (w); EI-MS (GC-
MS, 70 eV): m/z (%): 176 (5) [M]*, 161 (6), 133 (6), 122 (10), 121 (23), 120
(11),119(17),115(7), 107 (11), 106 (8), 105 (40), 103 (8), 93 (24),91 (47),79
(32), 78 (11), 77 (39), 65 (21), 63 (10), 55 (41), 53 (33), 41 (64), 40 (11), 39
(100).

Preparation of 5-(3-butenyl)-1,2,3,4-tetramethylcyclopentadiene: A similar
reaction with 4-bromo-1-butene (10.0 g, 74 mmol) afforded a mixture of
isomeric 5-(3-butenyl)-1,2,3,4-tetrametylcyclopentadienes as a colourless
liquid. Yield: 10.3 g (76.2%); IR (neat): #=3070 (m), 2960 (s), 2900 (s),
2860 (s), 2725 (w), 1815 (w), 1650 (m), 1635 (s), 1445 (vs), 1375 (s), 1305 (w),
1075 (m), 990 (s), 905 (s), 635 (m), 555 (w), 475 cm~! (w); EI-MS (GC-MS,
70 eV): miz (%): 176 (45) [M]*, 136 (10), 135 (100), 133 (11), 122 (13), 120
(23), 119 (39), 117 (11), 115 (12), 107 (48), 105 (58), 103 (10), 93 (23), 91
(49), 79 (20), 77 (26), 65 (10), 55 (8), 41 (27), 39 (25).

Preparation of 5-(w-pentenyl)-1,2,3,4-tetramethylcyclopentadiene: Start-
ing from 5-bromo-1-pentene (23.75¢g, 0.16 mol), the above procedure
afforded a mixture of 5-(w-pentenyl)-1,2,3 4-tetrametylcyclopentadienes as
a colourless liquid. Yield: 21.3 g (70.5%); IR (neat): #=3050 (w), 2960 (s),
2930 (s), 2860 (s), 1815 (w), 1650 (m), 1635 (s), 1440 (vs), 1375 (s), 990 (s),
905 (s), 850 (w), 630 (w), 555 cm~! (w); EI-MS (GC-MS, 70 eV): m/z (%):
190 (48) [M]*, 175 (38), 149 (100), 147 (16), 135 (32), 133 (29), 120 (66), 119
(36), 117 (10), 115 (9), 107 (40), 105 (37), 93 (16), 91 (36), 79 (15), 77 (18), 55
9), 41 (17), 39 (12).

Synthesis of bis{(w-alkenyl)tetramethylcyclopentadienyl}titanium dichlor-
ides: The procedure used follows the general principles for the synthesis of
highly ring-substituted titanocene dichlorides.*) Only the procedure for
obtaining the methylpropenyl derivative is described here in detail, since
all other compounds were prepared in a similar manner.

Preparation of [TiCl{53-C;Me,(CH(Me)CH=CH,)},] (1a): TiCl, (4.0 mL,
36 mmol) was co-condensed with THF (100 mL) at liquid nitrogen
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temperature in a 0.5 L three-necked flask on a vacuum line. The vacuum
was replaced by an argon atmosphere and the mixture was allowed to warm
up slowly to room temperature and THF was brought to a gentle reflux to
wash the adduct from walls (Warning: very often an exothermic reaction of
the components takes place which may cause the contamination of the
vacuum line by the formed yellow adduct [TiCl,(THF),]). After cooling to
room temperature, nBuLi (Aldrich) in hexane (22.5 mL 1.6M, 36 mmol)
was added from a syringe under vigorous stirring. The mixture was refluxed
for 30 min and then allowed to cool to room temperature, whereupon a
crystalline slurry of the pale blue [TiCl;(THF);] separated at the bottom of
the reaction vessel. In another one-liter three-necked flask, the mixture of
5-(1-methyl-2-propenyl)-1,2,3 4-tetramethylcyclopentadienes (19.14 g,
86 mmol) was dissolved in diethyl ether (500 mL) and nBuLi in hexane
(59 mL 1.6M, 90 mmol) was added by a syringe through a septum under
stirring, and the resulting white voluminous precipitate suspended in a
yellow solution was stirred for 3 h at room temperature. The slurry of
[TiCL;(THF);] was then poured under argon into the suspension of
cyclopentadienyllithium, diethyl ether was distilled off and a largely THF
solution was refluxed for 24 h. The volume of the solution was reduced to
about 50 mL, anhydrous powdered PbCl, (10.0 g, 36 mmol) was added and
the mixture was stirred for another 2 h during which the originally dark
brown-green mixture turned dark red due to the formation of complex 1a.
Solvents were evaporated under vacuum, the oily residue was dissolved in
heptane (20 mL) and the solution was cooled in a refrigerator overnight.
Still cold, the crystalline slurry was filtered, the residue was washed with
ethanol (20 mL) and extracted with heptane in a Soxhlet apparatus.
Concentration and cooling of the heptane solution afforded crude complex
1a which was washed by ethanol (20 mL) and, after drying, recrystallised
from heptane. Yield: 6.6 g (39%); brown crystalline powder; 'H NMR
(CsDg): 0=1.23, 1.24 (2d, 3J(H,H) =7.1 Hz, 3H; CHMe), 1.69, 1.71, 1.74,
1.77,2.04, 2.05, 2.07, 2.08 (8s, 3H; Me,C;), 3.98 (m, 2H; CHMe), 4.90-5.02
(m, 4H; =CH,), 6.13 (m, 1H; —CH=); BC{'H} NMR (CDq): 6 =12.17,
12.40, 12.69, 12.96, 13.59, 13.68, 13.73 (2C; Me,Cs), 17.57, 17.73 (CHMe),
37.20, 3726 (CHMe), 112.61, 122.63 (=CH,), 124.61, 125.39, 126.52, 128.77,
129.20, 129.45, 130.17 (Me,Cs, C-Me), 13723, 13731 (Me,Cs, C-CH),
142.52,142.63 (—CH=), signal of the second C(Me,Cs)-Me carbon atom was
not observed; EI-MS (direct inlet, 70 eV, 120°C): m/z (%): 468 (1) [M]*,
435 (8),433 (19) [M — CI]+, 297 (15), 296 (15), 295 (70), 294 (28), 293 (100)
[M —Cp"]+, 292 (12), 291 (10), 260 (10), 258 (27) [Cp"TiCl]*, 241 (12), 227
(9),176 (8), 175 (48) [Cp”]*, 160 (11), 145 (21), 133 (12), 119 (10), 105 (10),
91 (10), 55 (11), 41 (12); IR (KBr): 7=3072 (m), 2980 (s), 2956 (vs), 2897
(vs), 1815 (w), 1630 (s), 1489 (s), 1437 (s), 1420 (s), 1387 (m), 1371 (vs), 1302
(w), 1136 (w), 1087 (w), 1047 (w), 1016 (vs), 1000 (s), 965 (w), 907 (vs), 775
(m), 702 (m), 664 (w), 593 (w), 560 (w), 492 (w), 458 cm~! (m); elemental
analysis caled (% ) for C,cH33CLTi (469.37): C 66.53, H 8.16; found C 66.50,
H 8.14.

Data for [TiCl,{n*-CsMe,(CH,CH,CH=CH,)},] (1b): Brown-red crystals;
yield: 7.6 g (45%); 'THNMR (C,Dy): 6 =1.86,1.91 (25,6 H; Me,Cs), 1.97 (m,
2H; Cp”"CH,CH,), 2.66 (m, 2H; Cp"CH,), 4.85-5.02 (m, 2H;=CH,), 5.70
(m, 1H; —CH=); BC{'H} NMR (C.D¢): 6=13.1, 13.2 (Me,Cs), 279
(Cp"CH,), 34.0 (Cp"CH,CH,), 115.1 (=CH,), 127.3, 128.4 (Me,Cs, C-Me),
131.5 (Me,Cs, C-CH,), 138.2 (—CH=); EI-MS (direct inlet, 70 eV, 120°C):
miz (%): 468 (2) [M]*, 435 (16), 434 (14), 433 (34) [M — Cl1]*, 297 (20), 296
(19), 295 (88), 294 (34), 293 (100) [M — Cp"]*, 292 (14), 291 (13), 260 (15),
259 (10), 258 (39) [Cp"TiCl]*, 218 (8), 217 (18), 216 (10), 215 (9), 213 (15),
176 (11), 175 (67) [Cp"]*, 135 (17), 134 (74), 133 (36), 119 (63), 105 (12), 91
(21),77 (10), 69 (10), 57 (11), 55 (14), 43 (8), 41 (26), 39 (11); IR (KBr): v =
3060 (m), 2977 (brmy), 2965 (s), 2937 (s), 2894 (vs), 2855 (s), 1812 (w), 1635
(s), 1489 (m), 1479 (m), 1448 (s), 1427 (vs), 1393 (m), 1371 (vs), 1360 (sh),
1297 (w), 1259 (w), 1063 (w), 1010 (s), 994 (m), 949 (w), 898 (vs), 793 (W),
754 (w), 662 (w), 649 (m), 615 (w), 574 (w), 458 (m), 400 cm~' (m);
elemental analysis caled (%) for C,HyCLTi (469.37): C 66.53, H 8.16;
found C 66.51, H 8.15.

Data for [TiCl,{n*-CsMe,(CH,CH,CH,CH=CH,)},] (1¢): Brown-red pow-
der; the product is very soluble in hexane; yield 3.8 g (21%); '"H NMR
(CeDy): 6 = 1.32 (m, 2H; Cp"CH,CH,), 1.88, 1.95 (25, 6H; Me,Cs), 1.96 (m,
2H; Cp"CH,CH,CH,), 2.57 (m, 2H; Cp"'CH,), 4.94—5.03 (m, 2H; =CH,),
5.73 (m, 1H; -CH=); C{'H} NMR (C,D): 6 =13.1, 13.2 (Me,Cs), 279
(Cp"CH,), 292 (Cp"CH,CH,), 343 (Cp"CH,CH,CH,), 115.1 (=CH,),
1272, 128.4 (Me,Cs, C-Me), 132.2 (Me,Cs, C-CH,), 138.5 (-CH=); EI-MS
(direct inlet, 70 €V, 140°C): m/z (%): 496 (4) [M]*, 463 (18), 462 (17), 461
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(41) [M — C1J*, 311 (9), 310 (9), 309 (41), 308 (17), 307 (57), 272 (14), 227
(10), 219 (8), 218 (14), 217 (18), 216 (9), 213 (10), 190 (16), 189 (100), 161
(10), 148 (9), 147 (49), 135 (11), 134 (27), 133 (45), 121 (7), 120 (8), 119 (49),
105 (12), 91 (15), 55 (22), 41 (16); IR (KBr): % =3066 (m), 2970 (brs), 2900
(brvs), 2847 (s), 1638 (), 1488 (s), 1460 (m), 1438 (vs), 1420 (sh), 1387 (s),
1377 (vs), 1348 (w), 1209 (w), 1067 (w), 1020 (s), 993 (s), 963 (m), 927 (vs),
916 (vs), 811 (m), 752 (m), 636 (m), 613 (w), 440 cm~! (m); elemental
analysis calcd (%) for C,sH,,ClTi (497.43): C 67.61, H 8.51; found C 67.64,
H 8.53.

Reduction of 1a-1c¢ by magnesium: Complexes 1la—1c (1a 047 g, 1b
0.47 g, 1¢ 0.50 g; 1.0 mmol) and magnesium (0.24 g, 10 mmol) were placed
into an ampoule, which was carefully evacuated on a vacuum line. THF
(30 mL) was distilled onto the solid mixture at liquid nitrogen temperature.
The ampoule was sealed off, and after warming to room temperature, it was
immersed into a water bath kept at 60°C. After an induction period of
varying length (usually few hours) the red colour of the solution turned to
yellow-brown, indicating the formation of a titanocene monochloride
(evidenced by EPR spectra). After further heating to 60°C for 5 h, the
solution was decanted from the remaining magnesium, unreacted magne-
sium was washed by THF and finally all THF was distilled off (the induction
period is markedly reduced when the recovered activated magnesium is
reused). The solid residue was extracted by hexane (30 mL), the solution
was concentrated and the product crystallised in refrigerator (—5°C) or a
freezer (—18°C). The crystals formed were separated from the mother
liquor, washed by a cold solvent, dried in vacuum and sealed off in one arm
of the ampoule.

Data for [Ti"V(y'yp':np5:y5-CsMe,CH(Me)CH(Ti)CH,CH{CH,(7i)}CH-
(Me)CsMe,] (2a): Khaki green crystals; yield: 0.33g (83%); m.p.
>260°C; '"H NMR (C4Dg): 6 =1.10, 1.12, 1.29, 1.29, 1.30, 1.31, 1.41, 1.42,
1.51,1.53, 1.67,1.79, 2.01, 2.10 2.35, and 2.36 (16s, 3H; Me,Cs); enatiomeric
pair A: —3.09 (t, 3J(H,H)=7.1 Hz, 1H; TiCH), —0.04 (dt, J(H,H) =11.3,
3.3 Hz,1H; TiCH,), 0.99 (dd,J(H,H) =11.4,2.5 Hz, 1 H; TiCH,), 1.51 - 1.59
(m, 1H; TiCHCH,), 1.62 (d, *J(H,H) = 7.3 Hz, 3H; TiCHCHMe), 1.82 (d,
3J(HH)=75Hz, 3H; TiCH,CHCHMe), 2.05 (apparent qi, 1H;
TiCH,CH), 2.48 (ddd, J(H,H)=13.9, 8.0, 2.8 Hz, 1H; TiCHCH,), 3.02
(qi, J(HH)=74Hz, 1H; TiCHCH), 3.84 (q, J(HH)=75Hz, 1H;
TiCH,CHCH); enantiomeric pair B: —3.00 (t, *J(H,H)=76Hz, 1H;
TiCH), —0.34 (dt, J(H,H)=11.2, 3.0 Hz, 1H; TiCH,), 1.23-1.28 (m, 2H;
TiCH,, TICHCH,), 1.63 (d, */(H,H) =73 Hz, 3H; TICHCHMe), 1.90 (d,
*J(H,H) =74 Hz, 3H; TiCH,CHCHMe), 2.14-2.19 (m, 1H; TiCH,CH),
2.89 (ddd, J(H,H) =145, 8.0, 2.8 Hz, 1 H; TiCHCH,), 3.05 (qi, /=74 Hz,
TiCHCH), 4.01 (dq, J(HH)=74, 4.6 Hz, 1H; TiCH,CHCH); “C{'H}
NMR (C¢Dy): 6 =9.44, 9.48, 9.61, 10.06, 10.26, 10.37, 10.54, 10.62, 12.53,
12.56, 13.14, 14.04, 14.92, 15.16, 15.20 and 15.92 (16 Me of Me,Cs), 110.46,
110.81, 113.92, 115.44, 115.75, 115.85, 116.83, 117.58, 117.87, 118.04, 121.39,
121.83, 121.88, 122.99 (2 C), 123.11, 123.30, 123.75, 132.00, and 134.03
(20C;, of Me,Cs); enantiomeric pair A: 22.15 (TiCH,CHCHMe), 23.36
(TiCHCHMe), 42.53 (TiCH,CHCH), 43.61 or 43.48 (TiCHCH), 48.20
(TiCHCH,), 52.80 (TiCH,CH), 63.48 (TiCH), 72.70 (TiCH,); enantiomeric
pair B: 15.64 (TiCH,CHCHMe), 23.36 (TiCHCHMe), 38.07 (TiCH,-
CHCH), 38.25 (TiCHCH,), 43.48 or 43.61 (TiCHCH), 51.37 (TiCH,CH),
64.99 (TiCH), 76.56 (TiCH,); EI-MS (direct inlet, 70 eV, 160°C): m/z (% ):
401 (6), 400 (21), 399 (37), 398 (100) [M]*, 397 (22), 396 (27), 395 (11), 394
(11), 381 (14), 380 (7), 379 (6), 342 (10), 192 (13), 191 (8), 190 (7), 41 (7); IR
(KBr): 7 =2942 (brs), 2887 (brvs), 2857 (sh), 2808 (s), 1479 (s), 1439 (brvs),
1410 (s), 1373 (vs), 1220 (w), 1094 (m), 1073 (w), 1016 (s), 1098 (m), 1057
(w), 1038 (w), 803 (brm), 737 (m), 696 (m), 662 (m), 642 (w), 575 (w), 517
(w), 480 (vs), 468 (s), 440 cm~! (m); UV/Vis (hexane): A, =380 > 560 nm;
elemental analysis caled (% ) for C,HsTi (398.47): C 78.37, H 9.61; found C
78.35, H 9.61.

Data for [Ti"V(p'p'p3:p3-CsMe,(CH,),CH(Ti)(CH,),CH(Ti)(CH,),-
CsMe,] (2b): Dark red crystals; yield 0.34 g (86 % ); m.p. 127°C; '"H NMR
(CDg): 6=138 (s, 3H; Me,Cs), 1.38-149 (m, 2H; TiCHCH,,
Cp”’CH,CH,), 143, 1.57 (2s, 3H; Me,Cs), 1.78-1.85 (m, 1H; TiCHCH,),
1.98-2.03 (brm, 1H; TICHCH,), 2.09-2.18 (m, 1H; Cp"CH,CH,), 2.48
(dd, J(H,H) =134, 8.1 Hz, 1H; Cp"CH,CH,), 2.66 (s, 3H; Me,Cs), 3.17
(ddd, J,(HH)~J,(HH)~13, J;(HH)=6.8Hz, 1H; Cp"’CH,CH,);
BC{'H} NMR (C¢Dy): 6 =10.0, 10.5, 11.8, 15.3 (Me,Cs; oy 1.38, 1.43, 1.57,
2.66, respectively), 244 (Cp”CH,CH,), 30.1 (TiCHCH,), 463
(Cp"CH,CH,), 78.4 (TiCHCH,), 113.8, 114.4, 117.0, 126.9 (Me,Cs, C-Me),
140.4 (Me,Cs, C-CH,); EI-MS (direct inlet, 70 eV, 170°C) m/z (%): 400
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(14), 399 (36), 398 (100) [M]*, 397 (18), 396 (17), 395 (9), 394 (7), 393 (10),
355 (7), 354 (7), 353 (18), 181 (10), 180 (6), 178 (8), 177 (6), 41 (6). IR (KBr):
7=2990 (w), 2938 (s), 2907 (brs), 2853 (s), 2812 (s), 2782 (vs), 1488 (s), 1433
(brvs), 1373 (vs), 1332 (w), 1303 (s), 1279 (w), 1231 (m), 1185 (w), 1171 (w),
1066 (m), 1018 (s), 934 (w), 896 (m), 860 (w), 797 (m), 781 (w), 677 (m), 598
(W), 548 (w), 525 (m), 505 (s), 443 (sh), 413 cm™' (s); UV/Vis (hexane):
Amax =400 (sh) > 640 nm (sh); elemental analysis calcd (%) for C,sHseTi
(398.47): C 78.37, H 9.61; found C 78.34, H 9.60.

Data for [Ti(yy'n5m-CMe,(CH,),CH(Ti){CH(Me)},CH(Ti)(CH,),-
CsMe,)] (2¢): Ochre crystals; yield: 0.36 g (84 %); m.p. 74°C; '"H NMR
(CDy): 6=0.85 (filled-in d, 3H; TICHCHMe), 1.10 (dddd, J,(E,H) ~
L(HH)~13.5, J,(HH) =78, J,(H,H)=4.9 Hz, 1H; Cp"CH,CH,), 1.39,
1.40 (2s,3H; Me,Cs), 1.45-1.52 (m, 1 H; TICHCHMe), 1.55-1.61 (m, 1 H;
TiICHCHMe), 1.59 (s, 3H; Me,Cs), 2.29 (ddd, J(H,H) =137, 6.1, 1.8 Hz,
1H; Cp"CH,CH,), 2.41 (dd, 1H; J(H,H) = 13.4, 7.7 Hz, Cp"CH,CH,), 2.60
(s, 3H; Me,Cs), 3.06 (ddd, J,(H,H) ~J,(HH)~133, J,=64Hz, 1H;
Cp'CH,CH,); BC{'H} NMR (C,Dy): 6 =10.0, 10.4, 11.8, 15.4 (Me,Cs), 19.8
(TICHCHMe), 24.1 (Cp”CH,CH,), 41.1 (TICHCHMe), 42.6 Cp”CH,CH,),
86.2 (TiCHCHMe), 113.7, 114.4, 1177, 127.2 (Me,Cs, C-Me), 139.8 Me,Cs,
C-CH,); EI-MS (direct inlet, 70 €V, 170°C): m/z (% ): 428 (14), 427 (37), 426
(100) [M]*, 425 (15), 424 (15), 370 (11), 367 (5), 182 (9), 181 (11), 180 (8),
179 (5), 178 (9), 177 (5), 55 (6), 41 (7); IR (KBr): #=2935 (vs), 2904 (vs),
2849 (vs), 2811 (s), 2795 (s), 1490 (m), 1445 (brvs), 1374 (s), 1352 (m), 1335
(w), 1308 (m), 1256 (m), 1203 (w), 1190 (w), 1137 (w), 1017 (s), 977 (m), 953
(m), 932 (w), 880 (w), 817 (w), 790 (brm), 672 (m), 600 (m), 558 (w), 472
(w), 445 (w), 427 (m), 407 cm~! (s); UV/Vis (hexane): A,,,, =460 > 540 nm
(sh); elemental analysis calcd (%) for C,sH,,Ti (426.52): C 78.85, H 9.93;
found C 78.82, H 9.92.

Reaction of complexes 2a—c with PbCl,: Compounds 2a and 2b (0.40 g
each, 1.0 mmol) and 2¢ (0.43 g, 1.0 mmol) were reacted with dry, degassed
PbCl, powder (Fluka; 0.278 g, 1.0 mmol) in THF (20 mL) at 60°C with
stirring for 8 h. All volatiles were evaporated in vacuum, and the residue
was extracted by hexane. The extracts were concentrated and the residue
was crystallised by cooling. The products were identified by MS, and IR, 'H
and “C NMR spectroscopy. Compounds 2a and 2b afforded 1a (0.44 g,
94%) and 1b (0.40 g, 85 %), respectively.

[TiCL{n*-C;Me,(CH,CH,CH=CHMae)},] (1¢'). Complex 2¢ was converted
to1¢. Yield: 0.45 g (91%): m.p. 138°C; 'H NMR (C4Dy): 6 = 1.54 (dt, 3H;
J(H,H) =4.6, 1.2 Hz, =CHMe), 1.89 (s, 6H; 5’ — Me,CsH), 1.96 (m, 2H;
Cp"CH,CH,), 1.94 (s, 6 H; Me,CsH), 2.66 (m, Cp”CH,), 5.31-5.36 (m, 2H
CH=CH); “C{'H} NMR (C,Dy): 6=13.1 (&, 189), 132 (8, 1.94)
(Me,CsH), 18.0 (=CHMe), 28.6 (Cp”CH,), 33.0 (Cp’CH,CH,), 125.5
(CH=CH), 1271, 128.7 (Me,CsH; C-Me, C-CH,), 131.0 (CH=CH), 131.7
(Me,CsH; C-Me and C-CH,); IR (KBr): #=3020 (m), 2980 (m), 2950 (s),
2906 (vs), 2854 (s), 2814 (m), 1493 (m), 1484 (m), 1452 (s), 1434 (s), 1375
(vs), 1307 (w), 1260 (m), 1070 (m), 1020 (s), 973 (vs), 798 (s), 606 (W),
440 cm™! (m); EI-MS (direct inlet, 70 eV, 120°C): m/z (%): 496 (0.5) [M]*,
463 (11), 462 (9), 461 (23) [M — CI]*, 428 (14), 427 (39), 426 (100) [M —
2CIJ+, 425 (15), 423 (15), 370 (14), 309 (30), 308 (11), 307 (40), 274 (10), 272
(21), 217 (12), 189 (19), 181 (11), 135 (24), 134 (31), 133 (21), 119 (25), 83
(11), 81 (8), 69 (15), 57 (18), 55 (27); elemental analysis caled (%) for
CosH,,CLTi (497.43): C 6761, H 8.51; found C 67.62, H 8.52.

Reaction of titanacycles 2 a - c with hydrogen chloride: Compounds 2a, 2b
(0.40 g each, 1.0 mmol) and 2¢ (0.43 g, 1.0 mmol) were dissolved in hexane
(40 mL) and a solution of hydrogen chloride (3 mmol, generated from 5 mL
of degassed 98 % H,SO, and NaCl, 0.174 g, 3.0 mmol) in hexane (50 mL)
was added. In all cases, a voluminous dark red crystalline precipitate
formed immediately. The mixture was briefly warmed to 60°C and then
slowly cooled, finally in a refrigerator. The products crystallised out in
nearly quantitative yields. They were isolated by decantation and dried in
vacuo.

Data for ansa-[{n°:n°-CsMe,CH(Me)CH,CH,CH(Me)CH(Me)C;Me,}-
TiClL,] (3a): Yellow brown tiny needles; yield: 0.45 g (96 %); m.p. 237°C;
'H NMR (C¢Dy): 6=0.74 (d, *J(H,H)=6.6 Hz, 3H; MeCH), 0.81 (d,
3J(H,H) =6.6 Hz, 3H; MeCH), 0.87 (d, J(H,H)="7.7 Hz, 3H; MeCH),
0.98-1.02, 1.13-1.22 2m, 1H; CH,), 1.51-1.57 (m, 2H; CH,), 1.64, 1.66,
1.81,1.85 (4s,3H; Me,Cs), 1.85-1.94 (m, 1 H; CHMe), 2.14,2.15,2.35,2.37
(4s,3H; Me,Cs), 2.50 (dq, J,(H,H) ~J,(H,H) ~ 6.6 Hz, 1 H; CHMe), 2.70 -
2.81 (m, 1H; CHMe); BC{'H} NMR (C4Dy): 6 =13.19, 13.23, 13.30, 13.56,
15.20 (2C), 16.60, 16.86 (Me,Cs), 18.04, 20.93, 23.71 (MeCH), 28.46, 28.79

0947-6539/00/0613-2405 $ 17.50+.50/0 2405





FULL PAPER

K. Mach et al.

(CH,), 33.34, 34.77, 39.89 (CHMe), 121.31, 121.63, 125.69, 129.12, 131.75,
131.85, 133.77,135.91, 137.10, 137.52 (C-CH,, C-Me, Me,Cs); EI-MS (direct
inlet, 70 eV, 150°C): m/z (%): 472 (11), 470 (15) [M]*, 437 (14), 435 (32)
[M —Cl]*, 434 (9),398 (9),395 (10), 288 (14), 287 (10), 286 (36), 266 (9), 232
(21), 231 (14), 230 (31), 229 (16), 228 (11), 227 (33), 213 (12), 176 (8), 150
(11), 149 (90), 148 (100), 147 (25), 134 (11), 133 (44), 121 (14), 119 (18), 117
(10), 105 (19), 91 (19), 79 (8), 69 (14), 57 (9), 55 (23), 43 (12), 41 (27); IR
(KBr): #=2962 (vs), 2951 (s), 2914 (brvs), 2870 (sh), 1487 (s), 1447 (vs),
1425 (m), 1375 (vs), 1361 (m), 1259 (w), 1180 (vw), 1140 (vw), 1068 (w),
1045 (vw), 1018 (vs), 967 (w), 793 (m), 743 (w), 652 (w), 617 (vw), 580 (vw),
467 (vw), 423 cm™! (m); elemental analysis caled (%) for C,H,CLTi
(471.39): C 66.25, H 8.55; found C 66.23, H 8.54.

Data for ansa-[{n*:n°-CsMe,(CH,);C;sMeTiCl,] (3b): Purple needlelike
crystals; yield: 0.40 g (85%); m.p. 142°C; 'H NMR (C¢D¢): 6 =1.20-1.48
(m, 4H; y,0-CH,), 1.54-1.65 (m, 2H; -CH,), 1.96, 2.04 (2s, 6H; Me,Cs),
2.39-2.46 (m, 2H; a-CH,); “C{'H} NMR (C4Dy): 6 =14.0, 14.1 (Me,Cs),
22.1 (y or 6-CH,), 23.7 (5-CH,), 25.7 (a-CH,), 26.9 (y or 6-CH,), 125.7,
126.8 (C-Me, Me,Cs), 132.9 (C-CH,, Me,Cs); EI-MS (direct inlet, 70 eV,
190°C): miz (%): 474 (8), 473 (10), 472 (30), 471 (17), 470 (41) [M]*, 438
(13), 437 (42), 436 (42), 435 (100) [M — CI]*, 434 (32), 433 (17), 398 (13),
227 (12), 219 (11), 218 (19), 217 (23), 216 (10), 215 (9), 213 (15), 135 (35),
134 (10), 133 (18), 121 (7), 119 (24), 105 (9), 91 (10), 55 (9), 41 (14); IR
(KBr): 7 =1490 (s), 1465 (vs), 1444 (s), 1422 (s), 1375 (vs), 1366 (sh), 1321
(m), 1262 (w), 1213 (w), 1162 (w), 1100 (sh), 1080 (w), 1067 (m), 1048 (w),
1013 (vs), 955 (m), 844 (w), 820 (w), 788 (m), 728 (m), 702 (s), 642 (m), 621
(w), 433 cm™! (s); elemental analysis caled (% ) for C,sH,,CLTi (471.39): C
66.25, H 8.55; found C 66.21, H 8.52. The NMR spectra of the crude product
revealed the presence of a minor isomer (minor:major =2:5). The minor
component was not isolated but identified by means of NMR spectroscopy
directly in the mixture as 3b’.

Data for ansa-[{n°:n5-CsMe,CH,CH=CH(CH,):C:MeTiCl,] (3b):
'"H NMR (C¢Dy): 6 =1.20-1.28 (m, 2H; CH,), 1.38-1.45 (m, 4H; 2CH,),
1.84 (s, 12H; Me,Cs),2.00-2.15 (m, 4H; 2 CH,), 2.06, 2.10 (2s, 6 H; Me,Cs),
3.44 (brd, *J(H,H) =6.2 Hz, 2H; CH,CH=), 5.52-5.66 (m, 2H; CH=CH);
BC{'H} NMR (C¢Dy): 6 =13.2,13.3,13.5, 14.0 (Me,Cs), 27.8 (CH,, dy; 1.38—
1.45), 28.1 (CH,, 0y 2.00-2.15), 29.3 (CH,, 0y 1.38—1.45), 31.5 (CH,, 0y
1.20-1.28), 33.5 (CH,CH=), 34.7 (CH,, 0y 2.00-2.15), 126.5 (C-CH,, C-
Me, Me,C;), 126.8 (CH=), 128.8, 129.1, 130.7, 133.3 (C-CH,, C-Me, Me,C;),
135.5 (=CH).

Data for ansa-[{n°:n5-CsMe,(CH,);CH(Me)CH(Me)CH=CHCH,C;Me,}-
TiCl,] (3¢): Purple needles; yield: 0.51 g (97%); m.p. 127°C; 'H NMR
(C¢Dg): 0=091 (d, 3J(HH)=6.4 Hz, 3H; CHMe), 0.98 (d, J(H.H)=
6.6 Hz, 3H; CHMe), 0.98-1.12 (m, 2H; Cp”"CH,CH,CH,, CH,CHMe),
1.23 (brddd, J,(H,H)=4.5, J,(H,H)~J;(H,H) ~12.5 Hz, 1H; Cp”"CH,-
CH,CH,), 1.34-1.57 (m, 2H; Cp”"CH,CH,), 1.62 (s, 3H; Me,C;), 1.64 - 1.71
(m, 1H; MeCHCH=), 1.76, 1.88 (2s, 3H; Me,Cs), 1.90-1.98 (m, 2H;
Cp”"CH,CH,), 1.92,1.99, 2.11, 2.15,2.20 (5s, 3H; Me,Cs), 3.12-3.19, 4.01 -
410 (2m, 1H; CH,CH=), 5.50-5.60 (m, 2H; CH=CH); *C{'H} NMR
(CsDg) =0 12.0, 12.5, 12.9 (2 C), 13.1, 14.3, 14.8, 15.2 (Me,Cs), 20.2, 21.4
(MeCH), 27.0 (Cp"”CH,CH,), 29.1 (Cp”"CH,CH,), 34.8 (Cp"CH,CH=), 39.6
(CH,CHMe), 40.1 (Cp”"CH,CH,CH,), 46.5 (MeCHCH=), 121.3, 123.2 (2
C),126.7 (2 C), 134.1, 134.2,136.9, 137.3 (2C; C-CH,, C-Me, Me,C;), 122.7
(CH,CH=), 141.1 (=CHCH); EI-MS (direct inlet, 70 eV, 120°C): m/z (%):
496 (1) [M]*, 463 (10), 462 7), 461 (16) [M — CI]*, 311 (17), 310 (14), 309
(54), 308 (20), 307 (100) [M — Cp” —H]*, 306 (11), 305 6), 274 (9), 273 (6),
272 (24), 254 5), 252 (6), 220 (6), 219 (11), 218 (16), 217 (19), 216 (13), 215
(10), 213 (15), 190 (8), 189 (43), 174 (7), 147 (17), 135 (39), 134 (93), 133
(46), 121 (5), 120 (8), 119 (67), 117 (7), 115 (5), 105 (12), 93 (5), 91 (20), 79
(8),77 (8),69 (10), 57 (6), 55 (34), 53 (6), 43 (6), 41 (20); IR (KBr): 7=3012
(w),2981 (m), 2945 (s), 2897 (vs), 2864 (s), 1492 (m), 1480 (s), 1448 (s), 1430
(vs), 1387 (w), 1373 (vs), 1334 (vw), 1305 (w), 1258 (w), 1113 (vw), 1068 (w),
1015 (s), 989 (m), 970 (vs), 905 (vw), 798 (w), 666 (vw), 604 (W), 542 (vw),
509 (vw), 438 cm™! (m); elemental analysis calcd (%) for C,H,ClLTi
(497.43): C 67.61, H 8.51; found C 67.58, H 8.49.

X-ray crystallography: Crystals of 1a, 1¢’, 2a, 2b, 2¢ and 3b suitable for
single-crystal X-ray analysis were obtained by slow evaporation from
hexane (1a,1¢’,2a and 2b) or toluene (2 ¢ and 3b). The selected specimens
were inserted into Lindemann-glass capillaries and sealed by wax under
nitrogen in a glovebox. The diffraction measurement was carried out on a
CAD4-MACHIII four-circle diffractometer using graphite monochromatic
Moy, radiation and 6-26 scan. For all cases, the lattice parameters were

2406 —

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

determined by least-squares refinement from 25 automatically centered
diffractions with 26 range given in Table 6. Three standard diffractions
were monitored every hour. The intensities were corrected for Lorentz
polarization effects and linear decay;P*”! absorption was neglected. The
structures were solved by direct methods (SIR92)P! or (SIR97),*!
affording the positions of all non-hydrogen atoms, and refined by full-
matrix least-squares on F2 (SHELXL97). Relevant crystallographic data
and details about data collection and structure refinement are given in
Table 6. Further comments for each particular case are given below.

Compound 1a: The molecule of 1a has perfect C, symmetry with the
titanium atom residing on a crystallographic two-fold axis (Ti: x=0, z=
0.250; occupancy 0.50). Hence, only one half of the molecule is symetrically
independent. All non-hydrogen atoms were refined anisotropically. Meth-
ylene and all methyl hydrogens were included in calculated positions (C—H
0.93 and 0.96 A, respectively) and assigned U,(H) 1.2 and 1.5 times of
U.(C), respectively. The methine hydrogen was found on an difference
electron-density map and refined with Uy,(H) =12 U(O).

Compound 1 ¢’: Similarly to 1a, only a half of the molecule of complex 1¢’ is
crystallographically independent (Ti: x =0, z =0.75; occupancy 0.50), the
two halves being related by a (1 —x, y, 3/2 — z) symmetry transformation.
The non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were identified on diferrence electron density maps and isotropically
refined.

Compound 2a: Because all the repeatedly selected crystals diffracted
poorly and gave relatively broad diffractions whose intensity decreased
rapidly with increasing 6 angle, indicating a disordered structure, the data
collection had to be stopped at 260 =40°. The structure solution revealed a
statistical disorder of the methyl groups in the “methylpropenyl” part of the
molecule. As the relative position of the methyl groups is the only
difference between both diastereomeric pairs in the crystal lattice, the
disorder reflects very likely only marginal difference in shape of the
diastereomeric molecules that leads to their packing in the racemic crystal
as of one species. The structure was refined with the methyl group of the
methylpropenyl chain (C(13) and C(13)) located over two positions with
occupancies 0.50:0.50. The disorder is partly transferred even onto adjacent
atoms, but a refinement of those atoms over two positions with identical
occupancies proved unstable. The non-hydrogen atoms were refined
anisotropically; hydrogen atoms of the titanacyclopentane ring were
identified on difference electron-density maps and isotropically refined.
All the remaining methyl and methine groups were refined with hydrogen
atoms in calculated positions with C—H 0.96 and 0.98 A, respectively, and
U,o(H) =12 U(C).

Compound 2 b: The titanium atom resides on the crystallographic two-fold
axis (x =0, z=0.25; occupancy 0.50) and only one half of the molecule is
crystallographically independent. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of the CH and CH, groups were found on
the difference electron-density maps and isotropically refined, whereas
those of methyl groups were fixed in calculated positions, assuming C—H
0.96 A and Uy, (H) =12 U,,(C).

Compound 2 c: Similarly to 2b, the molecule is placed in a special position
(Ti: x=0.25, y=0; occupancy 0.50) so that only its half is symmetrically
independent. Non-hydrogen atoms were refined anisotropically. All
hydrogens except the methine H(9) were refined in their theoretical
positions with U;,(H) = 1.2 U,(C) for the methylene groups and Uj,,(H) =
1.5 Uy(C) for the methine and methyl hydrogen atoms. The H(9) atom was
isotropically refined in a position identified on difference electron-density
map. Note: another crystal modification of 2 ¢ crystallized out from hexane
and its crystal structure was determined as well. The structure resembles
closely the structure of 2b, but it does not possess any crystallographically
imposed symmetry. Both polymorphs show only marginall differences in
overall molecular geometry and the structure of the less symmetric
polymorph will not be discussed here in detail. Structural data have been
deposited at the Cambridge Crystallographic Data Centre, deposition
number CCDC-134862.

Compound 3b: All non-hydrogen atoms were refined anisotropically.
However, two inner atoms of the eight membered cyclopentadienyl-linking
side chain, C(9) and C(10) are partly disordered. A model describing this
disorder by two partially occupied positions for each atom failed, resulting
in unrealistic atom distances (the refinement in non-centrosymetric space
group also proved unsuccessful due to large correlation of parametres of
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Table 6. Crystallographic data, data collection and structure refinement for 1a, 1¢, 2a, 2b, 2¢ and 3b.

1a 1¢ 2a 2b 2¢ 3b
formula CyH3CLTi CyH,,CLTi CyHisTi CyHsTi CyH,,Ti CysH,CLTi
M, 469.36 497.42 398.47 398.46 426.52 471.38
crystal size [mm?] 02x02x0.3 03x0.8x%x0.5 02x03x%x0.3 0.1x0.3x0.5 03%x03%x04 0.5x0.6x0.6
crystal description red prism red prism red bar ruby red prism red prism red prism
T [K] 293(2) 150(2) 293(2) 296(1) 293(2) 293(2)
crystal system monoclinic monoclinic monoclinic monoclinic orthorhombic triclinic
space group C2lc C2lc C2lc C2c Pbca P1
26 range [°] 26-28 26-28 22-24 26-28 24-26 26-28
A[A] 0.71069 0.71069 0.71069 0.71073 0.71069 0.71069
a[A] 21.374(8) 12.986(2) 13.694(3) 11.417(1) 9.865(1) 8.7563(8)
b [A] 8.166(2) 12.103(1) 15.463(2) 14.806(2) 15.789(1) 8.8929(8)
c[A] 16.656(7) 16.693(2) 20.829(5) 12.741(2) 30.155(5) 16.583(2)
a (] 90 90 90 90 90 99.064(8)
AN 121.44(2) 91.15(1) 92.06(2) 91.12(1) 90 103.723(8)
v [°] 90 90 90 90 90 101.188(7)
v [A%] 2481(1) 2623.1(7) 4407(2) 2153.3(5) 4697(2) 1202.2(2)
V4 4 4 8 4 8 2
F(000) 1000 1064 1728 864 1856 504
Peaica [gmML"] 1.26 1.26 1.20 1.23 1.21 1.30
u [mm™1] 0.571 0.544 0.396 0.405 0.376 0.589
20max [°] 48.0 50.0 40.0 50.0 46.0 50.0
hkl range —24/23,0/9, —18/19 0/15, 0/14, —19/19 0/13, 0/14, —19/20 0/14, —14/17, —15/15 0/10, 0/17, 0/33 —10/10, 0/10, —19/19
measured reflections 1945 2432 2150 3211 3254 4220
unique reflections 1945 2313 2047 1892 3254 4220
observed reflections [/ >20(I)] 1379 2111 1541 1573 1808 3601
parameters 140 225 278 151 369 262
GOFU all data 1.02 1.06 1.21 1.07 1.02 1.01
R(F)/wR(F?)1 all data (%) 7.10/10.1 3.74/9.21 10.4/23.1 5.14/10.2 5.4/6.9 5.45/2.5
R(F)/wR(F?)1 obs reflns (%) 3.61/8.91 3.26/8.95 7.62/21.3 3.70/9.59 5.60/3.6 4.42/1.8
wy/w,lo! 0.0518/1.9076 0.0576/2.3697 0.0738/51.958 0.0545/2.1460 0.0885/3.1946  0.0639/1.195
Ap [e A3 0.40/ —0.24 0.35/-0.32 0.72/-0.31 0.25/—-0.31 0.86/ — 0.36 0.82/—0.67

[a] Definitions: R(F)=Z||F,| — F||/2|F,|, wR(F?) =[Z(w(F3 — F2))/Ew(F2)*)]"?, GOF =[Z(W(F3 — F2)")/(Netins — Nparams) . [b] Weighting scheme:

w=[0%(F2) + (w,P)* + w5P] s P=[max(F2) + 2F2))3.

other atoms). All hydrogen atoms were included in calculated positions
(C—H bond lengths 0.96 and 0.97 A for methyl and methylene groups,
respectively) and assigned Uj,,(H) =1.5 U,,(C).

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-134863 (1a),
CCDC-134861 (1¢’), CCDC-134858 (2a), CCDC-134859 (2b), CCDC-
135122 (2¢), and CCDC-134860 (3b). 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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pH-Independent Triple-Helix Formation with 6-Oxocytidine

as Cytidine Analogue

Uwe Parsch and Joachim W. Engels*!?!

Abstract: The syntheses of six different
phosphoramidite building blocks of
6-oxocytosine and 5-allyl-6-oxocytosine
as analogues of N(3)-protonated cyto-
sine are described. These compounds
have been incorporated into oligonu-
cleotides by standard solid-phase syn-
thesis. Hybridization of 15-mer Hoogs-
teen strands with target 21-mer duplexes
was investigated. Comparison of the
triplex-forming abilities of the different
building blocks revealed that: i) 5-allyl
substitution has a negative influence on

of the Hoogsteen strand stabilizes tri-
plexes relative to mixed backbones;
iii) RNA strands with 6-oxocytidine or
5-allyl-6-oxocytidine do not form a triple
helix with the DNA target duplex,
probably due to backbone torsional
constraints; and (iv) a 15-mer DNA
sequence with three isolated 2'-deoxy-
6-oxocytidines has the highest T, of all

Keywords: bioorganic chemistry
circular dichroism . DNA recogni-
tion - oligonucleotides - triplexes

cytidine analogues investigated in this
study. CD experiments provided further
evidence for the presence or absence of
triplex structures. In the course of these
temperature-dependent CD measure-
ments we were able to detect duplex
and triplex melting independent from
each other at selected wavelengths. This
methodology is especially interesting in
cases where UV melting curves show
only one transition owing to spectral
overlap.

triplex stability; ii) a uniform backbone

Introduction

In 1957, only four years after the discovery of the DNA double
helix by Watson and Crick,!! Felsenfeld, Davies, and Rich
reported the detection of a triple helix based on polynucleo-
tides.”l The possibility that oligonucleotides could be used to
regulate gene expression at the DNA level led to renewed
interest in the formation of triple-stranded nucleic acids three
decades later.’ Since then, the triplex methodology has
become the most promising technology for the sequence-
specific recognition of DNA." 8 Triplexes are formed from a
duplex with purine-consecutive sequences and oligonucleo-
tides that bind as a third strand in the major groove. In the
parallel binding motif, a thymine in the third strand is used to
form a Hoogsteen pair with adenine at neutral pH (T x A-T
triad) (Scheme 1). There is, however, no natural base that can
bind in a Hoogsteen fashion to guanine at pH 7. Generally,
protonated cytosine is used in this capacity (C* x G - C triad;
Scheme 1).> 1% However, as the pK, of protonated cytosine is
~4.3 and the intracellular pH is ~ 7.4, protonated cytosine has
limited applicability as a component in a third strand targeted

[a] Prof. Dr. J. W. Engels, Dipl.-Chem. U. Parsch
Johann Wolfgang Goethe-Universitét
Institut fiir Organische Chemie
Marie-Curie-Str. 11, D-60439 Frankfurt am Main (Germany)
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against G- C base pairs inside a cell. Although the cytosine
residue appears to be protonated at pH values much higher
than its intrinsic pK,, its contribution to triplex stability at
physiological pH is minimal.[""-**! Different approaches have
been attempted to circumvent this difficulty. The first one was
the use of pyrimidine nucleosides with substituents in the
5-position of the base.'t 19211 Another one was the use of
5-methylcytosine tethered with spermine at N(4).222 A third
attempt was the utilization of 5-substituted 2-aminopyridine
C-nucleosides as protonated cytidine equivalents.?’”* These
molecules are more basic than cytosine and are protonated to
a higher extent in neutral and slightly basic conditions. All of
these experiments led to stabilization of the triple helices, but
none overcame the intrinsic pH dependence. One of the most
promising efforts involved the use of artificial nucleosides
able to form two hydrogen bonds to guanine without
protonation. Therefore, several groups suggested neutral
heterocyclic mimics of protonated cytosine that permit the
synthesis of oligomers having enhanced specific affinity for
duplex DNA under physiological conditions. Ono et al.
showed that deoxypyrimidine oligomers which contain pseu-
doisocytosine in place of cytosine form triplexes with an
oligodeoxyribonucleotide duplex at pH 7.0.5:3 Dervan and
coworkers reported that a base analogue, 1-(2-deoxy-j-D-
ribofuranosyl)-3-methyl-5-amino-1H-pyrazolo[4,3-d]pyrimi-

din-7-one, can interact with G- C base pairs in duplex DNA
over an extended pH range.** 3 The groups of Matteucci and
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Miller used oligonucleotides with N°-methyl-8-ox0-2'-deoxy-
adenosine and 8-oxo-2'-deoxyadenosine, respectively. UV
melting experiments showed that these oligonucleotides had
slightly lower T, values than did those containing 2'-
deoxycytidine.’>31 A pyrazine base with a donor-donor—
acceptor motif was incorporated into an oligonucleotide by
von Krosigk and Benner. The T,, value increased by 5°C
compared with that of a 2'-deoxycytidine-containing oligomer
at pH 7.3 with 1m NaCl in the buffer.*® The use of 5-methyl-6-
oxocytosine was reported by two groups.*** The 6-oxocyti-
dine molecule seems to be the most promising candidate so
far for stable and pH-independent triple-helix formation in
this field. The other candidates mentioned are either purine-
like structures which distort the oligonucleotide backbone or
are C-nucleosides, which possibly form weaker base pairs than
the corresponding N-nucleosides.*]

Here, we report the design and synthesis of nonnatural
analogues that bind G - C base pairs without protonation in a
pyrimidine-motif triple-helical complex. Our design criteria
for a nucleoside analogue included a pyrimidine-like ring
system, to minimize anomalous conformational changes in the
backbone, and a bidentate hydrogen-bond donor, to interact
effectively with the O(6)-oxygen and N(7)-nitrogen of the
target guanine. One molecule that meets these criteria is the
nucleoside 6-oxocytidine (Scheme 1). In this work we com-
pare the effects of different substituents in the backbone (2'-
position) and the 5-position of the heterocycle on the stability
of triple helices. As physicochemical methods, UV and CD
spectroscopy were used.

Abstract in German: Die Synthesen von sechs verschiedenen
Phosphoramiditen mit 6-Oxocytosin bzw. 5-Allyl-6-oxocytosin
als Analoga von protoniertem Cytosin werden beschrieben.
Diese Bausteine konnten durch Festphasensynthese in Oligo-
nucleotide eingebaut werden. Die Hybridisierungseigenschaf-
ten von 15mer Hoogsteen-Stringen mit 21mer Doppelhelices
wurden untersucht. Der Vergleich der Triplex-bildenden Ei-
genschaften der verschiedenen Oligonucleotide erbrachte fol-
gende Ergebnisse: i) 5-Allyl Substitution hat einen negativen
Einfluss auf die Tripelhelix-Stabilitdt. ii) Ein einheitliches
Riickgrat des Hoogsteen-Stranges stabilisiert Tripelhelices
verglichen mit einem gemischten Riickgrat. iii) RNA-Stringe,
die 6-Oxocytidin oder 5-Allyl-6-oxocytidin enthalten, bilden
keine Tripelhelices mit der DNA Doppelhelix. Dies ist wahr-
scheinlich in einer ungewohnlichen Zuckerkonformation die-
ser Derivate begriindet, welche zu einer Verzerrung des
Oligonucleotid Riickgrats fiihrt. iv) Eine 15mer DNA-Sequenz
mit drei isolierten 2'-Desoxy-6-oxocytidinen zeigt den hochsten
T,,-Wert aller untersuchten Cytidin-Analoga dieser Studie. CD-
Experimente gaben weitere Hinweise auf die Existenz bzw.
Nicht-Existenz tripelhelicaler Assoziate. Wihrend dieser Un-
tersuchungen gelang es, eine Methode zur selektiven Erken-
nung des Triplex- bzw. Duplex-Schmelzprozesses zu etablie-
ren. Diese Technik ist besonders in Fiillen interessant, in denen
UV-Schmelzkurven wegen Uberlappung nur einen Ubergang
zeigen.
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Scheme 1. T-A-T, C*-G-C, and O-G-C base triads; O = 6-oxocytosine,
R’=H or substituent, R =sugar.

Results and Discussion

Chemical synthesis of the phosphoramidites: The synthesis of
6-oxocytidine (8) was performed using the glycosylation
procedure of Vorbriiggen (Scheme 2).4 %! Refluxing 6-oxo-
cytosine (4) with hexamethyldisilazane (HMDS) and subse-
quent reaction of the persilylated base with 1,2,3,5-tetra-O-
acetyl-g-p-ribofuranose (3) in the presence of the Lewis acid
trimethylsilyl trifluoromethanesulfonate in 1,2-dichloro-
ethane (DCE) afforded the desired 2',3',5'-tri-O-acetyl-6-
oxocytidine (6) in 83 % yield.

5-Allyl-6-oxocytosine (5) was synthesized from ethyl cya-
noacetate (1) with allyl chloride in sodium ethanolate, and
reaction of the product with urea in sodium methanolate
under reflux conditions. Silylation of 5 with HMDS and
subsequent glycosylation according to the procedure descri-
bed above furnished 2',3",5"-tri-O-acetyl-5-allyl-6-oxocytidine
(7) in only 46% vyield. Here we were able to isolate four
different products: 7, its N(3)-regioisomer, and two other
compounds of unknown structure.

Deprotection of the acetylated nucleosides 6 and 7 in
methanolic ammonia gave 6-oxocytidine (8) and 5-allyl-6-
oxocytidine (9) in 93% and 96% yield, respectively. The
assignment of 8 and 9 as the expected S-isomers relied on the
existence of a ROESY cross-peak between H1' and H4', while
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no cross-peak was observed NH,
between H1’ and H3'. The re- i i i S~~~ NH
giochemistry (N(1), N(3)) was NCCH,COOCH,CHy —————— NCCCOOCH,CHy—————> A
assigned by a comparison of the 1 B E, ©
chemical shifts of the amino (32%) (55%)
proton resonances in the 2 5
'HNMR spectra.[*]
To improve the low overall
yield of 9, we tested a palladi- NH, NH,

um-catalyzed coupling reaction
between 8 and allylbromide in
DMF, adding triethylamine and
tetrakistriphenylphosphinepal-
ladium(o) as catalyst. The palla-
dium-catalyzed variant gave an
overall yield of 29% (starting
from 6-oxocytosine (4), three
reaction steps) compared with
only 8% yield from the route
described above (starting from
ethyl cyanoacetate (1), four re-
action steps).

The exocyclic amino func-
tions of the unprotected nucleo-
sides 8 and 9 were protected
with the dimethylformamidine
protecting group (Scheme 3).
The products were converted
with 4,4'-dimethoxytriphenyl-
methyl chloride (DMTrCl) in
dry pyridine. In the next step we
had to find a practical synthesis
for the 2’-O-methylation of the
nucleosides 12 and 13. The
problems encountered in the
use of methyl iodide/silver ox-
ide or trimethylsilyl diazome-
thane as a 2™ solution in n-
hexane have been described by
Berressem and Engels.*? We
chose freshly prepared diazo-
methane/SnCl, as our methyla-
tion system. The monomethyla-
tion of the cis-glycol systems of
12 and 13 was performed in
DMF according to a method
first described by Robins and
coworkers.*”l The regioisomer
assignment was easily achieved
by 'H,'H-COSY NMR spectro-
scopy. The last step in the
syntheses was the phosphityla-
tion of the 3'-OH groups. The
6-oxocytidine derivatives 14
and 15 were each dissolved in
dry acetonitrile, and N,N-diiso-
propylethylamine ~ (DIPEA)
and the chlorophosphoramidite
18 were added. This afforded

Chem. Eur. J. 2000, 6, No. 13
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4 R=H 6 R=H (83%) 8 R=H (93%)
5 R =Allyl 7 R=Allyl (46%) 9 R =Allyl (96%)

Scheme 2. Synthesis of 6-oxocytidine (8) and 5-allyl-6-oxocytidine (9): reagents and conditions: i) 1) NaOEt,
2) allyl chloride, reflux, 3 h; ii) 1) NaOMe, 2) urea, reflux, 6 h; iii) 1) HMDS, (NH,),SO,, reflux, 24 h, 2) DCE,
TMSOSO,CF;, 1,2,3,5-tetra-O-acetyl-f-pD-ribofuranose (3), RT, 24 h; iv) NH;, MeOH, RT, 24 h.

N=CH—-N(CH,),
Z > NH

N Ao

8
9 —  » HO (0]

HO OH

10 R=H (90%)
11 R = Allyl (88%)

OCH;

O LX

iii N/&O
_— @ (e} (0]

@ HO OCH;

OCHy

14 R=H (41%)
15 R = Allyl (28%)

N=CH-N(CH),

o X

OCH; |

N/PuLbNCN
>_)\

Scheme 3. Synthesis of the

N=CH—N(CHj),

2'-O-methylphosphoramidites 19

OCH, N=CH-N(CH),

RZNH

HO OH
OCHj

12 R=H (82%)
13 R = Allyl (91%)

OCH; N=CH-N(CHa),

RS2 NH
O vNo

© 0L
H3CO OH

OCHs

16 R=H (37%)
17 R = Allyl (41%)

19 R=H (58%)
20 R = Allyl (71%)

and 20: reagents and conditions:

i) (MeO),CHNMe,, MeOH, reflux, 10 min; ii) DMTrCl, pyridine, 10: RT, 3.5 h, 11: RT, 6 h; iii) CH,N,, SnCl,,
DMF, 4 h, 0°C — RT; iv) iPrtNPCI(OCH,CH,CN) (18), DIPEA, CH;N, 14: RT, 0.5 h, 15: RT, 2 h.
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the desired phosphoramidite N=CH-N(CH,),
building blocks 19 and 20. RGZ>NH
To obtain the 2'-deoxyphos- i N0 i

phoramidites, we started from 1:’ - /27 :o: | _—
4-N-(dimethylformamidine)-6- Si
oxocytidine 10 and 5-allyl-4-N- hg !)\ O OH
(dlfnfzthylforma.mldlne)-6-0X0- /<3'>_ 21 R=H (83%)
cytidine 11, using the Barton 22 R=Allyl (88%)
deoxygenation reaction
(Scheme 4).1#] The use of 2'- N=CH-N(CHs), N=CH-N(CHj),
deoxy sugars in the Vorbriiggen R Z~NH RZ“NH
gl.ycosylation .reaction for the N /ko OI: o
dlrecF synthesis of 2’-d§oxy nu- /( e o i ,{ 0 o) v
cleosides has certain disadvan- Si K 7 Si i _7 _—
tages, mainly the lack of stereo- e (13 0 O _s hl J) e}
specificity of this reaction. Nsi” f Nsi”

25 R=H (65%)

The 6-oxocytidine deriva-
tives 10 and 11 were protected
simultaneously at the 5'- and 3'-
positions by the Markiewicz
protecting group in 93% and
88 % yield, respectively.*] The
products 21 and 22 were dis- N/ko
solved in dry acetonitrile, and

23 R=H (58%)
24 R=Allyl (52%)

N=CH-N(CHa),
ZNH

26 R=Allyl (58%)

N=CH-N(CHj3),

el

HO— _O
N,N-dimethylaminopyridine

(DMAP) was added in each HO
case. The addition of phen-
oxythiocarbonyl chloride led
to the isolation of 23 (58%)
and 24 (52%). These two com-
pounds were deoxygenated in

27 R=H (99%)
28 R = Allyl (98%)

\i

CEj

29 R=H (79%)
OCHj, 30 R=Allyl (86%)

OCH;4 N=CH-N(CHs),

o X

freshly distilled toluene with
a,0/-azoisobutyronitrile
(AIBN) and tributyltin hydride
at 75°C. The products 25 and 26
were obtained in 65% and
58 % yield, respectively. After
cleavage of the Markiewicz
protecting group with tetrabu-
tylammonium fluoride (TBAF)
in THF, the 5'-OH groups of 25
and 26 were protected with
DMTrCl in dry pyridine in high yields. The last step again
was the phosphitylation to obtain the phosphoramidites 31
and 32.

Starting materials for the syntheses of the two RNA
phosphoramidites were 12 and 13 (Scheme 5). Each of these
compounds was dissolved in THF/pyridine 1:1, and silver
nitrate and a 1M solution of fert-butyldimethylsilyl chloride
(TBDMSCI) in THF were added.P*>3 Good yields of the
desired products were obtained with a high preference for the
2'-protected species. The phosphitylation of the ribonucleo-
sides was accomplished according to the method of Scarringe
et al.’ The phosphoramidites 37 and 38 were obtained in
72% and 71 % yield, respectively.

pyridine, 27: 3 h at
29: 0.5h at RT, 30: 4 h at RT.

Oligonucleotide synthesis, purification, and characterization:
The 15-mer Hoogsteen strands as well as the 21-mer duplex
strands were prepared by the phosphoramidite solid-phase

2412
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O_Q 31 R=H (75%)
3 32 R=Allyl (71%)
OCH; |
>_N/ ‘Lo ~~CN

Scheme 4. Synthesis of the DNA phosphoramidites 31 and 32: reagents and conditions: i) TIPDSCl,, pyridine,
10: 0.5h at 0°C, 1.5 h at RT, 11: 0.5 h at 0°C, 2.5 h at RT; ii) phenoxythiocarbonyl chloride, DMAP, CH;CN, 21:
2 hat RT, 22:4 h at RT; iii) nBuSnH, AIBN, toluene, 75°C, 23:2 h, 24: 1.5 h;iv) TBAF, THF, RT, 1 h; v) DMTrCl,
—40°C,5h atRT, 28:1 hat 0°C, 8 h at RT; vi) iPrNPCI(OCH,CH,CN) (18), DIPEA, CH,Cl,,

technique under standard conditions.”>>’ The different
6-oxocytidine derivatives could be incorporated into the
oligonucleotide strands with coupling efficiencies comparable
to those of common nucleoside phosphoramidites. The
oligonucleotides were purified by RP-HPLC (trityl on) for
all DNA strands and by anion-exchange HPLC (trityl off) for
all RNA strands. Finally, all sequences were characterized by
MALDI mass spectrometry; for details, see experimental
section.

UV thermal denaturation studies and CD measurements:
Thermal denaturation experiments were performed in
50 mM sodium cacodylate buffer at pH 5.0, 6.0, 7.0, and 7.4
containing 20 mM magnesium chloride and 100 mM sodium
chloride at oligonucleotide concentrations of 2 um for each
strand. The T, values were determined by a versus T plots,
where a is the fraction of molecules base-paired. Details of
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O X
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@ HO OH

12 R=H
13 R = Allyl

OCHj N=CH-N(CH),

H3CO @ 0— O
Q

HO O

o X,
|

i

33 R=H (57%)
34 R=Allyl (58%)

OCH, N=CH-N(CHa),

O T
N (0]
+ H,CO @ o 0
@ O OH
_d

+

35 R=H (27%)
36 R=Allyl (27%)

independent triple-helix forma-
tion. A comparison of the two
triplexes shows that a uniform
backbone (DNA in S04) is
more stable than a mixed back-
bone (one 2’-O-methyl in an
otherwise DNA sequence in
S$03). This finding allows the
conclusion that 2'-O-methyl nu-
cleosides are not able to stabi-
lize triplexes when incorporat-
ed in mixed-backbone Hoogs-
teen strands. Interestingly, T 04
is slightly more stable at phys-
iological pH than under acidic
conditions. To our surprise,
RNA strand S0S was not able
to form a triple helix with its
target duplex D1. We suggest
that this unusual behavior is
caused by an extraordinary sug-

OCHs

@O

38 R=Allyl (71%)

A

Scheme 5. Synthesis of the RNA phosphoramidites 37 and 38: reagents and conditions: i) 1M solution of
TBDMSCI in THF, AgNO;, THF/pyridine 1:1, RT, 18 h; ii) iPrNPCI(OCH,CH,CN) (18), 1-methylimidazole,

sym-collidine, CH;CN, RT, 2 h.

the transformation of an absorbance versus temperature
curve to an a versus 7 curve have been published by various
authors.-¢2l The CD spectra were measured with the same
samples. For details, again, see experimental section.

Triplex studies: After the synthesis and characterization of all
oligonucleotides (Table 1), the triplex formation between the
cytosine- or 6-oxocytosine-containing Hoogsteen strands
S01-S08 or S11-S18 and their target duplexes D1 or D3
were studied. The melting temperatures (7,) are summarized
in Table 2. Samples that have formed a triple helix undergo
two transitions, while samples without a triplex exhibit only
the second transition, characterizing denaturation of the
duplex.

We started with the hybridization of strand S01 with its
target duplex D1 (S01+D1—TO01). As expected, the UV
melting curves revealed a pH-dependent triplex stability
caused by the protonation of the central cytosine base of the
Hoogsteen strand S01. Use of the RNA strand S02 gave
almost the same results (Table 2). The hybridization of strands
S03 and S04 with duplex D1 resulted in a virtually pH-
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ar conformation of 6-oxocyti-
dine that distorts the backbone
in such a way as to prevent the
hybridization of the third

N=CH-N(CHy),
A NH strand. This suggestion is sup-
o ported by a comparison of the
N

CD spectra of the single strands
S$02, S05, and S08 (see Fig-
ure 8). The sugar conformation
of the nucleoside was deter-
mined by X-ray crystallograph-
ic analysis.[%% 4

The triplexes T06 and T 07,
which contain one 5-allyl-6-ox-
ocytosine in the middle of their
sequences, exhibited very low
T, values (Table 2). Obviously
the allyl substituent caused destabilization (compare T 03 and
T04 with T06 and T07 in Table 2). Advantageous base
stacking or hydrophobic forces, which are responsible for the
effect of the methyl group in stabilizing 5-methylcytosine
compared with cytosine, cannot play a role in this case. A
more detailed investigation utilizing NMR techniques is
required to provide details of the structural perturbation
caused by the allyl function.

Hoogsteen strand S 11, which contains three cytosine bases,
hybridizes with its target duplex D3 (S11+D3 — T11). We
found a very strong pH dependence for the triplex stability
(Table 2). The RNA strand S12 formed a more stable triple
helix over the pH range investigated than its DNA counter-
part S11 (see Figure 1 and Table 2). At pH S, triplex and
duplex melt together, showing only one transition in the UV
melting curve. The formation of triplex T13 was pH
independent, but the 7,, was degraded compared to TO03.
This confirms the hypothesis that a mixed backbone leads to
destabilization. Triplex T14 (S14 + D 3), with a uniform DNA
backbone and three 6-oxocytosine bases in the sequence, gave
the best results in this study. We found pH-independent triple-
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Table 1. Oligonucleotide sequences, their calculated and detected masses, and calculated extinction coefficients.

Abbr. Oligonucleotide sequence!’! Caled mass [Da] Detected mass [Da] (MALDI) Extinction coefficient at 260 nm
D1 d(CCCAAAAAAAGAAAAAAACCC) 6387.30 6386.33 224.54
d(GGGTTTTTTTCTTTTTTTGGG) 6461.23 6460.73 192.50
S01 d(TTTTTTTCTTTTTTT) 4485.97 4485.05 127.26
S02 r(UUUUUUUCUUUUUUU) 4529.59 4528.28 147.06
S03 d(TTTTTTT"Op\ TTTTTTT) 4532.00 4530.98 127.26
S04 d(TTTTTTTHOLTTTTTTT) 4501.97 4522.52 127.26
S05 r(UUUUUUURO,;,UUUUUUU) 4545.59 4568.73 147.06
S06 d(TTTTTTTAO0 TTTTTTT) 4572.06 4571.05 12726
S07 d(TTTTTTTAO4TTTTTTT) 4542.04 4542.31 127.26
S08 r(UUUUUUUO,;UUUUUUD) 4585.66 4581.89 147.06
D3 d(CCCAAAAGAAGAAGAAAACCC) 6419.30 6418.68 224.54
d(GGGTTTTCTTCTTCTTTTGGG) 6431.21 6431.45 191.06
S11 d(TTTTCTTCTTCTTTT) 4455.95 4454.75 125.82
S12 r(UUUUCUUCUUCUUUU) 4527.62 4526.80 140.48
S13 A(TTTT*O 0 TTHO o TTHO 0 TTTT) 4594.04 4595.09 125.82
S14 d(TTTTHOLTTHOLTTHOLTTTT) 4503.95 4526.76 125.82
S15 r(UUUUHO o, UUHO oy UUHO,UUUU) 4575.62 4595.51 140.48
$16 d(TTTTA00y TT*0p TT* 000 TTTT) 471422 471336 125.82
S17 d(TTTTAOTTAOTTAOLTTTT) 4624.16 4623.39 125.82
$18 1(UUUUA0 0 UUAO 0UUAO 4, UUUU) 4695.83 4695.64 140.48
Ke d(TTTTTTTTTTTTTTT) 4500.96 4500.72 127.98

[a] K=control. [b] "Ogy = 2'-O-methyl-6-oxocytidine, HOy =2'-deoxy-6-oxocytidine, HOqy = 6-oxocytidine, AOqy = 5-allyl-2’-O-methyl-6-oxocytidine,
AQy = 5-allyl-2'-deoxy-6-oxocytidine, 2Oy = 5-allyl-6-oxocytidine. [c] All molecular peaks found were in good agreement with the calculated molweights. In

some cases sodium adducts were found.

Table 2. T, values of triplexes and duplexes.

Abbr. T,, values [°C]®
pH 5.0 PH 6.0 pH7.0 pH 7.4

TO01 335 26.5 18.5 16.0
TO02 35.0 27.5 18.0 14.0
TO03 13.0 12.5 13.0 12.5
TO04 16.0 16.0 17.0 18.0
TO05 - - - -
TO06 3.5 3.0 2.5 3.0
TO07 4.5 4.0 4.5 5.0
TO08 - - - -
T11 62.0 425 255 19.5
T12 66.5 53.0 36.0 30.0
T13 9.0 10.0 10.0 9.0
T14 27.5 27.0 27.0 27.0
T15 - - - -
T16 - - - -
T17 6.0 55 5.0 4.5
T18 - - - -
K _ _ _ _
D1 64.5 65.5 65.0 65.0
D3 64.5 67.0 66.5 66.5

[a] Errors: £ 0.5°C; - indicates that no triplex was formed. The T, values
are means of at least four measurements.

helix formation with a T, of 27 °C (Figure 2 and Table 2). This
means a stabilization of 7.5°C at pH 7.4 compared with its
natural analogue T11. Figure 3 shows the T, values of
triplexes T11-T 14 at different pH values. The almost linear
pH dependence over the whole pH range under investigation
gives rise to the assumption that the cytosines are still (in part)
protonated under neutral and slightly basic conditions. This is
in agreement with the results of other groups.!'*l The
differences in stability are large and cannot be explained
simply by the presence and absence of one hydrogen bond.
We assume that factors like base stacking and electrostatic

2414
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Figure 1. UV absorbance melting curves of triplex T12 at different pH

values in 50 mMm sodium cacodylate buffer, 100 mm NaCl, and 20 mm
MgCl,.
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Figure 2. UV absorbance melting curves of triplex T14 at different pH

values in 50 mm sodium cacodylate buffer, 100 mm NaCl, and 20 mm
MgCl,.
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Figure 3. The T,, values of triplexes T11-T14 at different pH values.

contributions of the positive charge at N(3) with the negative
phosphate backbone play an important role in triple-helix
stabilization.[' 3]

The 6-oxocytidine-containing RNA strands S15 and S18
did not form triplexes for the reasons discussed above.
Studying the hybridization of strands S16 and S17 confirmed
the strong destabilization caused by the allyl group.

The specificity of the triple-helix formation from strands
including 6-oxocytosine has already been investigated by
Berressem and Engels.*?! Their studies showed the specificity
of 6-oxocytosine to guanine in a Watson— Crick base pair.
Triplex formation with reduced hypochromicity also occurred
when 6-oxocytosine paired with adenine. This affinity to
adenine was explained by the existence of an additional
tautomer of 6-oxocytosine.”l In the present work, we
designed another control experiment, which should corrobo-
rate the existence of the two hydrogen bonds between
6-oxocytosine and guanine as postulated in Scheme 1. We
synthesized a 15-mer polydeoxythymidine (strand K in
Table 1). Thymine is able to form one hydrogen bond to
guanine. If 6-oxocytosine forms only one hydrogen bond to
guanine, the triplex between K and D 3 should have a similar
T, to that of T14. If the T, of KD 3 is clearly lower than the
one of triplex T 14, one can assume that two hydrogen bonds

1.40 4
1.35 A
1.30 1
1.25 4

260
1.20 4

0 10 20 30 40 50 60 70 80 90

T/°C

between 6-oxocytosine and guanine really exist. Figure 4
shows the result of the control experiment in direct compar-
ison with the melting curve of triplex T14. It can be seen that
triplex T14 is much more stable than KD 3. In the control
experiment only the upper half of the triplex—-duplex
transition is visible. An exact determination of the T, is not
possible, but the experiment gives strong evidence that the
6-oxocytosine —guanine —cytosine base triad exists as pro-
posed in Scheme 1.

To confirm the triplex formation, different CD measure-
ments were performed.%] First we measured wavelength-
dependent spectra of triplexes at different temperatures. All
the triple helices investigated had a B-DNA structure, which
was expected because of the underlying DNA duplexes. Only
if the third strand was RNA (T02 and T12) did some
structural features of A-DNA appear (data not shown).
Triplex CD spectra exhibit a negative band between 210 and
220 nm, which proves the triplex formation. This band
disappears at temperatures above the T, (Figure 5). Differ-
ence spectra (in which the sum of the duplex and single-strand
spectra is subtracted from the triplex spectrum) are able to
show the parts of the spectrum specific to the triplex (data not
shown). Careful analysis of the CD spectra reveals that not
only can triplex melting be seen at 210—220 nm, but also
duplex melting at wavelengths between 240 and 250 nm
(Figure 5). In this way it is possible to detect triplex and
duplex melting independently of each other, by performing
temperature-dependent experiments at selected wave-
lengths.™ To detect triplex melting we chose 217 nm as the
optimal wavelength. For duplex melting, 246 nm was ideal.
This method worked well with DNA and RNA as third strand,
and also when artificial nucleobases like 6-oxocytosine were
incorporated into the Hoogsteen strand. An example is given
in Figure 6. These selective CD melting curves are particularly
useful in cases where duplex and triplex melting overlap. The
UV melting curves of T11 and T12 showed only one
transition at pH 5.0. Use of CD melting experiments at
selected wavelengths allowed the individual observation of
each melting process (Figure 7). Finally we investigated the
CD spectra of the Hoogsteen single strands. This makes it
possible to gain insight into conformational changes between
strands which contain only natural nucleotides and those with
6-oxocytidines. In fact the CD spectra of the RNA single

1.25 4
1.20 A
260

1.15 4

1.10 4

T/°C

Figure 4. Comparison of UV melting curves of T14 (left) and KD 3 (right) at pH 7.0.
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Figure 5. Wavelength-dependent CD spectra of triplex T11 (pH 7.0).
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Figure 6. CD melting experiment for triplex T14 (pH 7.0). Measurements
were made at 217 nm and show selectively the triplex-to-duplex transition.
The absolute value for the variation of ellipticity is 10.0 mdeg.

strands give further evidence that 6-oxocytidine leads to
backbone distortion. The base stacking of strands S0S5 and
S 08 was much weaker than that in strand S02, as can be seen
from the changes in the spectra between 260 and 290 nm
(Figure 8). On the other hand, the single-strand spectra did
not indicate why the 5-allyl function reduces the melting
temperature. The spectra of S01, S06, and S07 showed only
minimal differences (data not shown).

2416 ——
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Figure 7. Selective CD melting experiments: detection of triplex (1=

217 nm) and duplex (1 =246 nm) melting for triplex T11 at pH 5.0. The

absolute value for the variation of ellipticity is 15.5 mdeg (triplex) and

7.0 mdeg (duplex). The UV melting experiment shows only one transition

in this case.
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Figure 8. Wavelength-dependent CD spectra of the RNA single strands
$02, S05, and SO08 (pH 7.0).

Determination of thermodynamic data: The measured UV
melting curves were used to calculate the thermodynamic
parameters AH°, AS°, and AG® for triplexes and duplexes.
The van’t Hoff plot (RInK=—AH"-1/T+ AS°) yields AH®
and AS°. The standard equation AG® = AH" — TAS® gives the
free energy. Alternatively, AG° can be calculated from the
equation AG°=—RTInK. All methods utilized and their
underlying formulas were derived and explained in ref.[%2.
The calculated values are given in Tables 3 and 4. In the cases
of T11 and T12 it was impossible to calculate AH® and TAS”,
because duplex and triplex transitions were not separated
from each other. This means that the requirement of the two-
state model was not fulfilled.’?) AG® could be calculated in
these cases from the equation AG°=—RTInK.

Altogether, the free energy values show a tendency similar
to that of the T,’s; the enthalpies and entropies are relative
constant. Only triplex T02 (third strand RNA) has enthalpy
and entropy values a little lower. — AH" varies between —2.9
and —3.9 kcalmol~! per Hoogsteen base pair, depending on
sequence and pH, which correlates with other published
results.® 71 We could not find any distinct effect of 6-oxocy-
tosine on AH® and AS°. This lack may be due to the small
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Table 3. Thermodynamic data of triplexes.

Triplex pH — AH® — TAS® —AG® 2Ll
[kcalmol™!] [kcalmol™!] [kcalmol ]
(T=298K)  (T=298K)
TO1 5.0 54+5 4 +£5 9.5+0.1 0.999
6.0 52+6 44+6 8.6+0.2 0.998
7.0 51+2 44 £2 71+0.1 0.998
7.4 50+2 4 +2 6.84+0.2 0.997
T02 5.0 48+2 38+2 9.7+0.1 1.000
6.0 47+2 38+2 8.84+0.2 0.998
7.0 44+2 37+2 73+03 0.994
7.4 45+4 39+4 6.5+0.3 0.992
TO03 5.0 54+3 48+3 64402 0.993
6.0 54+4 48 +4 6.0+0.1 0.987
7.0 52+5 46 £5 64403 0.992
7.4 53+4 47+4 62403 0.989
T04 5.0 52+2 45+2 72404 0.986
6.0 53+1 46+1 73402 0.990
7.0 55+4 48 +4 71402 0.991
7.4 5442 47+2 71+03 0.995
T11 5.0 13.5+04
6.0 10.8+0.3
7.0 8.3+0.1
7.4 6.6+0.2
T12 5.0 12.6£0.3
6.0 11.2+0.1
7.0 9.9+0.2
7.4 92402
T14 5.0 53+7 4547 83+0.2 0.992
6.0 S57T+4 4943 8440.1 0.998
7.0 56+3 48+3 83+0.2 0.996
7.4 57+3 49+3 84+0.1 0.999
[a]  =regression factor.
Table 4. Thermodynamic data of duplexes.
Duplex pH — AH° — TAS® —AG® P2l
[kcalmol '] [kcalmol '] [kcalmol~!]
(T=298K) (T=298K)
D1 5.0 104+7 86+6 18.7+£0.6 0.969
6.0 105+8 85+7 19.8+0.9 0.981
7.0 101+2 81+2 19.4+0.2 0.981
7.4 103+3 84+3 19.1+0.5 0.971
D3 5.0 122+1 1031 19.4+0.1 0.988
6.0 115+6 95+6 19.2+0.2 0.976
7.0 115+5 95+5 19.4+0.1 0.978
7.4 119+4 100+ 4 19.5+0.6 0.981

[a] » =regression factor.

sequence differences and the relatively large uncertainty of
the calculated data (see Tables 3 and 4).

Watson-Crick base pairs are enthalpically more stable
(—4.8 to —5.8 kcalmol™" per base pair in this study) than
Hoogsteen base pairs.

Conclusion

We have shown in this study that 6-oxocytosine and 5-allyl-6-
oxocytosine can be transformed into protected phosphorami-
dites and incorporated into oligonucleotides by standard
solid-phase synthesis. Comparison of the triplex-forming
abilities of the different building blocks showed that a 5-allyl
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substitution has a destabilizing influence on triplex stability.
An important finding was that a uniform backbone is more
stable than a mixed one. While triple helices with RNA third
strands that contain only standard nucleosides are more stable
than triplexes with DNA third strands (T12 is more stable
than T11), this study revealed that RNA strands with
6-oxocytidine or 5-allyl-6-oxocytidine did not form a triple
helix with a DNA target duplex. We suppose this is because of
an unusual conformation of the sugar of 6-oxocytidine, which
leads to backbone torsional constraints. CD spectroscopic
investigations gave further evidence for this interpretation. A
15-mer DNA sequence with three isolated 2'-deoxy-6-oxocy-
tidines exhibited the highest 7, of all cytidine analogues
investigated in this study. Temperature-dependent CD meas-
urements permitted us to recognize duplex and triplex
melting individually at selected wavelengths. This is especially
interesting in cases where UV melting curves show only one
transition.

Experimental Section

Melting points were not corrected. Microanalyses were carried out by the
analytical laboratory of the institute. Yields refer to analytically pure
compounds. TLC was performed with Merck silica gel plates 60F,s,, and
column chromatography by standard techniques on silica gel. All reactions
were carried out under an inert, dry atmosphere (Argon). All solvents were
purchased in dry p.a. quality and stored over molecular sieves. The 'H, *C,
3P, 'H,'H-COSY, and HSQC NMR spectra were recorded on the following
instruments: Bruker AM-250, WH-270, and AM-X400. The NMR spectra
were referenced to the central [Ds]DMSO line at 6 =2.49 (‘H) and 39.5
(3C) or CDCl; at 0 =727 ('H). The mass spectra were determined by the
electrospray technique on a VG Analytical Platform II instrument.

Ethyl-2-cyanopent-4-enoate (2): Ethyl cyanoacetate (53.3 mL, 500 mmol)
was slowly added to a solution of sodium (11.5 g, 500 mmol) in ethanol
(250 mL). A white precipitate of the sodium salt appeared. Allyl chloride
(42.7 mL, 525 mmol) was added and the suspension was refluxed until
neutrality was reached (3 h). The major part of the ethanol (180 mL) was
removed by distillation. After the remaining mixture had been cooled to
RT, ice water was added until a clear solution appeared (150 mL). Aqueous
and organic phases were separated and the aqueous phase was extracted
twice with ether. The collected organic phases were dried over MgSO,. A
distillation (30 cm Vigreux) did not lead to pure product. Finally, column
chromatography was performed (n-hexane/ethyl acetate 4:1). The product
was obtained as a colorless liquid (24.5 g, 32%). B.p. 223°C; R;=0.31 (n-
hexane/ethyl acetate 4:1); 'THNMR (250 MHz, CDCl;, 25°C): 6 =1.33 (t,
J=711Hz, 3H, CH,), 2.68 (m, 2H, allyl CH,), 3.57 (dd, J=6.4 Hz, 0.9 Hz,
1H, CH), 427 (q, J=7.1 Hz, 2H, CH,), 5.26 (m, 2H, allyl CH,), 5.83 (m,
1H, allyl CH); *CNMR (63 MHz, CDCl;, 25°C): 6 =13.88 (CHj;), 33.71
(allyl CH,), 37.38 (CH), 62.73 (CH,), 115.97 (CN), 119.83 (allyl CH,), 131.35
(allyl CH), 165.41 (C=0).

5-Allyl-6-oxocytosine (5): Urea (2.40 g, 40 mmol) and ethyl-2-cyanopent-4-
enoate (2; 6.14 mL, 40 mmol) were added to a solution of sodium (1.84 g,
80 mmol) in methanol (100 mL), and the mixture was refluxed for 6 h.
Some methanol (90 mL) was removed by distillation. Warm water (60 mL)
was added and the solution was acidified with acetic acid (4.6 mL,
80 mmol). After filtration of the precipitate, a white solid was obtained
(3.67 g, 55%). M.p.>250°C; R;=0.17 (dichloromethane/methanol 9:1);
UV: Ay (H,O, pH 7.0) =271 nm; 'HNMR (250 MHz, [Ds]DMSO, 25 °C):
0=2.87(d,J=5.9 Hz, 2H, allyl CH,), 4.90 (ddd, J=17.1,10.0, 2.1 Hz, 2H,
allyl CH,), 5.68 (m, 1 H, allyl CH), 5.86 (brs, 2H, NH,), 9.89 (brs, 1 H, NH),
10.21 (brs, 1H, NH); BCNMR (63 MHz, [D¢]DMSO, 25°C): 6 =25.78
(allyl CH,), 82.42 (C-5), 113.73 (allyl CH,), 136.20 (allyl CH), 150.18 (C-2),
151.49 (C-4), 163.88 (C-6); elemental analysis calcd (%) for C;HN;O,
(167.17): C 50.29, H 5.43, N 25.14; found C 50.57, H 5.51, N 24.88; MS
ESI(-): m/z (%): 165.9 (100) [M —H]-, ESI(+): m/z (%): 167.8 (100)
[M+H]*.
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General procedure for the synthesis of protected nucleosides 6 and 7: The
nucleobase was refluxed in 10 equiv hexamethyldisilazane (HMDS) for
24 h, with a small amount of ammonium sulfate as starting reagent, and under
exclusion of moisture. After cooling to RT, the HMDS was completely
removed under reduced pressure, and 1,2-dichloroethane (100 mL) was
added to the residue. Subsequently 1,2,3,5-tetra-O-acetyl-S-D-ribofuranose
and trimethylsilyl trifluoromethanesulfonate were added, and the clear
solution was stirred at RT for 24 h. The reaction mixture was extracted with
dichloromethane and saturated NaHCO; solution, and washed with brine.
The collected organic phases were dried with MgSO,, filtered and eva-
porated. The product was crystallized from ethanol/ether (6) or obtained
after column chromatography (dichloromethane/methanol 95:5) (7).

2',3',5'-Tri-O-acetyl-6-oxocytidine (6): 6-Oxocytosine (4, Aldrich; 5.0 g,
39.3 mmol), HMDS (83 mL, 393 mmol), 1,2,3,5-tetra-O-acetyl-f-p-ribofur-
anose (11.9 g, 373 mmol), and trimethylsilyl trifluoromethanesulfonate
(7.1 mL, 39.3 mmol) afforded 6 (11.93 g, 83 %) as a white solid. M.p. 228 —
229°C; R;=0.27 (dichloromethane/methanol 9:1); 'THNMR (270 MHz,
[Dg]DMSO, 25°C): 6 =1.99 (s, 3H, CHs;), 2.02 (s, 3H, CHj), 2.05 (s, 3H,
CH;), 4.05 (m, 2H, 5'-H), 4.30 (m, 1 H, 4'-H), 4.55 (s, 1H, 5-H), 5.46 (t,J =
7.1 Hz, 1H, 3-H), 5.63 (dd, J=2.6, 6.6 Hz, 1 H, 2'-H), 6.14 (brs, 1H, 1"-H),
6.43 (brs, 2H, NH,), 10.58 (brs, 1H, NH); *CNMR (63 MHz, [Ds]DMSO,
25°C): 0 =20.19 (CH;), 20.31 (CHs;), 20.42 (CHj;), 63.07 (C-5"), 69.87 (C-3'),
72.58 (C-2'), 73.58 (C-5), 77.71 (C-4"), 84.50 (C-1"), 150.30 (C-2), 154.33 (C-
4), 161.86 (C-6), 169.28 (C=0), 169.52 (C=0), 170.04 (C=0); elemental
analysis calcd (%) for C;sH oN;O, (385.34): C 46.75, H 4.97, N 10.90; found
C 46.90, H 5.02, N 10.71; MS ESI(—): m/z (%): 384.1 (100) [M —H]".

2',3,5'-Tri-O-acetyl-5-allyl-6-oxocytidine (7): 5-Allyl-6-oxocytosine (5.95 g,
35.6 mmol), HMDS (75 mL, 356 mmol), 1,2,3,5-tetra-O-acetyl-f-p-ribofur-
anose (10.82 g, 34.0 mmol), and trimethylsilyl trifluoromethanesulfonate
(6.46 mL, 35.6 mmol) afforded 7 (6.65 g, 46 %) as a white solid. M.p. 215-
216°C; R;=0.48 (dichloromethane/methanol 9:1); 'THNMR (270 MHz,
[D¢]DMSO, 25°C): 6=1.99 (s, 3H, CHj;), 2.02 (s, 3H, CH;), 2.06 (s, 3H,
CHs;), 2.92 (d,J=5.9 Hz, 2H, allyl CH,), 4.05 (m, 2H, 5'a-H, 4H), 4.31 (m,
1H, 5'b-H), 4.94 (ddd, /=172, 10.0, 2.1 Hz, 2H, allyl CH,), 549 (t, /=
71Hz, 1H, 3-H), 5.63 (dd,/=72,2.1 Hz, 1H, 2’-H), 5.71 (m, 1 H, allyl CH),
6.14 (brs, 3H, 1-H and NH,), 10.41 (brs, 1H, NH); "CNMR (63 MHz,
[D¢]DMSO, 25°C): 6 =20.24 (CHj;), 20.36 (CH3), 20.48 (CHs), 26.30 (allyl
CH,), 62.98 (C-5"), 69.76 (C-3"), 72.67 (C-2"), 77.69 (C-4'), 82.15 (C-5), 85.10
(C-1"), 114.06 (allyl CH,), 135.79 (allyl CH), 149.66 (C-2), 150.93 (C-4),
161.63 (C-6), 169.32 (C=0), 169.57 (C=0), 170.07 (C=0); elemental
analysis calcd (%) for C;sH,3N;0, (425.39): C 50.82, H 5.45, N 9.88; found
C 50.64, H 5.48, N 9.59; MS ESI(—): m/z (%): 426.1 (100) [M —H]~.

General procedure for the deprotection of 6 and 7: Blocked nucleosides
were dissolved in a solution of ammonia gas in methanol (saturated at
—78°C). After stirring for 24 h at RT, the solvent was removed under re-
duced pressure and the residue was crystallized from water (8) or obtained
after column chromatography (dichloromethane/methanol 4:1) (9).

6-Oxocytidine (8): Compound 6 (5.0g, 13.0mmol) in a solution of
ammonia gas in methanol (200 mL) gave 8 (3.12 g, 93 %) as a white solid.
M.p. 204-206°C; R;=0.08 (ethyl acetate/methanol 4:1); UV: 4, (H,O,
pH 7.0) =268 nm; '"HNMR (270 MHz, [D{]DMSO, 25°C): 6 =3.38 (m, 1 H,
5'a-H), 3.55 (m, 1H, 5'b-H), 3.63 (m, 1H, 4'-H), 4.05 (q,/=6.2 Hz, 1H, 3'-
H),4.44 (q,J =53 Hz,1H, 2'-H), 4.53 (s, 1H, 5-H), 4.58 (t,/ =4.9 Hz, 1 H,
5'-OH), 4.77 (d, J=6.4 Hz, 1H, 3-OH), 4.94 (d, /=53 Hz, 1H, 2’-OH),
6.01 (d, J=3.9 Hz, 1H, 1"-H), 6.34 (brs, 2H, NH,), 10.42 (brs, 1H, NH);
BCNMR (63 MHz, [D4]DMSO, 25°C): 6 =62.48 (C-5"), 70.23 (C-3'), 71.04
(C-2'), 74.03 (C-5), 84.09 (C-4"), 86.80 (C-1'), 150.73 (C-2), 154.06 (C-4),
162.85 (C-6); elemental analysis calcd (% ) for CoH;3N304 (259.22): C 41.70,
H 5.06, N 16.21; found C 41.64, H5.02, N 16.17; MS ESI(—): m/z (%): 258.0
(100) [M —H]".

5-Allyl-6-oxocytidine (9): Compound 7 (6.37 g, 14.97 mmol) in a solution of
gaseous ammonia in methanol (200 mL) gave 5-allyl-6-oxocytidine (4.29 g,
96 % ) after chromatographic purification as a white foam.

Palladium-catalyzed method: 6-oxocytidine (8; 260 mg, 1.0 mmol) was
dissolved in DMF (4 mL). Triethylamine (167 uL, 1.2 mmol) was added.
The solution was stirred for 15 min. In a second flask tetrakistriphenyl-
phosphinepalladium(o) (58 mg, 0.05 mmol) was suspended in DMF (1 mL).
After addition of allyl bromide (87 pL, 1.0 mmol) a clear yellow solution
was formed. The solution from the first flask was poured into the second
flask and stirred at RT for 30 min. After that the reaction mixture was
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heated to 65—-70°C for 21 h. Then it was cooled to RT and the solvent was
removed under reduced pressure. The residue was extracted in dichloro-
methane/water and the collected organic phases were dried over MgSO,,
filtered, and evaporated to dryness. The syrup was purified by column
chromatography (dichloromethane/methanol 9:1). After evaporation the
product (110 mg, 37 %) was obtained as a white foam. M.p. 237-238°C;
R;=0.26 (ethyl acetate/methanol 4:1); UV: 4., (H,O, pH 7.0) =275 nm;
'HNMR (250 MHz, [Dg]DMSO, 25°C): 6 =291 (d, J=5.9 Hz, 2H, allyl
CH,), 3.40 (m, 1H, 5'a-H), 3.60 (m, 2H, 4'-H, 5'b-H), 4.06 (q, /=5.6 Hz,
1H, 3'-H), 445 (q, J=5.5Hz, 1H, 2’-H), 4.57 (t, /=4.8 Hz, 1H, 5-OH),
4.75 (d, J=6.5Hz, 1H, 3-OH), 4.93 (ddd, /=172, 10.0, 2.2 Hz, 2 H, allyl
CH,), 4.94 (d, J=5.3 Hz, 1H, 2’-OH), 5.69 (m, 1H, allyl CH), 6.04 (d, /=
3.9Hz, 1H, 1'-H), 6.06 (brs, 2H, NH,), 10.24 (brs, 1H, NH); BCNMR
(63 MHz, [D¢]DMSO, 25°C): § =26.39 (allyl CH,), 62.44 (C-5"), 70.17 (C-
3'), 70.98 (C-2'), 82.43 (C-5), 84.07 (C-4), 87.26 (C-1"), 113.91 (allyl CH,),
135.95 (allyl CH), 149.93 (C-2), 150.60 (C-4), 162.45 (C-6); elemental
analysis calcd (%) for C;,H;N;04 (299.28): C 48.16, H 5.73, N 14.04; found
C 4793, H 5.93, N 13.93; MS ESI(—): m/z (%): 298.2 (100) [M —H]".

General procedure for protection of the exocyclic amino function of 8 and
9: The unprotected nucleosides 8 and 9 were suspended in dry methanol.
The nucleoside was dissolved by heating. N,N-Dimethylformamide di-
methyl acetal was added to the boiling solution. After 10 min the solution
was cooled to RT and the solvent was removed under reduced pressure. The
residue was purified by column chromatography with dichloromethane/
methanol 9:1 — 4:1.

4-N-Dimethylformamidine-6-oxocytidine (10): 6-Oxocytidine (8; 3.80 g,
14.66 mmol) in methanol (100 mL) with N,N-dimethylformamide dimethyl
acetal (10.6 mL, 73.3 mmol, 5 equiv) afforded 10 (4.14 g, 90 %) as a white
foam. R;=0.35 (dichloromethane/methanol 4:1), R,=0.11 (ethyl acetate/
methanol 4:1); 'THNMR (250 MHz, [D¢]DMSO, 25°C): 6=2.96 (s, 3H,
N(CHs)), 3.09 (s, 3H, N(CH,)), 3.41 (m, 1 H, 5a-H), 3.56 (m, 1H, 5'b-H),
3.65 (m,1H,4'-H),4.08 (q,/ =6.2 Hz,1H,3'-H),4.48 (q,/=4.8 Hz, 1 H, 2"~
H),4.59 (d,J = 6.0 Hz, 1 H, 5-OH), 4.78 (d, / = 6.3 Hz, 1 H, 3-OH), 4.96 (d,
J=52Hz, 1H, 2-OH), 5.05 (s, LH, 5-H), 6.04 (d, J=3.8 Hz, 1H, 1"-H),
8.14 (s, 1H, NCHN), 10.75 (brs, 1 H, NH); “CNMR (63 MHz, [D,]DMSO,
25°C): 6 = 34.34 (N(CH,)), 40.34 (N(CHL)), 62.45 (C-5'), 70.22 (C-3'), 70.95
(C-2'), 81.04 (C-5), 84.17 (C-4), 87.00 (C-1), 151.19 (C-2), 157.00 (NCHN),
159.22 (C-4), 163.54 (C-6); elemental analysis caled (%) for C;,H;gN,Og
(314.30): C 45.86, H 5.77, N 17.83; found C 45.95, H 6.04, N 16.61; MS
ESI(-): m/z (%): 313.1 (100) [M — H]-.

5-Allyl-4-N-dimethylformamidine-6-oxocytidine (11): 5-Allyl-6-oxocyti-
dine 9 (4.26 g, 14.23 mmol) in methanol (120 mL) with N,N-dimethylfor-
mamide dimethyl acetal (10.26 mL, 71.1 mmol, 5 equiv) afforded 11 (4.33 g,
88 % ) as a white foam. R;= 0.51 (dichloromethane/methanol 4:1); 'HNMR
(250 MHz, [D4]DMSO, 25°C): 6 =2.94 (s, 3H, N(CH;)), 2.99 (d, /= 6.3 Hz,
2H, allyl CH,), 3.03 (s, 3H, N(CHy)), 3.41 (m, 1H, 5'a-H), 3.63 (m, 2H, 4-
H, 5'b-H), 4.10 (q,/ =6.1 Hz, 1H, 3'-H), 4.48 (q,/ =5.8 Hz, 1 H, 2"-H), 4.59
(t, J=5.8Hz, 1H, 5-OH), 4.80 (d, J=6.5 Hz, 1H, 3-OH), 4.87 (ddd, J =
172,10.0, 2.2 Hz, 2 H, allyl CH,), 4.99 (d, J=5.3 Hz, 1H, 2'-OH), 5.74 (m,
1H, allyl CH), 6.08 (d, J=3.7Hz, 1H, 1’-H), 797 (s, 1H, NCHN), 10.58
(brs, 1H, NH); *CNMR (63 MHz, [D4]DMSO, 25°C): 0 =28.11 (allyl
CH,), 33.78 (N(CH3)), 40.05 (N(CH3)), 62.50 (C-5"), 70.26 (C-3"), 71.02 (C-
2'), 84.24 (C-4), 87.55 (C-1"), 95.36 (C-5), 113.98 (allyl CH,), 137.17 (allyl
CH), 150.68 (C-2), 153.43 (C-4), 155.52 (NCHN), 163.45 (C-6); elemental
analysis caled (% ) for C;sH,,N,O; (354.36): C 50.84, H 6.26, N 15.81; found
C 50.56, H 6.32, N 15.92; MS ESI(—): m/z (%): 353.2 (100) [M —H]".

General procedure for dimethoxytritylation of 10 and 11: The nucleosides
10 and 11 were each dissolved in dry pyridine and, after formation of the
clear solution, 4,4-dimethoxytriphenylmethyl chloride (DMTrCl) was
added (1.2 equiv). After stirring the mixture at RT for 3.5h (10) or 6 h
(11), methanol was added. The pyridine was removed at 25°C under
reduced pressure and coevaporated with toluene three times. The residue
was extracted with chloroform/water, and the collected organic phases
were dried with MgSO,, filtered and evaporated to dryness. The residue
was purified by column chromatography (dichloromethane/methanol
95:5).

5'-0-(4,4-Dimethoxytriphenylmethyl)-4-N-dimethylformamidine-6-oxo-

cytidine (12): Nucleoside 10 (3.96 g, 12.6 mmol) in pyridine (90 mL) with
DMTrClI (5.12 g, 15.1 mmol) afforded 12 (6.37 g, 82 %) as a white solid.
R;=0.41 (dichloromethane/methanol 9:1), R,=0.33 (ethyl acetate/meth-
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anol 4:1); 'HNMR (270 MHz, [D4]DMSO, 25°C): 6=2.97 (s, 3H,
N(CHy)), 3.08 (s, 3H, N(CH,)), 3.08 (m, 2H, 5-H), 3.71 (s, 3H, OCHs),
3.72 (s,3H, OCH,), 3.82 (m, 1H, 4-H), 4.15 (q, /=7.5 Hz, 1 H, 3'-H), 4.31
(m, 1H, 2"-H), 4.75 (d, /=75 Hz, 1H, 3-OH), 4.99 (d, J=4.7 Hz, 1H, 2"-
OH), 5.06 (s, 1 H, 5-H), 6.11 (brs, 1H, 1"-H), 6.81 741 (m, 13H, H,,), 8.14
(s, 1H, NCHN), 10.70 (brs, 1H, NH); "CNMR (63 MHz, [D,JDMSO,
25°C): 0=34.33 (N(CH,)), 40.51 (N(CH,;)), 54.96 (OCHs;), 65.04 (C-5'),
70.40 (C-3'), 71.85 (C-2'), 80.95 (C-5), 81.87 (C-4'), 85.25 (DMTr), 87.90 (C-
1), 113.04, 126.54, 127.72, 129.67, 129.83, 135.76, 145.14 (DMTr), 150.98 (C-
2), 157.02 (NCHN), 157.96 (DMTr), 159.29 (C-4), 163.30 (C-6); elemental
analysis caled (% ) for C33H;3N,Og (616.68): C 64.27, H 5.88, N 9.09; found C
64.06, H 5.96, N 8.80; MS ESI(—): m/z (%): 615.7 (100) [M —H]".
5-Allyl-5'-0O-(4,4'-dimethoxytriphenylmethyl)-4-N-dimethylformamidine-
6-oxocytidine (13): Nucleoside 11 (1.19 g, 3.36 mmol) in pyridine (25 mL)
with DMTrCl (1.37 g, 4.03 mmol) afforded 13 (2.00 g, 91 %) as a white solid.
R;=0.32 (dichloromethane/methanol 95:5), R;=0.47 (dichloromethane/
methanol 9:1); 'THNMR (250 MHz, [D¢]DMSO, 25°C): 6 =2.94 (s, 3H,
N(CHy)), 2.99 (s, 2H, allyl CH,), 3.03 (s, 3H, N(CH3;)), 3.08 (m, 2H, 5'-H),
3.70 (s, 3H, OCHs), 3.72 (s, 3H, OCH,), 3.84 (q, J=5.6 Hz, 1H, 4'-H), 4.18
(q,/J=72Hz, 1H, 3-H), 4.32 (q, /=43 Hz, 1H, 2"-H), 478 (d, / =7.6 Hz,
1H, 3-OH), 4.90 (ddd, J=173, 9.8, 1.8 Hz, 2H, allyl CH,), 5.02 (d, J=
4.7 Hz, 1H, 2’-OH), 5.72 (m, 1H, allyl CH), 6.15 (s, 1H, 1’-H), 6.80-7.40
(m, 13H, H,), 796 (s, 1H, NCHN), 10.59 (brs, 1H, NH); BCNMR
(63 MHz, [D4]DMSO, 25°C): 0 =28.16 (allyl CH,), 33.76 (N(CHs)), 40.04
(N(CH3y)), 54.98 (OCH3;), 65.05 (C-5"), 70.44 (C-3'), 71.91 (C-2'), 84.09 (C-
4), 85.26 (DMTr), 88.20 (C-1"), 95.30 (C-5), 113.08 (DMTr), 113.91 (allyl
CH,), 126.54, 12779, 129.69, 129.84, 135.70 (DMTr), 135.86 (allyl CH),
137.22, 145.17 (DMTr), 153.50 (C-2), 155.46 (NCHN), 157.94 (C-4), 158.01
(DMTr), 163.20 (C-6); elemental analysis caled (%) for C;HyN,Oq
(656.74): C 65.84, H 6.14, N 8.53; found C 65.55, H 6.22, N 8.62; MS
ESI(—): m/z (%): 655.4 (100) [M —H]".
5'-0-(4,4-Dimethoxytriphenylmethyl)-4-N-(dimethylformamidine)-2'-O-
methyl-6-oxocytidine (14) and 5'-0-(4,4'-dimethoxytriphenylmethyl)-4-N-
(dimethylformamidine)-3'-O-methyl-6-oxocytidine (16): A solution of
tin(11) chloride (0.27 g, 1.42 mmol, 0.25 equiv) in DMF (10 mL) was added
to a solution of nucleoside 12 (3.50 g, 5.68 mmol) in DMF (60 mL). The
reaction flask was cooled in an ice bath. A solution of diazomethane in
ether (14 mL, approx. 0.3 M) was added slowly. (Diazomethane was freshly
prepared with the Diazald™ kit diazomethane generator from Aldrich.)
Further portions of diazomethane (14 mL) were added every 45 min. After
4 h the reaction was stopped by addition of a few drops of conc. ammonia
solution. The solvent was removed under reduced pressure, and the syrup
was extracted with chloroform/water. The collected organic phases were
dried over MgSO,, filtered, and evaporated to dryness, then purified by
column chromatography (chloroform/acetonitrile/methanol 60:24:1.

14: R;=0.36 (chloroform/acetonitrile/methanol 20:8:1); 'HNMR (270
MHz, [D¢]DMSO, 25°C): 6 =2.96 (s, 3H, N(CHj;)), 3.08 (s, 3H, N(CHy,)),
3.09 (m, 2H, 5-H), 3.31 (s, 3H, 2-OCHs;), 3.71 (s, 3H, OCHs), 3.72 (s, 3H,
OCH,), 3.82 (m, 1H, 4-H), 4.03 (dd,J=6.2,2.5 Hz,1H, 2"-H), 4.24 (m, 1 H,
3'-H), 4.78 (d, /=82 Hz, 1H, 3'-OH), 5.07 (s, 1H, 5-H), 6.13 (brs, 1H, 1'-
H), 6.81-740 (m, 13H, H,,), 8.14 (s, 1H, NCHN), 10.77 (brs, 1H, NH);
BCNMR (63 MHz, [D4DMSO, 25°C): 0=34.31 (N(CH;)), 40.42
(N(CHsy)), 54.94 (OCHj;), 5769 (2'-OCHj;), 64.55 (C-5'), 70.39 (C-3'),
80.90 (C-5), 81.40 (C-2), 81.85 (C-4'), 85.25 (DMTr), 85.30 (C-1'), 113.05,
126.50, 127.70, 129.65, 129.77, 135.72, 145.04 (DMTr), 150.80 (C-2), 157.02
(NCHN), 15795 (DMTr), 159.26 (C-4), 163.07 (C-6); the assignment was
confirmed by an HSQC experiment; MS ESI(—): m/z (%): 629.2 (100)
[M—H].

16: R;=0.28 (chloroform/acetonitrile/methanol 20:8:1); 'HNMR (270
MHz, [D¢]DMSO, 25°C): 6 =2.96 (s, 3H, N(CH,)), 3.09 (s, 3H, N(CH,)),
3.10 (m, 2H, 5'-H), 3.25 (s, 3H, 3'-OCHy;), 3.72 (s, 3H, OCHs), 3.73 (s, 3H,
OCH;), 3.91-3.99 (m, 2H, 3'-H, 4-H), 4.54 (dt, J=2.6, 5.9 Hz, 1H, 2’-H),
5.02(d,J=6.6 Hz,1H,2'-OH), 5.06 (s, 1H, 5-H), 6.10 (d,/ =1.5 Hz, 1H, 1'-
H), 6.82-740 (m, 13H, H,,), 8.15 (s, 1 H, NCHN), 10.74 (brs, 1H, NH);
BCNMR (63 MHz, [D4DMSO, 25°C): 0=34.34 (N(CH,)), 40.49
(N(CHsy)), 54.98 (OCHj;), 5735 (3-OCH;), 64.51 (C-5'), 70.45 (C-2'),
79.87 (C-3'), 79.97 (C-4"), 80.90 (C-5), 85.27 (DMTr), 88.10 (C-1), 113.11,
126.59, 127.76, 129.66, 129.79, 135.80, 145.05 (DMTr), 151.00 (C-2), 157.02
(NCHN), 158.02 (DMTr), 159.33 (C-4), 163.31 (C-6); the assignment was
confirmed by an HSQC experiment; MS ESI(—): m/z (%): 629.2 (100)
[M—H]".
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5-Allyl-5'-0-(4,4' -dimethoxytriphenylmethyl)-4-N-(dimethylformamidine)-
2'-O-methyl 6-oxocytidine (15) and S-allyl-5'-0-(4,4-dimethoxytriphenyl-
methyl)-4-N-(dimethylformamidine)-3'-O-methyl 6-oxocytidine (17): A
solution of tin() chloride (143 mg, 0.756 mmol, 0.33 equiv) in DMF
(5 mL) was added to a solution of 13 (1.50 g, 2.28 mmol) in DMF (15 mL).
The solution was cooled with an ice bath. A solution of diazomethane in
ether (5 mL, approx. 0.3 M) was slowly added. (Diazomethane was freshly
prepared with the Diazald™ kit diazomethane generator from Aldrich.)
Further portions of diazomethane (5 mL) were added every 60 min. After
4 h the reaction was stopped by addition of a few drops of conc. ammonia
solution. The solvent was removed under reduced pressure, and the syrup
was extracted with chloroform/water. The collected organic phases were
dried over MgSO,, filtered, and evaporated to dryness, then purified by
column chromatography (chloroform/acetonitrile/methanol 60:24:1.

15: R;=0.50 (chloroform/acetonitrile/methanol 20:8:1); 'HNMR (270
MHz, [D¢]DMSO, 25°C): 6 =2.94 (s, 3H, N(CH3)), 3.00 (d,/=6.1 Hz, 2H,
allyl CH,), 3.03 (s, 3H, N(CHs)), 3.11 (m, 2H, 5'-H), 3.32 (s, 3H, 2'-OCHs),
3.71 (s,3H, OCH3;), 3.72 (s, 3H, OCH};), 3.83 (m, 1 H, 4-H), 4.07 (dd, J = 3.7,
2.5Hz,1H,2-H), 428 (m, 1H, 3'-H), 4.76 (d, /=8.2 Hz, 1H, 3'-OH), 4.88
(ddd,J=171,10.0,2.1 Hz, 2H, allyl CH,), 5.73 (m, 1 H, allyl CH), 6.18 (brs,
1H, 1'-H), 6.81-740 (m, 13H, H,,), 797 (s, 1H, NCHN), 10.61 (brs, 1H,
NH); the assignment was confirmed by a 'H,'H-COSY experiment;
BCNMR (68 MHz, [D¢]DMSO, 25°C): 6=28.09 (allyl CH,), 33.71
(N(CHs)), 39.98 (N(CH,)), 54.93 (OCHs;), 57.72 (2-OCH,), 64.64 (C-5'),
70.43 (C-3"), 81.44 (C-2'), 82.02 (C-4'), 85.24 (DMTr), 85.98 (C-1'), 95.24 (C-
5), 113.03 (DMTr), 113.88 (allyl CH,), 126.47, 127.74, 129.64, 129.76, 135.65
(DMTr), 135.77 (allyl CH), 137.13, 145.04 (DMTr), 153.42 (C-2), 155.43
(NCHN), 157.90 (C-4), 15795 (DMTr), 162.96 (C-6); the assignment was
confirmed by an HSQC experiment; MS ESI(—): m/z (%): 669.4 (100)
[M—H]".

17: R;=0.41 (chloroform/acetonitrile/methanol 20:8:1); 'HNMR (250
MHz, [D¢]DMSO, 25°C): 6=2.94 (s, 3H, N(CH,)), 3.00 (d, /=4.9 Hz,
2H, allyl CH,), 3.03 (s, 3H, N(CHs)), 3.11 (m, 2H, 5-H), 3.25 (s, 3H, 3"-
OCH,), 3.71 (s, 3H, OCHs), 3.72 (s, 3H, OCH,), 3.93 (m, 1H, 4'-H), 3.99
(dd, J=72, 6.0 Hz, 1H, 3'-H), 4.56 (dt, /] =6.2 Hz, 2.5 Hz, 1H, 2'-H), 4.88
(ddd, /=171, 9.9, 1.5 Hz, 2 H, allyl CH,), 5.00 (d, J=6.6 Hz, 1H, 2’-OH),
5.73 (m, 1H, allyl CH), 6.15 (brs, 1H, 1-H), 6.82-7.39 (m, 13H, H,,), 7.96
(s, 1H, NCHN), 10.56 (brs, 1H, NH); the assignment was confirmed by a
'H,'H-COSY experiment; *CNMR (63 MHz, [D¢{]DMSO, 25°C): 6=
28.09 (allyl CH,), 33.72 (N(CHs)), 39.98 (N(CHj;)), 54.93 (OCHs;), 54.95
(OCHs), 57.34 (3'-OCH;), 64.50 (C-5), 70.45 (C-2'), 79.94 (C-3"), 80.06 (C-
4), 85.22 (DMTr), 88.20 (C-1'), 95.30 (C-5), 113.06 (DMTr), 113.86 (allyl
CH,), 126.53, 127.73, 129.61, 129.73, 135.62 (DMTr), 135.78 (allyl CH),
137.18, 145.02 (DMTr), 153.45 (C-2), 155.41 (NCHN), 157.93 (C-4), 157.98
(DMTr), 163.13 (C-6); the assignment was confirmed by an HSQC
experiment; MS ESI(—): m/z (%): 669.5 (100) [M —H]".
3'-0-(2-Cyanoethoxy-N,N-diisopropylphosphino)-5'-O-(4,4' -dimethoxytri-
phenylmethyl)-4-N-(dimethylformamidine)-2'-O-methyl-6-oxocytidine
(19): N,N-diisopropylethylamine (DIPEA) (0.64 mL, 3.71 mmol, 4.5 equiv)
was added to a solution of 14 (520 mg, 0.824 mmol) in acetonitrile (10 mL).
The reaction mixture was cooled with an ice bath, and 18 (280 pL,
1.24 mmol, 1.5 equiv) was added slowly. After 10 min the ice bath was
removed and the solution was stirred for another 20 min. The mixture was
diluted with dichloromethane and extracted with 2% aqueous sodium
carbonate solution. The collected organic phases were dried over MgSO,,
filtered, and evaporated to dryness. The crude product was chromato-
graphed with chloroform/acetonitrile/methanol 60:24:1 to afford 19 as a
white foam (397 mg, 58 % ). Compound 19 was obtained as a mixture of two
diastereomers with identical R, values in a ratio of 1.7:1. The underlined
NMR spectroscopic data refer to the main diastereomer. R;=0.32 (ethyl
acetate/acetonitrile 9:1+5% triethylamine), R;=0.48 (chloroform/aceto-
nitrile/methanol 20:8:1), 3P NMR (163 MHz, CDCl,, 25°C): 6 =149.57,
150.54; '"HNMR (400 MHz, CDCl;, 25°C): 6=0.94-1.15 (m, 12H,
isopropyl CHj), 235, 2.65 (2m, 2H, CH,CN), 3.02, 3.02 (2s, 3H,
N(CHy)), 3.10, 3.10 (2s, 3H, N(CH,)), 3.13-3.60 (m, 4H, 5-H and
POCH,), 3.39,3.41 (25,3H, 2'-OCHy;), 3.76, 3.76,3.77,3.77 (4s, 3H, OCHs),
3.80-3.93 (m, 2H, isopropyl CH), 4.16 (m, 1H, 4-H), 425, 4.32 (2dd, J =
6.2,2.5Hz,/=6.1,28 Hz, 1H, 2"-H), 4.52, 474 (2ddd, J=10.5, 6.2, 7.5 Hz,
J=12.1,6.3,8.0Hz, 1H, 3"-H), 5.02, 5.03 (2s, 1H, 5-H), 6.39, 6.42 (2d, /=
2.4 Hz,J=2.5Hz 1H,1-H), 6.74-748 (m, 13H, H,,), 7.78 (s, 1H, NCHN);
MS ESI(—): m/z (%): 829.1 (100) [M —H]".
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5-Allyl-3'-O-(2-cyanoethoxy-N,N-diisopropylphosphino)-5'-O-(4,4"-dimeth-
oxytriphenylmethyl)-4-N-(dimethylformamidine)-2'-O-methyl-6-oxocyti-
dine (20): N,N-Diisopropylethylamine (DIPEA) (0.37 mL, 2.16 mmol,
4.5 equiv) was added to a solution of 15 (322 mg, 0.48 mmol) in acetonitrile
(8 mL). The reaction mixture was cooled with an ice bath and 18 (160 pL,
0.72 mmol, 1.5 equiv) was slowly added. After 10 min the ice bath was
removed and the solution was stirred for another 2 h. The mixture was
diluted with dichloromethane and extracted with 2% aqueous sodium
carbonate solution. The collected organic phases were dried over MgSO,,
filtered, and evaporated to dryness. The crude product was chromato-
graphed with chloroform/acetonitrile/methanol 60:24:1 to afford 20 as a
white foam (297 mg, 71 % ). Compound 20 was obtained as a mixture of two
diastereomers with identical R, values in a ratio of 2:1. The underlined
NMR spectroscopic data refer to the main diastereomer. R;= 0.67 (chloro-
form/acetonitrile/methanol 20:8:1); 3'P NMR (163 MHz, CDCl;, 25°C):
0=150.10, 150.58; 'HNMR (400 MHz, CDCl;, 25°C):  =0.95-1.17 (m,
12H, isopropyl CH3), 2.34, 2.65 (2m, 2H, CH,CN), 3.02 (s, 3H, N(CHj,)),
3.07 (d,J=6.0 Hz, 2 H, allyl CH,), 3.09 (s, 3H, N(CH3)), 3.11 (m, 2H, 5-H),
3.25-3.61 (m, 2H, POCH,), 3.39, 3.42 (2s, 3H, 2-OCH,), 3.76, 3.76, 3.77,
3.77 (4s,3H, OCHs;), 3.79-3.93 (m, 2 H, isopropyl CH), 4.13 (m, 1 H, 4-H),
4.28,4.34 (2dd, J=6.3,2.5 Hz, / =6.2,2.7 Hz, 1 H, 2'-H), 4.59, 4.78 (2ddd,
J=10.6,6.4,7.6 Hz,/ =12.0,6.4,8.0 Hz, 1H, 3-H), 4,96 (m, 2H, allyl CH,),
5.92 (m, 1H, allyl CH), 6.37, 6.39 (2s, 1H, 1'-H), 6.74-7.47 (m, 13H, H,,),
7.81 (s, 1H, NCHN); MS ESI(+): m/z (%): 871.5 (78.2) [M+H]*.

4-N-(Dimethylformamidine)-3',5'-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-
diyl)-6-oxocytidine (21): A solution of 1,3-dichloro-1,1,3,3-tetraisopropyl-
disiloxane (4.56 mL, 14.55mmol, 1.11 equiv) in 12-dichloroethane
(3.30 mL) was added to a solution of 10 (4.12 g, 13.11 mmol) in pyridine
(80 mL). After stirring at 0°C for 30 min, pyridinium hydrochloride
precipitated. The reaction mixture was stirred for another 1.5h at RT,
methanol was added, and the solution was evaporated to dryness. The
residue was dissolved in dichloromethane and extracted with saturated
aqueous NaHCO; solution. The organic phase was dried over MgSO,,
filtered, and evaporated, followed by coevaporation with toluene. The
product was purified by column chromatography with dichloromethane/
methanol 95:5. Compound 21 (6.79 g, 93 %) was obtained as a white foam.
R;=0.58 (dichloromethane/methanol ~ 9:1); 'HNMR (400 MHz,
[Dg]DMSO, 25°C): 6=0.92-1.07 (m, 28H, isopropyl), 2.95 (s, 3H,
N(CHa)), 3.09 (s, 3H, N(CH,)), 3.67 (m, 1H, 4-H), 3.88 (m, 2H, 5'-H),
4.38 (t,/=4.4Hz, 1H, 2-H), 4.68 (d, /=42 Hz, 1 H, 2’-OH), 4.86 (m, 1 H,
3'-H), 5.05 (s, 1H, 5-H), 6.01 (s, 1H, 1-H), 8.13 (s, 1 H, NCHN), 10.73 (brs,
1H, NH); the assignment was confirmed by a 'H,'H-COSY experiment;
BCNMR (100 MHz, [Dg]DMSO, 25°C): 6 =12.06, 12.12, 12.50, 12.66 (4 x
CH), 16.86-17.35 (8 x CH3), 34.28 (N(CHs)), 40.29 (N(CH,)), 62.42 (C-5),
71.44 (C-3'),72.81 (C-2), 80.34 (C-4'), 80.95 (C-5), 87.55 (C-1"), 149.56 (C-
2), 156.97 (NCHN), 159.20 (C-4), 163.09 (C-6); the assignment was
confirmed by an HSQC experiment; elemental analysis caled (%) for
C,,HuN,O,S1, (556.81): C 51.77, H 7.97, N 10.06; found C 51.52, H 7.90, N
9.81; MS ESI(—): m/z (%): 555.5 (100) [M —H]~, ESI(+): m/z (%): 557.6
(80.0) [M+H]".

5-Allyl-4-N-(dimethylformamidine)-3',5'-0-(1,1,3,3-tetraisopropyldisilox-

ane-1,3-diyl)-6-oxocytidine (22): A solution of 1,3-dichloro-1,1,3,3-tetra-
isopropyldisiloxane (1.75 mL, 5.59 mmol, 1.1 equiv) in 1,2-dichloroethane
(1.20 mL) was added to a solution of 11 (1.80 g, 5.08 mmol) in pyridine
(25 mL). After the reaction mixture had been stirred at 0°C for 30 min,
pyridinium hydrochloride precipitated. The mixture was stirred for another
2.5h at RT, methanol was added, and the solution was evaporated to
dryness. The residue was dissolved in dichloromethane and extracted with
saturated aqueous NaHCO; solution. The organic phase was dried over
MgSO,, filtered and evaporated, followed by coevaporation with toluene.
The product was purified by column chromatography with dichloro-
methane/methanol 98:2. Compound 22 (2.66 g, 88 %) was obtained as a
white foam. R,=0.66 (dichloromethane/methanol 95:5), R;=0.15 (di-
chloromethane/methanol 98:2); 'HNMR (250 MHz, [D4]DMSO, 25°C):
0=0.92-1.07 (m, 28 H, isopropyl), 2.93 (s, 3H, N(CH,)), 2.99 (d, 2 H allyl
CH,), 3.02 (s, 3H, N(CHs)), 3.68 (m, 1H, 4-H), 3.88 (m, 2H, 5-H), 4.39 (t,
J=5.1Hz, 1H, 2’-H), 470 (d, J=4.2 Hz, 1H, 2’-OH), 4.87 (ddd, /=171,
10.1, 1.7 Hz, 2H, allyl CH,), 4.95 (d,/ = 6.3 Hz, 1H, 3'-H), 5.73 (m, 1 H, allyl
CH), 6.06 (s, 1H, 1-H), 7.99 (s, 1 H, NCHN), 10.59 (brs, 1 H,NH); BCNMR
(63 MHz, [D¢]DMSO, 25°C): 6=12.02, 12.09, 12.47, 12.63 (4 x CH),
16.82-1734 (8 x CH;), 28.09 (allyl CH,), 33.69 (N(CHj)), 39.95
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(N(CHy)), 62.27 (C-5'), 71.28 (C-3'), 72.82 (C-2'), 80.37 (C-4'), 87.77 (C-
1), 95.10 (C-5), 113.83 (allyl CH,), 137.06 (allyl CH), 150.32 (C-2), 153.19
(C-4), 155.48 (NCHN), 162.96 (C-6); MS ESI(+): m/z (%): 597.4 (100)
[M+H]*.
4-N-(Dimethylformamidine)-2’-O-phenoxythiocarbonyl-3',5"-0-(1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl)-6-oxocytidine  (23): Nucleoside 21
(6.79 g, 12.19 mmol) was dissolved in acetonitrile (100 mL), and N,N-
dimethylaminopyridine (DMAP) (3.13 g, 25.61 mmol, 2.1 equiv) and
phenoxythiocarbonyl chloride (1.86 mL, 13.41 mmol, 1.1 equiv) were
added. After 2 h the solvent was removed under reduced pressure. The
residue was dissolved in ethyl acetate and extracted with 0.1m HCI, water,
sat. aqueous NaHCO; solution, and brine. The collected organic phases
were dried over MgSO,, filtered and evaporated to dryness. The residue
was purified by column chromatography with dichloromethane/methanol
98:2. The product 23 (4.90 g, 58 % ) was obtained as a yellow foam. R;=0.53
(dichloromethane/methanol 95:5); 'TH NMR (400 MHz, [D{]DMSO, 25°C):
0=0.93-1.07 (m, 28H, isopropyl), 2.96 (s, 3H, N(CH,)), 3.09 (s, 3H,
N(CHs;)),3.72 (m, 1H, 4-H), 3.95 (m, 2H, 5'-H), 5.11 (s, 1 H, 5-H), 5.16 (m,
1H, 3'-H), 6.21 (brs, 1H, 1'-H), 6.29 (dd, /=5.9, 1.5 Hz, 1H, 2"-H), 711 -
750 (m, 5H, H,,), 8.15 (s, 1H, NCHN), 10.93 (brs, 1 H, NH); the assignment
was confirmed by a 'H,'H-COSY experiment; *CNMR (100 MHz,
[D¢]DMSO, 25°C): 6 =12.25, 12.36, 12.58, 12.86 (4 x CH), 16.67-17.24
(8 x CHj), 34.33 (N(CHs)), 40.35 (N(CHs;)), 61.32 (C-5"), 70.24 (C-3'), 80.33
(C-4), 80.99 (C-5), 84.26 (C-1'), 85.00 (C-2"), 121.51, 126.68, 129.28, 129.73
(C.p), 152.78 (C-2), 15721 (NCHN), 157.88 (C=S), 159.61 (C-4), 163.18 (C-
6); the assignment was confirmed by an HSQC experiment; MS ESI(+): m/
z(%): 693.2 (32.2) [M+H]", 539.3 (100) [M — OCSOCH;]".

5-Allyl-4-N-(dimethylformamidine)-2'-O-phenoxythiocarbonyl-3',5'-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-6-oxocytidine (24): Nucleoside
22 (2.57 g, 4.31 mmol) was dissolved in acetonitrile (40 mL), and N,N-
dimethylaminopyridine (DMAP) (1.10 g, 9.04 mmol, 2.1 equiv) and phe-
noxythiocarbonyl chloride (0.66 mL, 4.74 mmol, 1.1 equiv) were added.
After 4 h the solvent was removed under reduced pressure. The residue was
dissolved in ethyl acetate and extracted with 0.1m HCI, water, sat. aqueous
NaHCO; solution, and brine. The collected organic phases were dried over
MgSO,, filtered, and evaporated to dryness. The residue was purified by
column chromatography with dichloromethane/methanol 99:1. The prod-
uct 24 (1.63 g, 52%) was obtained as a yellow foam. R,=0.33 (dichloro-
methane/methanol 98:2); 'HNMR (400 MHz, [D]DMSO, 25°C): 6=
0.96-1.09 (m, 28H, isopropyl), 2.94 (s, 3H, N(CH,)), 3.00 (d, 2H, allyl
CH,), 3.03 (s, 3H, N(CHa)), 3.73 (m, 1H, 4-H), 3.94 (m, 2H, 5-H), 4.87
(ddd, /=171, 10.1, 1.5 Hz, 2H, allyl CH,), 5.21 (d, J=6.0 Hz, 1H, 3'-H),
5.76 (m, 1H, allyl CH), 6.24 (s, 1H, 1’-H), 6.30 (d, J=5.9 Hz, 1H, 2'-H),
712-748 (m, 5H, H,,), 8.02 (s, 1H, NCHN), 10.82 (brs, 1H, NH); the
assignment was confirmed by a 'H,'H-COSY experiment; “CNMR
(100 MHz, [Dg]DMSO, 25°C): 6=12.25, 12.36, 12.58, 12.62 (4 x CH),
16.74-17.25 (8 x CH,), 28.05 (allyl CH,), 33.74 (N(CHs)), 40.13 (N(CHs)),
61.13 (C-5'),70.07 (C-3'),80.12 (C-4'), 83.21 (C-1"), 84.32 (C-2"), 95.22 (C-5),
113.98 (allyl CH,), 121.52, 126.68, 129.28, 129.73 (C,,), 136.87 (allyl CH),
152.77 (C-2), 153.61 (C-4), 155.69 (NCHN), 157.27 (C=S), 162.89 (C-6); the
assignment was confirmed by an HSQC experiment; MS ESI(+): m/z (% ):
733.4 (38.1) [M+H]", 579.4 (100) [M — OCSOC¢H;]".

2’-Deoxy-4-N-(dimethylformamidine)-3',5'-0-(1,1,3,3-tetraisopropyldisil-

oxane-1,3-diyl)-6-oxocytidine (25): Nucleoside 23 (4.90 g, 7.07 mmol) was
dissolved in freshly distilled toluene (160 mL). The solution was degassed
five times. a,a’-Azoisobutyronitrile (0.23 g, 1.41 mmol, 0.2 equiv) and
tributyltin hydride (2.81 mL, 10.61 mmol, 1.5 equiv) were added and the
solution was heated to 75°C. After 2 h the solution was cooled to RT and
the solvent was removed by evaporation. The residue was dissolved in ethyl
acetate and extracted with 5% aqueous NaHCO; solution. The organic
phase was dried over MgSO,, filtered, and evaporated to dryness. The
residue was purified by column chromatography with dichloromethane/
methanol 98:2. The product 25 (2.49 g, 65%) was obtained as a yellow
foam. R;=0.42 (dichloromethane/methanol 95:5); 'THNMR (400 MHz,
[D¢]DMSO, 25°C): 6 =0.95-1.10 (m, 28 H, isopropyl), 2.25 (m, 1 H, 2'a-H),
2.63 (m, 1H, 2'b-H), 2.94 (s, 3H, N(CH,)), 3.07 (s, 3H, N(CHs)), 3.63 (m,
1H, 4-H), 3.88 (m, 2H, 5'-H), 5.01 (s, 1H, 5-H), 5.04 (m, 1H, 3'-H), 6.49
(dd, J=9.8,2.6 Hz, 1H, 1-H), 8.10 (s, 1H, NCHN), 10.66 (brs, 1H, NH);
the assignment was confirmed by a 'H,'"H-COSY experiment; “CNMR
(100 MHz, [D4]DMSO, 25°C): 6=11.98, 12.54, 12.66, 12.86 (4 x CH),
16.79-17.42 (8 x CH;), 34.24 (N(CHs)), 38.87 (C-2'), 40.25 (N(CHs;)), 64.27
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(C-5'), 74.19 (C-3), 78.68 (C-1'), 81.19 (C-5), 84.61 (C-4'), 150.83 (C-2),
156.89 (NCHN), 159.00 (C-4), 163.20 (C-6); the assignment was confirmed
by an HSQC experiment; MS ESI(+): m/z (%): 541.4 (100) [M+H]*.

5-Allyl-2'-deoxy-4-N-(dimethylformamidine)-3',5'-0-(1,1,3,3-tetraisopro-
pyldisiloxane-1,3-diyl)-6-oxocytidine  (26): Nucleoside 24 (1.49g,
2.03 mmol) was dissolved in freshly distilled toluene (50 mL). The solution
was degassed five times. a,a’-Azoisobutyronitrile (67 mg, 0.407 mmol,
0.2 equiv) and tributyltin hydride (0.81 mL, 3.05 mmol, 1.5 equiv) were
added and the solution was heated to 75°C. After 1.5 h the solution was
cooled to RT and the solvent was removed by evaporation. The residue was
dissolved in ethyl acetate and extracted with 5% aqueous NaHCO;
solution. The organic phase was dried over MgSO,, filtered, and
evaporated to dryness. The residue was purified by column chromatog-
raphy with dichloromethane/methanol 98:2. The product 26 (0.68 g, 58 %)
was obtained as a yellow foam. R;= 0.46 (dichloromethane/methanol 95:5);
'"HNMR (400 MHz, [Dg]DMSO, 25°C): 6 =0.94—-1.11 (m, 28 H, isopropyl),
2.27 (m, 1H, 2'a-H), 2.64 (m, 1H, 2'b-H), 2.93 (s, 3H, N(CHy)), 3.00 (d,J =
6.3 Hz, 2H, allyl CH,), 3.02 (s, 3H, N(CH3;)), 3.64 (m, 1H, 4-H), 3.85 (dd,
J=11.1, 3.6 Hz, 1H, 5'a-H), 3.93 (dd, /=11.0, 8.5 Hz, 1H, 5'b-H), 4.85
(ddd, J =171, 10.0, 2.3 Hz, 2H, allyl CH,), 5.09 (q, /=75 Hz, 1H, 3'-H),
5.72 (m, 1H, allyl CH), 6.56 (dd, J=9.8, 2.5Hz, 1H, 1'-H), 7.98 (s, 1H,
NCHN), 10.54 (s, 1H, NH); the assignment was confirmed by a 'H,'H-
COSY experiment; *CNMR (100 MHz, [D¢]DMSO, 25°C): ¢ =11.98,
12.55,12.66, 12.86 (4 x CH), 16.76-17.41 (8 x CH,), 28.08 (allyl CH,), 33.66
(N(CHs)), 38.88 (C-2'), 40.13 (N(CHy)), 64.24 (C-5'), 74.15 (C-3"), 79.08 (C-
1), 84.71 (C-4'), 95.25 (C-5), 113.76 (allyl CH,), 137.11 (allyl CH), 150.15
(C-2), 153.02 (C-4), 155.45 (NCHN), 163.11 (C-6); the assignment was
confirmed by an HSQC experiment; MS ESI(+): m/z (%): 581.5 (100)
[M-+H]*.

General procedure for the deprotection of 25 and 26: The protected
nucleosides 25 and 26 were each dissolved in THF (30 mL). A 1M solution
of tetrabutylammonium fluoride (TBAF) in THF was added. After 1 h at
RT, full deprotection was achieved. The solvent was removed and the oily
residue was dissolved in water. This was extracted with dichloromethane
(three times) and ether (two times). The aqueous phase was evaporated to
dryness and coevaporated with methanol. The product was purified by
column chromatography with dichloromethane/methanol 9:1, to yield 27 or
28 as a white foam.

2'-Deoxy-4-N-(dimethylformamidine)-6-oxocytidine (27): Protected nu-
cleoside 25 (2.49 g, 4.60 mmol) was dissolved in THF (30 mL), and TBAF
(10.13 mL, 10.13 mmol) was added. The product 27 was obtained in 1.35 g
(99%) yield. R;=0.19 (dichloromethane/methanol 9:1); 'HNMR
(400 MHz, [D4]DMSO, 25°C): 6 =1.84 (m, 1H, 2'a-H), 2.70 (m, 1H, 2'b-
H), 2.95 (s, 3H, N(CHs)), 3.08 (s, 3H, N(CH;)), 3.43 (m, 1H, 5'a-H), 3.57
(m, 1H, 5'b-H), 3.65 (m, 1H, 4-H), 429 (m, 1H, 3'-H), 4.57 (t, J=4.2 Hz,
1H, 5-OH), 5.01 (d,/ =4.7 Hz, 1H, 3-OH), 5.03 (s, 1 H, 5-H), 6.52 (yt, J =
73Hz, 1H, 1'-H), 8.11 (s, 1H, NCHN), 10.67 (brs, 1H, NH); the
assignment was confirmed by a 'H,'H-COSY experiment; “CNMR
(100 MHz, [D4]DMSO, 25°C): 6=34.32 (N(CHs)), 36.61 (C-2'), 40.32
(N(CHs)), 62.36 (C-5'), 71.32 (C-3'), 80.56 (C-1'), 81.23 (C-5), 87.17 (C-4'),
151.08 (C-2), 156.97 (NCHN), 159.10 (C-4), 163.66 (C-6); the assignment
was confirmed by an HSQC experiment; MS ESI(—): m/z (%): 297.2 (100)
[M—-H].

5-Allyl-2'-deoxy-4-N-(dimethylformamidine)-6-oxocytidine 28: Protected
nucleoside 26 (0.58 g, 0.998 mmol) was dissolved in THF (7 mL), and
TBAF (2.20 mL, 2.20 mmol) was added. The product 28 was obtained in
330 mg (98 %) yield. R;=0.28 (dichloromethane/methanol 9:1); 'THNMR
(400 MHz, [D¢]DMSO, 25°C): 6 =1.87 (m, 1H, 2'a-H), 2.72 (m, 1 H, 2'b-H),
293 (s, 3H, N(CHa)), 2.99 (d, J=6.3 Hz, 2H, allyl CH,), 3.02 (s, 3H,
N(CH,)), 3.46 (m, 1H, 4'-H), 3.56 (m, 1H, 5'a-H), 3.65 (m, 1H, 5'b-H), 4.31
(m, 1H,3-H),4.56 (dd,/=7.1,4.4 Hz,1H, 5-OH), 4.87 (ddd, J =171, 10.0,
2.2 Hz, 2H, allyl CH,), 5.00 (d, J=4.7 Hz, 1H, 3'-OH), 5.74 (m, 1H, allyl
CH), 6.57 (yt,J=73Hz, 1H, 1-H), 7.95 (s, 1H, NCHN), 10.55 (brs, 1H,
NH); the assignment was confirmed by a 'H,'H-COSY experiment;
BCNMR (100 MHz, [Dg]DMSO, 25°C): 6=28.02 (allyl CH,), 33.72
(N(CHs)), 36.66 (C-2'), 40.17 (N(CHs)), 62.35 (C-5'), 71.30 (C-3'), 81.01
(C-1), 8722 (C-4'),95.43 (C-5), 113.87 (allyl CH,), 137.16 (allyl CH), 150.51
(C-2), 153.27 (C-4), 155.45 (NCHN), 163.48 (C-6); the assignment was
confirmed by an HSQC experiment; MS ESI(—): m/z (%): 3372 (100)
[M—-H] .
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2'-Deoxy-5'-0-(4,4-dimethoxytriphenylmethyl)-4-N-(dimethylformamidine)-
6-oxocytidine (29): Nucleoside 27 (600 mg, 2.01 mmol) was dissolved in dry
pyridine (30 mL). The solution was cooled to —40°C with acetone/liquid
nitrogen. DMTrCl (750 mg, 2.21 mmol, 1.1 equiv) was added. After 3 h the
reaction mixture has reached RT and further DMTrCl (140 mg, 0.2 equiv)
was added. After 8 h dichloromethane (20 mL) was added and the solution
was extracted with 5% aqueous NaHCO; solution. The collected organic
phases were dried over MgSO,, filtered, and evaporated to dryness. The
residue was coevaporated with toluene. Purification was achieved by
column chromatography with dichloromethane/methanol 95:5. The prod-
uct 29 (955 mg, 79 %) was obtained as a white foam. R;=0.43 (dichloro-
methane/methanol 9:1); 'HNMR (250 MHz, [D4]DMSO, 25°C): 6 =1.97
(m, 1H, 2'a-H), 2.58 (m, 1 H, 2'b-H), 2.95 (s, 3H, N(CH,)), 3.06 (m, 1 H, 5'a-
H), 3.08 (s, 3H, N(CH3)), 3.22 (m, 1H, 5'b-H), 3.71 (s, 3H, OCHs), 3.72 (s,
3H, OCHj;), 3.79 (m, 1H, 4-H), 4.26 (m, 1H, 3-H), 4.99 (d,/=5.5 Hz, 1H,
3'-OH), 5.03 (s, 1H, 5-H), 6.58 (dd, /=8.9,4.2 Hz, 1H, 1’-H), 6.80-7.40 (m,
13H, H,,), 8.12 (s, 1 H, NCHN), 10.60 (brs, 1H, NH); *CNMR (63 MHz,
[Dg]DMSO, 25°C): 6 =34.24 (N(CH,3)), 37.39 (C-2'), 40.50 (N(CHs,)), 54.89
(OCHs), 54.93 (OCH,), 64.92 (C-5'), 71.50 (C-3'), 79.83 (C-1'), 81.14 (C-5),
85.16 (DMTr), 85.29 (C-4'), 112.99, 126.46, 127.67, 129.58, 129.80, 135.82,
145.24 (DMTr), 150.73 (C-2), 156.83 (NCHN), 157.30 (DMTr), 159.01 (C-4),
163.45 (C-6); MS ESI(—): m/z (%): 599.4 (100) [M —H]".

5-Allyl-2’-deoxy-5'-0-(4,4'-dimethoxytriphenylmethyl)-4-N-(dimethylfor-
mamidine)-6-oxocytidine (30): Nucleoside 28 (210 mg, 0.62 mmol) was
dissolved in dry pyridine (8 mL). The solution was cooled to 0°C in an ice
bath. DMTrCl (252 mg, 0.74 mmol, 1.2 equiv) was added. The ice bath was
removed after 1 h. After further 4 h, more DMTrCl (21 mg, 0.1 equiv) was
added. Another 4 h later dichloromethane (10 mL) was added and the
solution was extracted with 5% aqueous NaHCO; solution. The collected
organic phases were dried over MgSQO,, filtered, and evaporated to dryness.
The residue was coevaporated with toluene, and purified by column
chromatography with dichloromethane/methanol 95:5. The product 30
(340 mg, 86 %) was obtained as a white foam. R;=0.57 (dichloromethane/
methanol 9:1); 'THNMR (400 MHz, [D4]DMSO, 25°C): 6 =2.00 (m, 1H,
2'a-H), 2.60 (m, 1H, 2'b-H), 2.94 (s, 3H, N(CHj;)), 3.00 (d, J=6.3 Hz, 2H,
allyl CH,), 3.02 (s, 3H, N(CHs)), 3.05 (m, 1H, 5'a-H), 3.25 (m, 1 H, 5'b-H),
3.70 (s,3H, OCH;), 3.72 (s, 3H, OCH};), 3.82 (m, 1H, 4'-H), 429 (m, 1H, 3"-
H), 4.86 (ddd, J =171, 10.0, 2.2 Hz, 2H, allyl CH,), 5.00 (d,/=5.5 Hz, 1H,
3'-OH), 5.73 (m, 2H, allyl CH), 6.64 (dd, J=8.9, 4.3 Hz, 1H, 1'-H), 6.78 -
739 (m, 13H, H,,), 7.94 (s, 1 H, NCHN), 10.48 (s, 1 H, NH); the assignment
was confirmed by a 'H,'H-COSY experiment; “CNMR (100 MHz,
[Dg]DMSO, 25°C): 6=28.11 (allyl CH,), 33.67 (N(CH,)), 37.55 (C-2'),
40.12 (N(CH,)), 54.89 (OCHj;), 54.93 (OCHj;), 64.99 (C-5'), 71.60 (C-3'),
80.42 (C-1"),85.15 (DMTr), 85.56 (C-4'), 95.33 (C-5), 112.97 (DMTr), 113.76
(allyl CH,), 126.44, 127.73, 129.56, 129.81, 135.72 (DMTr), 137.23 (allyl CH),
145.27 (DMTr), 150.17 (C-2), 153.10 (C-4), 155.31 (NCHN), 157.95 (DMTr),
163.32 (C-6); the assignment was confirmed by an HSQC experiment; MS
ESI(—): m/z (%): 639.4 (100) [M —H]".

3'-0-(2-Cyanoethoxy-N,N-diisopropylphosphino)-2’-deoxy-5'-O-(4,4'-di-
methoxytriphenylmethyl)-4-N-(dimethylformamidine)-6-oxocytidine (31):
N,N-Diisopropylethylamine (DIPEA) (449 uL, 2.62 mmol, 5 equiv) and
2-cyanoethyl-N,N-diisopropyl  chlorophosphoramidite ~ (18; 234 uL,
1.05 mmol, 2 equiv) were added to a solution of 29 (315 mg, 0.524 mmol)
in dichloromethane (12 mL). After 30 min the reaction mixture was diluted
with dichloromethane and extracted with 2% aqueous sodium carbonate
solution. The collected organic phases were dried over MgSO,, filtered,
and evaporated to dryness. The crude product was chromatographed with
dichloromethane/methanol 95:5 to afford 31 as a white foam (315 mg,
75 % ). Compound 31 was obtained as a mixture of two diastereomers with
different R; values in a ratio of 1:1.2. The underlined NMR spectroscopic
data refer to the main diastereomer. R;=0.33/0.38 (dichloromethane/
methanol 95:5); 3P NMR (163 MHz, CDCl;, 25°C): 6 =148.80, 148.98;
'HNMR (400 MHz, CDCl;, 25°C): 6=0.98-1.15 (m, 12H, isopropyl
CH;), 2.23 (m, 1H, 2'a-H), 2.37,2.57 (2m, 2H, CH,CN), 2.84 (m, 1 H, 2'b-
H), 3.01 (s, 3H, N(CH,)), 3.10, (s, 3H, N(CH,)), 3.26 (m, 1 H, 5'a-H), 3.35
(m, 1H, 5'b-H), 3.40-3.72 (m, 4H, POCH, and isopropyl CH), 3.75, 3.76,
3.76, 3.77 (4s, 3H, OCHy;), 4.08 (m, 1H, 4-H), 4.61, 4.70 (2m, 1H, 3"-H),
4.99 (s, 1H, 5-H), 6.73-748 (m, 14H, 1'-H and H,,), 7.75, 776 (2s, 1H,
NCHN); MS ESI(—): m/z (%): 799.5 (100) [M —H]".

5-Allyl-3’-O-(2-cyanoethoxy-N,N-diisopropylphosphino)-2’-deoxy-5'-O-
(4,4'-dimethoxytriphenylmethyl)-4-N-(dimethylformamidine)-6-oxocyti-
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dine (32): N,N-Diisopropylethylamine (DIPEA) (376 pL, 2.20 mmol,
5 equiv) and 18 (147 pL, 0.66 mmol, 1.5 equiv) were added to a solution
of 30 (282 mg, 0.440 mmol) in dichloromethane (6 mL). After 2 h another
portion of 18 (49 uL, 0.5 equiv) was added. After 4 h the reaction mixture
was diluted with dichloromethane and extracted with 2% aqueous sodium
carbonate solution. The collected organic phases were dried over MgSO,,
filtered, and evaporated to dryness. The crude product was chromato-
graphed with dichloromethane/methanol 98:2 to afford 32 as a white foam
(262 mg, 71%). Compound 32 was obtained as a mixture of two
diastereomers with different R; values in a ratio of 1.2:1. The underlined
NMR spectroscopic data refer to the main diastereomer. R,=0.55/0.61
(dichloromethane/methanol 95:5); 3P NMR (163 MHz, CDCl;,25°C): 6 =
149.06, 149.14; '"HNMR (400 MHz, CDCl;, 25°C): 6 =0.98-1.15 (m, 12 H,
isopropyl CH3), 2.23 (m, 1H, 2'a-H), 2.35, 2.57 (2t, /= 6.6 Hz, /= 6.3 Hz,
2H, CH,CN), 2.88 (m, 1H, 2'b-H), 3.01 (s, 3H, N(CH,)), 3.03 (d,/ =5.9 Hz,
2H, allyl CH,), 3.07 (s, 3H, N(CHs)), 3.24 (dd, J=10.0, 3.4 Hz, 1 H, 5'a-H),
3.30 (dd, J=10.0, 3.5 Hz, 1H, 5b-H), 3.42-3.57 (m, 4H, POCH, and
isopropyl CH), 3.74, 3.75, 3.75, 3.76 (4s, 3H, OCHj), 4.07 (m, 1H, 4-H),
4.66,4.73 (2m, 1H, 3'-H), 4.95 (m, 2H, allyl CH,), 5.89 (m, 1H, allyl CH),
6.73-748 (m, 14H, 1-H and H,,), 7.75, 7.76 (25, 1H, NCHN), 8.38 (brs, 1 H,
NH); MS ESI(—): m/z (%): 839.6 (100) [M —H]".

General procedure for the conversion of 12 and 13 with TBDMSCI: Silver
nitrate and a 1M solution of fert-butyldimethylsilyl chloride (TBDMSCI)
were added to a solution of 12 or 13 in THF/pyridine 1:1. Silver chloride
precipitated. After the mixture had been stirred for 16 h at RT, another
portion of TBDMSCI was added. The reaction was stopped by addition of a
5% aqueous NaHCO; solution, and the suspension was filtered through a
plug of Celite and washed. After extraction with dichloromethane, the
collected organic phases were dried over MgSO,, filtered, and evaporated
to dryness. The residue was coevaporated with toluene and purified by
column chromatography with dichloromethane/ethyl acetate 8:2. This
afforded the pure products as white foams.
5'-0-(4,4-Dimethoxytriphenylmethyl)-4-N-dimethylformamidin-2'-O-
tert-butyldimethylsilyl-6-oxocytidine (33) and 5’-0-(4,4’-dimethoxytriphe-
nylmethyl)-4-NV-dimethylformamidin-3'-O-tert-butyldimethylsilyl-6-oxocy-
tidine (35): Nucleoside 12 (1.233 g, 2.0 mmol) in THF/pyridine 1:1 (12 mL),
silver nitrate (408 mg, 2.4 mmol, 1.2 equiv), and TBDMSCI (2.4 mL,
2.4 mmol, 1.2 equiv+0.4 mL, 0.4 mmol, 0.2 equiv) afforded 33 (833 mg,
57%) and 35 (395 mg, 27 %).

33: R;=0.15 (dichloromethane/ethyl acetate 8:2), R;=0.54 (dichlorome-
thane/methanol 95:5); 'HNMR (250 MHz, [D¢]DMSO, 25°C): 6 =0.00 (s,
3H, SiCHj;), 0.02 (s, 3H, SiCHj;), 0.84 (s, 9H, SiC(CHs)3), 2.97 (s, 3H,
N(CH,)), 3.10 (s, 3H, N(CHs)), 3.15 (m, 2H, 5-H), 3.73 (s, 6 H, 2 x OCH,),
3.82 (m, 1H, 4-H), 4.15 (m, 1H, 3'-H), 4.37 (d,/ =8.2 Hz, 1 H, 3'-OH), 4.59
(dd,J=6.0,2.7 Hz, 1H, 2’-H), 5.07 (s, 1H, 5-H), 6.10 (d,/=2.0 Hz, 1H, 1'-
H), 6.83-742 (m, 13H, H,,), 8.16 (s, 1 H, NCHN), 10.73 (brs, 1 H, NH); the
assignment was confirmed by a 'H,'H-COSY experiment; “CNMR
(63 MHz, [D¢]DMSO, 25°C): 6 =-5.13 (SiCH;), —4.81 (SiCH;), 18.06
(quart. C, rBu), 25.67 (CHs;, tBu), 34.28 (N(CHs)), 40.29 (N(CH,)), 54.91
(OCHs), 54.93 (OCH5;), 64.43 (C-5"), 70.19 (C-3"), 73.30 (C-2), 80.95 (C-4'),
81.58 (C-5), 85.17 (DMTr), 87.80 (C-1'), 113.01, 126.47, 127.64, 127.73,
129.66, 129.74, 135.66, 135.72, 145.02 (DMTr), 15701 (C-2), 15791
(NCHN), 157.95 (DMTr), 159.21 (C-4), 163.15 (C-6); the assignment was
confirmed by an HSQC experiment; elemental analysis caled (%) for
C;3oH5N,OgSi (730.94): C 64.09, H 6.90, N 7.67; found C 64.07, H 6.95, N
7.60; MS ESI(—): m/z (%): 729.4 (100) [M —H]~.

35: R;=0.03 (dichloromethane/ethyl acetate 8:2), R;=0.43 (dichlorome-
thane/methanol 95:5); 'HNMR (250 MHz, [D4]DMSO, 25°C): 6 =—0.10
(s, 3H, SiCHj;), —0.04 (s, 3H, SiCH,), 0.74 (s, 9H, SiC(CHs);), 2.97 (s, 3H,
N(CH,)), 3.02 (m, 1H, 5'a-H), 3.10 (s, 3H, N(CHs)), 3.18 (m, 1H, 5'b-H),
3.73 (s,6 H,2 x OCHs;), 3.87 (m, 1H, 4'-H), 4.36 (m, 2H, 2"-H, 3'-H), 4.70 (d,
J=53Hz, 1H, 2-OH), 5.07 (s, 1H, 5-H), 6.10 (brs, 1H, 1'-H), 6.83-7.41
(m, 13H, H,,), 8.15 (s, 1 H, NCHN), 10.70 (brs, 1H, NH); the assignment
was confirmed by a 'H,'H-COSY experiment; *CNMR (63 MHz,
[Dg]DMSO, 25°C): 6 =-5.28 (SiCH;), —4.69 (SiCH,), 17.83 (quart. C,
tBu), 25.64 (CH;, tBu), 34.30 (N(CH,)), 40.30 (N(CH;)), 54.94 (OCH,),
64.55 (C-5'), 7141 (C-2), 71.74 (C-3'), 81.05 (C-4'), 81.16 (C-5), 85.39
(DMTr), 87.80 (C-1'), 113.01, 126.49, 127.63, 127.69, 129.58, 129.69, 135.59,
135.68, 144.88 (DMTr), 156.94 (C-2), 157.94 (NCHN), 15799 (DMTry),
159.21 (C-4), 163.28 (C-6); the assignment was confirmed by an HSQC
experiment; elemental analysis calcd (%) for C;HsN,OgSi (730.94): C
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64.09, H 6.90, N 7.67; found C 63.93, H 6.95, N 7.71; MS ESI(—): m/z (%):
729.4 (100) [M — H]-.

5-Allyl-5'-O-(4,4'-dimethoxytriphenylmethyl)-4-N-dimethylformamidin-2’-
O-tert-butyldimethylsilyl-6-oxocytidine (34) and 5-allyl-5'-O-(4,4' -dimeth-
oxytriphenylmethyl)-4-N-dimethylformamidin-3'-O-tert-butyldimethylsil-
yl-6-oxocytidine (36): Nucleoside 13 (825 mg, 1.256 mmol) in THF/pyridine
1:1 (8 mL), silver nitrate (256 mg, 1.51 mmol, 1.2 equiv), and TBDMSCI
(1.51 mL, 1.51 mmol, 1.2 equiv + 0.25 mL, 0.25 mmol, 0.2 equiv) afforded
34 (560 mg, 58 %) and 36 (260 mg, 27 % ).

34: R;=0.34 (dichloromethane/ethyl acetate 8:2), R;=0.60 (dichlorome-
thane/methanol 95:5); 'HNMR (400 MHz, [Dg]DMSO, 25°C): 6 =—0.01
(s, 3H, SiCHj;), 0.00 (s, 3H, SiCH;), 0.83 (s, 9H, SiC(CHs);), 2.94 (s, 3H,
N(CHs)), 3.01 (d, /=70 Hz, 2H, allyl CH,), 3.02 (s, 3H, N(CHs)), 3.12 (m,
2H, 5'-H),3.71 (s, 3H, OCH,), 3.72 (s, 3H, OCHs;), 3.84 (m, 1 H, 4'-H), 4.16
(m,1H,3"-H), 4.38 (d,/ =83 Hz,1H, 3'-OH), 4.59 (dd,J=6.1,2.9 Hz, 1H,
2'-H), 4.86 (ddd, J=172, 10.0, 1.8 Hz, 2H, allyl CH,), 5.73 (m, 1H, allyl
CH), 6.14 (brs, 1H, 1-H), 6.81-7.41 (m, 13H, H,,), 7.96 (s, 1H, NCHN),
10.58 (brs, 1H, NH); the assignment was confirmed by a 'H,'H-COSY
experiment; *CNMR (100 MHz, [D¢]DMSO, 25°C): 6 = —5.13 (SiCHj),
—4.80 (SiCHj;), 18.06 (quart. C, tBu), 25.68 (CH;, tBu), 27.98 (allyl CH,),
33.72 (N(CHs)), 39.96 (N(CHy)), 54.92 (OCH3), 54.94 (OCHs;), 64.42 (C-5'),
70.22 (C-3"),73.31 (C-2'), 81.77 (C-4'), 85.18 (DMTr), 85.81 (C-1"), 95.45 (C-
5), 113.02 (DMTr), 113.66 (allyl CH,), 126.48, 127.65, 127.74, 129.67, 129.76,
135.67, 135.74 (DMTr), 137.08 (allyl CH), 145.04 (DMTr), 153.26 (C-2),
155.40 (NCHN), 157.91 (C-4), 157.96 (DMTr), 163.10 (C-6); the assignment
was confirmed by an HSQC experiment; elemental analysis calcd (%) for
C,,H5,N,O4Si (771.00): C 65.43, H7.06, N 7.27; found C 65.31, H7.11, N 7.07;
MS ESI(-): m/z (%): 769.6 (100) [M —H]".

36: R;=0.11 (dichloromethane/ethyl acetate 8:2), R;=0.51 (dichlorome-
thane/methanol 95:5); 'HNMR (400 MHz, [Dg]DMSO, 25°C): 6 = —0.10
(s, 3H, SiCHj;), —0.05 (s, 3H, SiCHj;), 0.74 (s, 9H, SiC(CHs);), 2.94 (s, 3H,
N(CHs)), 3.00 (m, 1H, 5'a-H), 3.00 (d, /="7.7 Hz, 2H, allyl CH,), 3.02 (s,
3H,N(CH,)), 3.17 (m, 1H, 5b-H), 3.71 (s, 3H, OCH,), 3.71 (s, 3H, OCH,),
3.87 (m,1H,4-H), 4.38 (m,2H, 2"-H, 3-H), 4.72 (d,/ = 6.1 Hz, 1H, 2"-OH),
4.88 (ddd,J=172,10.0, 1.7 Hz, 2 H, allyl CH,), 5.74 (m, 1H, allyl CH), 6.14
(brs, 1H, 1'-H), 6.81-7.40 (m, 13H, H,,), 7.97 (s, 1 H, NCHN), 10.57 (brs,
1H, NH); the assignment was confirmed by a 'H,'H-COSY experiment;
BCNMR (100 MHz, [D¢]DMSO, 25°C): 6=-525 (SiCH;), —4.67
(SiCH;), 17.86 (quart. C, tBu), 25.66 (CHj;, tBu), 28.07 (allyl CH,), 33.71
(N(CHy)), 39.97 (N(CH,3)), 54.93 (OCH3), 64.50 (C-5), 71.39 (C-2'), 71.80
(C-3),81.37 (C-4), 85.39 (DMTr), 86.26 (C-1'), 95.20 (C-5), 113.01 (DMTx),
113.83 (allyl CH,), 126.49, 127.63, 127.71, 129.59, 129.69, 135.61, 135.70
(DMTr), 137.16 (allyl CH), 144.91 (DMTr), 153.30 (C-2), 155.37 (NCHN),
157.95 (C-4), 157.99 (DMTr), 163.23 (C-6); the assignment was confirmed
by an HSQC experiment; elemental analysis calcd (%) for C,,Hs,N,O4Si
(771.00): C 65.43, H 7.06, N 7.27; found C 65.18, H 7.25, N 7.01; MS ESI(—):
m/z (%): 769.5 (100) [M —H]".

General procedure for the phosphitylation of 33 and 34: The 2-O-TBDMS-
protected compounds 33 and 34 were each dissolved in acetonitrile. Sym-
collidine, 1-methyl imidazole, and (after cooling with an ice bath)
2-cyanoethyl-N,N-diisopropylchloro phosphoramidite (18) were added.
The ice bath was removed after 15 min. After 2 h the reaction mixture was
diluted with dichloromethane and 5% aqueous NaHCO; solution. The
extraction of the aqueous phase with dichloromethane was repeated three
times. The collected organic phases were dried over MgSO,, filtered and
evaporated to dryness. The residue was coevaporated with toluene five
times and purified by column chromatography with ethyl acetate/acetoni-
trile 9:1. The products 37 and 38 were obtained as mixtures of two
diastereomers with identical Ry values. The underlined NMR spectroscopic
data refer to the main diastereomer.

3'-0-(2-Cyanoethoxy-N,N-diisopropylphosphino)-5'-O-(4,4'-dimethoxytri-
phenylmethyl)-4-N-(dimethylformamidine)-2'-O-tert-butyldimethylsilyl-6-
oxocytidine (37): Compound 33 (260 mg, 0.356 mmol) in acetonitrile
(5 mL), sym-collidine (236 uL, 1.78 mmol, 5 equiv), 1-methyl imidazole
(14 uL, 0.178 mmol, 0.5 equiv), and 18 (119 uL, 0.534 mmol, 1.5 equiv)
afforded 37 (240 mg, 72%) as a white foam. R;=0.55 (ethyl acetate/
acetonitrile 9:1); P NMR (163 MHz, CDCl;, 25°C): ¢ =148.80, 149.48
(ratio 1.2:1); 'THNMR (400 MHz, CDCl;, 25°C): 6 =0.02, 0.02, 0.04, 0.05
(4s, 3H, SiCH;), 0.88, 0.88 (25, 9H, SiC(CHj;);), 1.02-1.14 (m, 12H,
isopropyl CH3), 2.36, 2.63 (2m, 2H, CH,CN), 3.02 (s, 3H, N(CHy3)), 3.11 (s,
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3H,N(CHs;)),3.17-3.53 (m,4H, 5-H and POCH,), 3.77, 3.77,3.77,3.78 (4s,
3H, OCHj;), 3.91-3.96 (m, 2H, isopropyl CH), 4.19 (m, 1H, 4-H), 4.40,
4.47 (2ddd, J=11.4,5.9, 6.1 Hz, /=123, 5.9, 6.4 Hz, 1H, 3"-H), 4.88, 4.95
(2dd, 1H, 2-H), 5.01, 5.02 (2s, 1 H, 5-H), 6.29 (d, J=3.7 Hz, 1H, 1'"H),
6.76-749 (m, 13H, H,,), 7.77 (s, 1 H, NCHN); MS ESI(+): m/z (%): 931.9
(100) [M+H]*, 830.5 (79.3) [M — N(iPr),]*.

5-Allyl-3'-O-(2-cyanoethoxy-N,N-diisopropylphosphino)-5'-O- (4,4 -dimeth-
oxytriphenylmethyl)-4-N-(dimethylformamidine)-2'-O- tert-butyldimethyl-
silyl-6-oxocytidine (38): Compound 34 (285 mg, 0.370 mmol) in acetonitrile
(5 mL), sym-collidine (245 pL, 1.848 mmol, 5 equiv), 1-methylimidazole
(15 pL, 0.185 mmol, 0.5 equiv), and 18 (124 pL, 0.554 mmol, 1.5 equiv)
afforded 38 (255mg, 71%) as a white foam. R,=0.68 (ethyl acetate/
acetonitrile 9:1); 3P NMR (163 MHz, CDCl;, 25°C): 6 =149.11, 149.54
(ratio 1.3:1); 'HNMR (400 MHz, CDCl;, 25°C): 6 = —0.01, 0.01, 0.04, 0.05
(4s, 3H, SiCH;), 0.86, 0.87 (2s, 9H, SiC(CH;);), 0.89-1.14 (m, 12H,
isopropyl CH;), 2.35,2.62 (2m, 2H, CH,CN), 3.01 (s, 3H, N(CHy)), 3.08 (d,
J=72Hz, 2H, allyl CH,), 3.09 (s, 3H, N(CHs)), 3.23-3.58 (m, 4H, 5-H
and POCH,), 3.76, 3.76, 3.77, 3.77 (4s, 3H, OCH,), 3.82-3.98 (m, 2H,
isopropyl CH), 4.15 (m, 1H, 4-H), 4.45 (m, 1H, 3'-H), 4.90-4.98 (m, 3H,
2'-H and allyl CH,), 5.94 (m, 1H, allyl CH), 6.27,6.28 (2s, 1H, 1"-H), 6.75—
748 (m, 13H, H,,), 7.72, 7.72 (s, 1H, NCHN); MS ESI(+): m/z (%): 971.9
(100) [M+H]*, 870.6 (60.1) [M — N(iPr),]".

Oligonucleotide synthesis, purification, and characterization: Synthesis of
the oligonucleotides was performed by phosporamidite solid-phase chem-
istry by standard techniques with automated synthesizers (PerSeptive
Biosystem Expedite 8905 for DNA, Eppendorf Biotronik D300+ for
RNA) on a 1 umol scale. Therefore we used a 500 A CPG support. 1H-
Tetrazole was used as coupling activator in all cases. The coupling times
were 30 s for the standard DNA building blocks (PerSeptive Biosystems)
and 300 s for the 2'-deoxy- and 2'-methoxy-6-oxocytidine compounds. For
all RNA building blocks a coupling time of 10min was used. The
6-oxocytidine phosphoramidites were freeze-dried and employed as 0.1M
solutions in dry acetonitrile. All coupling efficiencies were comparable with
those of the common nucleoside phosphoramidites, judged by the color of
the liberated DMTr cation. DNA strands were synthesized in the trityl-on
mode and deprotected with conc. NH; overnight at 55°C. The purification
of the crude oligomers was achieved by RP-HPLC (Merck - Hitachi) by
means of a Lichrosphor RP 18 column filled with POROS R3 silica gel
(PerSeptive Biosystems). The mobile phase was a linear gradient of 0—
25% acetonitrile over a period of 10 min in 0.1M aqueous triethylammo-
nium acetate buffer (pH 7.0). The collected oligonucleotides were reduced
in volume, detritylated with 80% aqueous acetic acid (30 min, RT), and
precipitated with ethanol. RNA strands were synthesized in the trityl-off
mode and deprotected with conc. NHs/methanol 3:1 overnight at 55°C. The
crude oligomers were deprotected at the 2'-position with 1 mL triethyl-
amine trihydrofluoride for 24 h at RT. Subsequently the crude RNA was
precipitated by butanol (—20°C, 2 h). The oligonucleotides were dissolved
in DEPC/water and purified by anion exchange HPLC (JASCO) using a
Dionex NucleoPac™ PA 100 column. The mobile phase was a linear
gradient of buffer B in A (0 to 70 % in 40 min). Buffer A was DEPC/water
(pH 8.0):acetonitrile 9:1, buffer B 1m LiCl (pH 8.0):acetonitrile 9:1. The
collected oligonucleotides were reduced in volume and desalted on
Sephadex G25 columns. Finally the yields of all oligonucleotides were
measured at 260 nm. The extinction coefficients were calculated according
to the data given by Puglisi and Tinoco and by Gray et al.l’:¢7] The
characterization of the oligonucleotides was performed on a VG Biotec
Tofspec MALDI mass spectrometer.

UY thermal denaturation studies: Thermal denaturation experiments were
performed on a Varian Cary 1 UV/Vis spectrophotometer equipped with a
Peltier temperature control unit in 1 mL of sodium cacodylate buffer
(50 mm) at pH 5.0, 6.0, 7.0, and 7.4 containing magnesium chloride (20 mm)
and sodium chloride (100 mMm). The corresponding target duplex was
prepared by dissolving equimolar amounts of the 21-mer strands in the
buffer according to their molar extinction coefficients at 260 nm in a
cuvette with 10 mm length. The target duplex was denatured at 80°C for
10 min and renatured with at 5°Cmin~'. After the mixture had reached
20°C an equimolar amount (2 uM) of the third strand was added and the
mixture was cooled to 0°C for 20 min to reach equilibrium. Longer cooling
times (e.g. overnight) did not change the results. Then measurement was
started by increasing the temperature at a rate of 0.5°Cmin~!, and the UV
absorbance was determined at 260 and 274 nm for every 0.5 °C step until
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85°C was reached. Since a correct melting curve is an equilibrium
measurement, this assumption was tested by measuring the melting curve
at a lower heating rate (here 0.2°Cmin~'). The curves were identical. Every
melting curve was determined twice and the 7, values were calculated
from a versus 7 plots. At low temperatures (<20°C) the cuvette chamber
was flushed with nitrogen to prevent condensation.

CD measurements: The samples of the UV spectroscopic investigations
were used directly. All CD measurements were performed on a JASCO
J-710 spectropolarimeter equipped with a Neslab RTE-100 temperature
control unit. The wavelength-dependent spectra were recorded between
330 and 210 nm with a resolution of 0.2 nm, a scan speed of 50 nmmin~!, a
response of 1s, and a bandwidth of 1.0nm. Every spectrum was
accumulated five times and smoothed (noise reduction). At each temper-
ature the spectrum of the buffer was subtracted.

The temperature-dependent spectra were recorded between 5°C or 10°C
and 80°C with a heating rate of 0.5°Cmin~"! and a resolution of 0.1 nm, a
response of 2's, and a bandwidth of 2.0 nm. A data point was registered
every 0.1 °C and the curves were smoothed. For a better comparison of the
curves in Figures 7 and 8 the ellipticity [0] has been normalized. This was
done by means of the equation 0,,.,,=(6(T)— 6,)/(6, — 6,), where (6,=
ellipticity at the lowest temperature (10°C), 6, = ellipticity at the highest
temperature (80°C)).
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7 Bonding in Second and Third Row Molecules:
Testing the Strength of Linus’s Blanket™*

John Morrison Galbraith,*! Esti Blank,!*! Sason Shaik,*?! and Philippe C. Hiberty*!"!

Abstract: The flexibility of wvalence
bond (VB) theory provides a new meth-
od of calculating m-bond energies in the
double-bonded  species H,,A=BH,,
where A, B=C, N, O, Si, P, S. This new
method circumvents the problems usu-
ally associated with obtaining m-bond
strengths by targeting only the 7 bond,
while all other factors remain constant.
In this manner, a clean separation be-
tween o- and & effects can be achieved
which highlights some expected trends

Cornell University Press, Ithaca, 1960,
3rd edition] regarding the relationship
of heteronuclear bond strengths to their
homonuclear constituents whereas inter-
row &t bonds do not. This variance with
Pauling’s statement is shown to be due
to the constraining effect of the under-
lying o bonds which prevents optimal
P=—pPx overlap. While Pauling’s state-
ment was based on the assumption that
the resonance energy (RE) would be
large for heteronuclear and small for

homonuclear bonds, we have found
large REs for all bonds studied herein;
this leads to the conclusion that REs are
dependent not only on the electronega-
tivity difference but also the electro-
negativity sum of the constituent atoms.
This situation where the bond is neither
covalent nor ionic but originates in the
covalent —ionic mixing has been termed
charge shift (CS) bonding [S. Shaik, P.
Maitre, G. Sini, P. C. Hiberty, J. Am.
Chem. Soc. 1992, 114, 7861]. We have

in bond strength upon moving from left
to right and up and down the Periodic
Table. Intra-row 7t bonds conform to the
classic statement by Pauling [L. Pauling,
The Nature of the Chemical Bond,

7 interactions -

Introduction

The resurgence of interest in valence bond (VB) theory in
recent years(!l has made the highly influential work of Linus
Pauling in the development and advancement of VB theory?
ever more relevant. One of the fundamental results of VB
theory is the concept of resonance. The idea of the resonance
between covalent and ionic
structures in bond formation
(Scheme 1) led Pauling to state

Ae—eB=->A": Bf<>A*t :B-
Scheme 1.
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so much wisdom to the chemical community.
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shown that CS bonding extends beyond
single o bonds in first row molecules,
thus supporting the idea that CS-bond-
ing is a ubiquitous bonding form.

that “the energy of an actual bond between unlike atoms is
greater than (or equal to) a normal covalent bond between
these atoms.”P! This has become a cornerstone of the chemical
bond concept.

The first question that this statement raises is that of the
definition of a “normal covalent bond.” Pauling originally
assumed that a normal covalent bond, A—B, would lie
between A—A and B—B with A—A and B—B making equal
contribution [Eq. (1a)]. This definition worked for a large
number of single bonds but broke down in cases such as LiH,
where the difference between

Dp-g(am.) = Vo(Dp-a+Dg-) (1a)

Dpp(gm.) = (DaaDp5)"? (1b)

homonuclear bond strengths was large, causing Pauling to
change from the arithmetic mean to the geometric mean
[Eq. (1b)] based on the product relation for the bond forming
power between two unlike orbitals.! The amount that a
heteronuclear bond was stronger than this average was
believed to be due to the resonance of ionic electron
configurations with the purely covalent configuration. The
extent of this resonance depends on the stability of the ionic
relative to the covalent configuration; a result of the ability of
one component of the heteronuclear bond to attract electrons
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more than the other. This idea was the basis of Pauling’s
highly influential electronegativity scale.

Does this statement cover all bonds or is it limited to a
select group of molecules ? With this question in mind we have
set out to determine to what extent or in which cases Pauling’s
famous statement extends to m bonds by systematically
comparing the strengths of heteronuclear m bonds with the
average strengths of the corresponding homonuclear it bonds.
For this to be done, we will present a novel strategy that allows
to compute the strength of a m bond in situ, that is without
modifying the bond length or the strength of the underlying o
bond, as opposed to traditional estimations based on rota-
tional barriers or hydrogenation energies. Although Pauling
originally only considered single bonds and specified that
these relations “do not apply to substances containing double
or triple bonds,”P! the in situ procedure allows the 7 bond to
be considered as a separate entity and therefore possibly
subject to the same relationships as single o bonds. This
procedure has also the advantage of being applicable to any
double bond between atoms of the series (C, N, O, Si, P, S),
unlike existing tabulations that lack O=0O, S=S and S=0O
bonding energies. This completed set of coherent in situ
bond energies will, as a second objective of this study, make
possible a systematic assessment of homonuclear and hetero-

Abstract in French: La flexibilite de la methode de la liaison de
valence est mise a profit pour etudier les caracteristiques des
liaisons 7t dans les composés de type H,,A=BH, (A,B=C, N,
O, Si, P, S). Cette methode permet d’estimer I’énergie d’une
liaison 7 sans rien changer au reste de la molecule, contraire-
ment aux cycles thermodynamiques habituellement employes
pour ces estimations. De cette maniere, les effets dus aux
liaisons o et 7 sont clairement distingues, mettant en evidence
des tendances regulieres d’energies de liaison w de gauche a
droite et de haut en bas du tableau periodique. Les liaisons
entre atomes de la méme ligne du tableau obéissent a la regle de
Pauling [L. Pauling, The Nature of the Chemical Bond,
Cornell University Press, Ithaca, 1960, 3eme ed.] selon laquelle
la force d’une liaison heteropolaire A—B est superieure a la
moyenne des forces des liaisons homopolaires A—A et B—B. En
revanche, cette regle est mise en defaut si les atomes A et B
appartiennent a des lignes differentes, a cause de la contrainte
exercée par le squelette o qui empéche les orbitales 7w d’interagir
de facon optimale. Alors que la regle de Pauling etait basée sur
la supposition que ’énergie de résonance due au melange des
formes covalentes et ioniques est grande pour une liaison
heteropolaire et faible pour une liaison homopolaire, nos
resultats mettent au contraire en evidence d’importantes
énergies de reésonance dans toutes les liaisons m etudiees. Ces
énergies de résonance dependent non seulement de la diffe-
rence mais aussi de la somme des électronégativites des atomes
A et B. Ce type de liaison, appelé «liaison par transfert de
charge» et dont la force tient principalement a I'énergie de
résonance associe au melange covalent—ionique, est analogue
a celui deja mis en évidence dans les liaisons o de certains
atomes de la premiere ligne [S. Shaik, P. Maitre, G. Sini, P. C.
Hiberty, J. Am. Chem. Soc. 1992, 114, 7861].

2426 ——

nuclear ;t bonds and the emergence of regular and logical
tendencies of m-bonding energies across the Periodic-
Table.

Strategy and Methods

Strategy: The first step in testing the Pauling statement is to
determine the energy of m bonds. However, this is not as
straightforward as it may appear, due to the fact that wherever
there is a w bond there is a 0 bond as well, and the effects of
these two different types of bond are not so easily separable.
For example, the energy required to simply pull apart a
double-bonded molecule would be the energy of the n- and ¢
bonds together. The m-bond energy can then be determined
by subtracting the o-bond energy which has to be determined
from a source other than the initial calculation itself. This
procedure can lead, at times, to unreasonable results due to
the fact that a o-single bond is not the same as the o

Abstract in Hebrew:

AUND NIYARD  (vB) IIWN-IWPN DO 8PN
MNYPN MNPNINT T WP DY WP IVIDN
D BA NI HyA=BH, NDN D9 DIWPIa

N NApPIY NVIWN S PSIONC DIMIONN
Y DY T WP OPHIN WONI DMV DOYUPN
DXNINN DI WNI MNSYI TN DI MTPHIN
PP NTI9N MY NINID NNNI .0YIPHN DIINNRD
IWPN PHINI NPVY 792 NPRM T O OVPON PI
TN MNND THIRD MHIMNND NIV DY) IWNI
MWSN MNNI T OWP DY NPVIN .INAYNH

ADING DY NINNND
of the Chemical Bond, Cornell University
YN Press, Ithaca, 1960, 3rd ed.]
DIPDIN DINIPN-IIVN DIWP YPIN Pa DN
T IR YV DPVIN NINT NN D INDPR-IMNN
NINNN DX MNNIN PN DNY DINTND DIV
O -1 O9VP DY IDORNND NYAN MDOON IPIIND
DIV P -1 IDVIANN DY NIV NN YN WK
NN DY NDDIANN MDIND NS . T -1 WP NN
Y (POIONPY MIVN NNSN PIA) DININ MHINRY
IWNSDN TIVA ,NINNIT NN DINODPN-ININ DIWP
1T -0 YD D3 DY DININ IPIDRY OIXIN
DMION DINTIN NPINVRY N3N 7O 7197 .MM
LVUPN Y2090 DY NDIOY-1TOPIRN YN P KD
12,77 280 .NPDOY-1T0PONT 1Y DIIDI D) NION
213990 YA ROX IV IONY YOIONP PN WPN
WP NI LVIYNPM IV NN
.charge-shift (cs)
[S. Shaik, P. Maitre, G. Sini, P. C., Hiberty, J. Am. Chem. Soc. 1992,
114, 7861]
YR DINNKD MNN cs NPYPY DN IINSNDN

995 nANM G -n

[L.PAULING, The Nature
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component of a double bond. The experimental valuel® for
the double bond in H,C=CH,, for example, is 173.3 kcalmol~!
while the single bond in H;C—CH, is 86.1 kcal mol~" resulting
in a w-bond energy of 87.2 kcalmol~!, that is 1.1 kcalmol~!
higher than the C—C o-bond energy. Another serious problem
is related to the states of the fragments in the molecule and at
infinite separation. Thus, for example, in H,Si=SiH, the SiH,
fragments assume a dominant character of the triplet!”!
coupled to a singlet ground state disilene. As a result, the
double bond in H,Si=SiH, is weaker than the single Si—Si
bond in H;Si—SiH;.[®!

There are presently two common ways of estimating -
bond energies; through rotational barriers or through some
sort of thermochemical cycle. The idea behind rotational
barriers is that when an H,, A=BH,, molecule is rotated 90° to
the biradical transition state, the 7t bond is broken while the o
bond remains intact. However, in addition to breaking the m
bond there are other geometric changes associated with the
rotation (length of the ¢ bond, changes in A—H and B—H
bond lengths, pyramidalization of A and B atoms), and
thereby the measured rotation barrier reflects relaxation
effects in addition to the st bond. In addition, the 90° rotated
species can have some hyperconjugation effects especially
when A or B is an atom with lone pairs such as N or P. As a
result, not all m-type interaction will be turned off upon
rotation. Lastly, this procedure cannot be applied to mole-
cules containing A=O or A=S because there are no hydrogens
to rotate.

The method of thermochemical cycles suffers from similar
problems of geometric changes and also requires some major
approximations to be made somewhere in the cycle. In the
following cycle used by Schmidt, Truong and Gordon

[Eq. (2)].

H,.,A-BH,,,—H,A-BH,,,+H  D(A-H) (2a)
H,A-BH,,,—H, A-BH,+H D(B-H) (2b)
H,,A-BH,—H,, A=BH,, -D, (2¢)
2H—H, — D(H-H) (2d)
H,,.,A-BH,,, —H, A=BH,+H, AH® (2e)
D, = D(A-H)+D(B-H) — AH® — D(H-H) (2f)

the problem lies with the H,, A—BH, biradical in Equa-
tion (2b). Experimentally, this species does not exist and
further, it cannot be calculated by standard molecular orbital
(MO) methods.'”1 Therefore, the value of D(B—H) must be
approximated in another way.

An indication of the problems associated with determin-
ing m-bond energies can be seen in the disagreement among
values obtained with different methods. Gordon et al.l”
found m-bond energies by both rotation barriers and the
previously discussed hydrogenation reaction for H,,A=BH,,
molecules, where A, B=C, N, O, Si, P, S. Estimates of
ni-bond energies obtained with the two methods differ by
as much as 9kcalmol™ in the case of HN=NH. Using
isodesmic reactions, Schleyer and Kost!!!l obtained ni-bond
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energies for H,, A=BH, molecules, where A=C, Si and B=
C, N, O, Si, P, S which were generally greater than those of
Gordon et al.l’! by as much as 16 kcalmol ! for H,C=0.
Notable also is the disparity with the values of Kutzelnigg!'?l
which were obtained through evaluation of experimental
thermodynamical data.

The present work exploits the features of VB theory and
applies a new method for finding the m-bond energies in situ.
Through this method, it is possible to determine the m-bond
energy, while all other factors remain constant thus achieving
a clean separation between o and 7 effects. This method is
applied to all molecules of the type H,,A=BH, where A, B=
C, N, O, Si, P, S in order to test the extent of Pauling’s
statement as it applies to & bonds.

Methods: The H,,A=BH, two-electron m bonds can most
simply be described as a resonance mixture of the three
structures shown in Scheme 2; the covalent Heitler—London
(HL) structure 2a (Scheme 2), hereafter referred to as @y,
and the ionic structures 2b and 2c (designated @, 5. and
@D,5-- The total wavefunction for the m bond then
becomes:

Y(H,A=BH,) = ¢|Pu+,Pa-pi+C:Parp- (3)
OQr
H, A—BH, <> H,,,i—BH,, ~—>» H,A—BH,
a) b) ©)
Scheme 2.

The computation of this VB wavefunction and the corre-
sponding ni-bond energy was accomplished using TURTLE!!
which is a general nonorthogonal CI program that simulta-
neously optimizes the VB coefficients [ (¢; — 5, Eq. (3)] as well
as the orbitals. This optimization procedure is based on the
super-CI techniquel' which is related to the generalized
Brillouin theorem.™ In this manner the active (bonding)
electrons are allowed to correlate while the inactive (non-
bonding) space is described by a set of doubly occupied
orbitals which adjust to the bond pair.

Hiberty and co-workers,['®) have found it advantageous to
allow a unique set of orbitals for each VB structure. In this
manner, each orbital can fluctuate in size and shape and adjust
to the local charge and as a result, this method is called the
“breathing-orbital” valence bond (BOVB) method. The
BOVB method produces generally good dissociation energies
due to the inclusion of some dynamic electron correlation
effects associated with the breathing orbital degree of free-
dom.

The problems associated with the determination of n-bond
energies discussed above can be avoided using VB theory, by
further dividing @y into its constituent determinants. The
Heitler—London structure @y; is made up of the negative
combination of the two spin paired determinants (a,6a on
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centers A and B, respectively) ¢q.q and ¢4, depicted in
Scheme 3. The energy stabilization due to spin pairing of the

Odet 1 Odet 2
Scheme 3.

bonding electrons arises from the combination of these two
determinants as depicted in Scheme 4. Now it is known in the
case of single bonds (e.g. H,) that the energy of each
constituent determinant of the HL wave function is nearly
equal to the energy of the separate fragments, and this for any
internuclear distance from equilibrium geometry all the way
to infinite distance.l'l It follows that the bonding energy of a
single bond can be calculated as the energy gap between such
a single determinant and the true ground state, both being
taken at the equilibrium molecular geometry, without actually
separating the fragments. Extending this technique to =
bonds, one may define a reference non-bonding situation for
the m electrons, simply by preventing the two single covalent
determinants from mixing, all other factors remaining con-
stant, thus obtaining a clean separation of ¢ and n effects.
According to this procedure,!'”! and as depicted in Scheme 4,

Ddet 1 Ddet 2

Scheme 4.

the Heitler—London bond energy Dy is the difference
between the energy of @y alone, Eyy;, and the energy of a
single, spin-paired determinant, E4,. Similarly, the total -
bond energy D is the difference between the total energy of
the wavefunction in Equation (3), Erand E,,. The resonance
energy RE is then the difference between E; and Ey
corresponding to the energy lowering due to mixing @y; with
@, - and P,.5- as depicted in Scheme 5.

It is important to qualify the resonance energy (RE)
quantity which, while not an observable, is a useful concept
much like charge density. The definition of a purely covalent
VB structure which serves as a reference to define the RE of
the ground state depends on holding the active bonding
orbitals strictly localized. In a finite basis set the RE concept is
perfectly meaningful. However, since nothing prohibits the
construction of a complete basis set entirely centered on one
atom, an expansion of the basis set over and over could cause
the covalent structure @y, when calculated alone. This is
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Dat+p-

Dp-p+

‘PTotal

Scheme 5.

done in order to use the increasing flexibility of the basis set in
order to resemble the ground state as much as possible and
slowly converge to the generalized (GVB)!'® or spin-coupled
(SC)4<l yalence bond solution which incorporates ionic
configurations through small delocalization tails in the active
orbitals.l'”! It follows, therefore, that numerical values of
covalent/ionic REs may well show basis set dependence and
must be considered as indicative rather than accurate. As a
simple test of this dependence, we have recalculated the -
bond energies for two molecules with extreme values of REs,
H,C=CH,, and O=O0, by adding a set of diffuse functions to
the 6-311G* basis set. The RE value of H,C=CH, increased by
0.2 kcalmol~! (from 29.7 kcalmol~' to 29.9 kcal mol~') while
this of O=O increased by mere 0.1 kcalmol™! (from
55.6 kcalmol~! to 55.7 kcalmol~!). The scant changes give a
strong indication that the basis set dependence is not severe,
at least in the range of the already quite extended basis set
used in the present study.

It is important to add that all the trends which emerge from
this study, which are based on the BOVB data, were also
retrieved with the VBSCF method™ in which a common set
of orbitals are optimized for the three configurations in
Scheme 5 (the VBSCEF data are not shown to save space and
avoid reiterating of all trends but are available as Supporting
Information). Thus, it is the uniformity of trends that matters
rather than the absolute values of the RE quantity. Such
values can therefore be the basis of useful bonding concepts,
provided they are calculated in a basis set of reasonable size,
as used in the present study, and common to all molecules
under study.l!

There are two factors effecting Dy ; the Hamiltonian
matrix element and the overlap between ¢y.; and ¢, It has
been shown by Shaik?!l that it is useful to consider the
reduced resonance integral § [Eq. (4a)] when mixing VB
determinants. In Equation (4a), H;, is the off-diagonal matrix
element and S,, the overlap between ¢y.; and ¢pg.n, and Hy, is
the self element of ¢y (OT Puepn)-

B2 = (Hi, —HyiSp) (4a)
ﬁah = ﬁIZ/zsah (4b)

However, the cumbersome language of determinants can
easily be translated into the more familiar language of orbitals
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as in Equation (4b) where S,, is the overlap and f,, the
reduced resonance integral between the bonding orbitals (p
orbitals in the present case) on atoms A and B.!

The weights of VB states were determined by the formula
of Coulson — Chirgwin? [Eq. (5)], which is the VB analogue
of the Mulliken population analysis.

w; = cI+Z¢i6S; 5)

All H,A=BH, (A, B=C, N, O, Si, P, S) molecules except
0O=0, O=S and S=S were geometrically optimized by density
functional theory (DFT)®! using the B3LYP functional®!
along with the 6-311G[®! basis for first row atoms and the
MacLean — Chandler? basis on second row atoms. A group of
five pure angular momentum polarization functions was
added to each basis set, resulting in a total basis set designated
6-311G*.

It should be noted that our in situ calculated D, bear some
relationship with the intrinsic bonding energies calculated by
Jacobsen and Ziegler.?1 In close analogy with our procedure,
these authors define a reference non-bonding energy for the
interacting fragments at the molecular equilibrium geometry
in terms of Pauli repulsion and purely electrostatic interac-
tions between the fragments which keep their local unmodi-
fied charge density.

Although some of the H,, A=BH, molecules investigated in
this study (e.g. Si,H,) are slightly more stable in non-planar
geometries, in order to retain the true w nature of the bonds so
that comparisons across the Periodic Table could be made in a
meaningful manner, all cases studied herein were constrained
to lie in a single plane. Moreover, the m-bond energies
calculated this way are representative of some real systems
since, even if the planar form may not be the ground state of
the pristine compound, studied here, some substituted species
(e.g. disylenes) and constrained cases do exhibit planar
geometries. As such, our m-bond energies are both useful
and practical.

O=0, O=S and S=S are cylindrically symmetric triplets in
their ground states and so geometry optimization required
extra care in order to ensure a singlet state with a correct
spatial and spin symmetry (a combination of MO determi-
nants in which two electrons singlet paired occupy a single nt
bond). As a result, O=0, O=S and S=S were optimized using
the complete active space self-consistent field (CASSCF)
procedure.?®l The active space was chosen to include all six 7
electrons and all four m orbitals thus describing the 'A, state
(*A state for O=S). The optimized geometries were then used
for VB calculations. For VB calculations of O=0, O=S and
S=S, two bonding electrons were artificially placed in one
plane of the s manifold thus breaking cylindrical symmetry®
as depicted in Scheme 6. While
this state does not correspond
to any physically observable
state, it is consistent with the
@ Q other m bonds studied herein.

All DFT and CASSCEF calcula-
tions were completed using the
GAUSSIAN94B suite of pro-
grams.

X=0,S

Scheme 6.
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Results

The B3LYP/6-311G* optimized geometries are presented in
Table 1 (detailed structural information is available as Sup-
porting Information). Table 2 contains the st-bond energies of
Gordon et al.l’! and Schleyer et al.l''l along with the computed
and average [according to Eq. (1a)] BOVB values. Table 3
contains the orbital overlaps of the p AOs (S,;) which make
up the mt bond (2p on second row atoms and 3p on third row
atoms). In addition the average orbital overlap determined as
0.5(S,.+Syy) [analogous to Eq. (1a)] is included for compar-
ison. The Dy values are reported in Table 4 and the reduced
resonance integrals, 3,,, are in Table 5. Table 6 contains the
resonance energies (RE) and Table 7 VB weights of ionic
configurations. All Tables are arranged as the lower triangle
of a square matrix in order to highlight the trends as both
atoms move from the left to right and up and down the
Periodic Table (descending diagonal.) In all Tables and in the
following discussion, the H,, A=BH,, molecules are labelled as
A=B, without inclusion of the implicit hydrogens.

Discussion

Bond lengths: Table 1 shows that the A=B molecules can be
divided into three distinct groups based on the bond length;
group 1 where both A and B are second row atoms, group 2
where A is a second and B a third row atom, and group 3
where both A and B are third row atoms. This grouping
follows logically from the increase in atomic radius as the
principal quantum number increases. Thus, group 1 has the
smallest average A=B distance (1.238 A) followed by 2
(1.588 A) and 3 (2.016 A). This grouping is prevalent for all
properties calculated herein and therefore all bonding fea-
tures will be discussed by group.

Within all groups, the bond lengths decrease upon moving
from left to right of the Periodic Table for both homo- and
heteronuclear molecules as can be seen in Table 1 by moving
from C=C to N=N to O=0 (descending a diagonal). This is to
be expected as the A=B bond lengths are dominated by the

Table 1. Equilibrium A=B bond lengths (in A) optimized at the B3LYP/
6-311G* level for H,A=BH,, molecules (A, B=C, N, O, Si, P, S).l2J

Fog (A-B) C N 0 Si P S
C 1327

N 1 1266 1240

0 1200 1200 1.194

Si 1707 1.600  1.528 2139

P 2 1670 1587 1493 |3 2081 2.044

S 1615 1579 1512 1956 1.949  1.928

[a] Groups 1-3 are indicated in bold.

corresponding ¢ bonds which will shrink along with the
atomic radius from left to right of the Periodic Table due to
the increasing effective nuclear charge.

n-Bonding energies: Upon moving from left to right of the
Periodic Table, the bond strength should increase because the
effective nuclear charge increases and the atomic radius
decreases. In ¢ bonds this trend is observed from Li—Li to
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C—C but breaks down for N—N to F-F. This irregular
behaviour of the o bonds, termed the lone pair bond
weakening effect (LPBWE),P! is due to repulsions between
lone pairs, on the late group atoms and the bond pair. Indeed,
when the effects of LPBWE were removed, Sanderson'd!
observed the expected bond energy increase from Li to F. In
the case of m bonds there will be no LPBWE due to the
orthogonality of the lone pairs to the m-bond pair. Accord-
ingly, the & bond strengths do increase as expected along a
descending diagonal of each group in Table 2b. However, it is

Table 2. A=B zm-bond energies in kcalmol~!. a) Values according to
Gordon and (Schleyer!'l). b) BOVB bond energies calculated herein
with average homonuclear nt-bond energies according to Equation (1a) in
parenthesis.["]

C N 0 Si P S
a)
C  65(71)
N1 63B8l) 60
o 77093 62 -
Si 38(36) 36(37) 50 (56) 25 (24)
P 2 43(49) 44 53 3 2930) 34

S 52(5) 42 - 50 (44) 40 -

1 856 (81.4) 90.7
105.0 (81.6) 98.2(90.9) 91.1

Si  47.1(53.6) 584 (62.9) 79.0 (63.1)| 35.1
P 2 526(56.1) 572 (655) 659 (65.7)|3 41.937.7) 402
S 60.7 (59.0) 59.9 (68.3) 64.1 (68.5)| 57.7(40.5) 47.5 (43.1) 45.9

b)
c 720
N
o

[a] Groups 1-3 are indicated in bold.

interesting to note that O=O is only slightly larger than N=N
(0.4 kcalmol ') possibly due to an indirect manifestation of
the LPBWE. While the lone pairs on O=O cannot effect the xt
bond directly, they can weaken the ¢ bond leading to a greater
0O=O0 distance followed by a weaker & bond due to insufficient
orbital overlap. This idea is supported by the O=O distance in
Table 1 which is only marginally smaller than the N=N
distance. Finally, the presented in situ & bond strengths are
higher than the m-bond energies of Gordon etal.l” and
Schleyer et al.l'!l in line with the intrinsic st-bond strengths of
Jacobsen and Ziegler?” for C,H, and SiCH,. In addition the
regularity of trends exhibited by the in situ results is not
observed by Gordon et al.’l or Schleyer et al.l''l where there
the separation of o- and m« effects is less clean (Table 2a).

A plot of the BOVB calculated D, versus the corresponding
arithmetic mean values (Figure 1) shows that in some cases D,
is larger than that of a “normal covalent bond” in accordance
with the postulate of Pauling while in other cases it is not.?*?!
Closer examination of the D, values (Table 2b) reveals that all
A=B molecules from groups 1 and 3 obey Pauling’s statement
while those in group 2 do not (C=S and O=Si are exceptions
and will be discussed separately later). As stated above,
Pauling’s rule was developed for o bonds which are free to
optimize their lengths and overlaps. However, &t bonds are
buttressed and their lengths constrained by the o frame. The &t
bonds are therefore not optimal. When the two components
of the A=B bond are from the same row of the Periodic Table,
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D, (0.5(A=A + B=B))
Figure 1. The degree of conformity of H,,A=BH, m-bond energies to the
postulate of Pauling (Ref. [2]). The BOVB n-bond strength, D,, is plotted
against the D, arithmetic mean of its homonuclear constituents as in
Equation (1a). Solid line indicates where D, is equal to the average. All
values are in kcalmol~'.

this buttressing effect is present to a similar extent in both
homonuclear bonds and therefore carries over into the
average. However, when A and B are from different rows,
the o constraint is sufficiently different from one row to the
other leading to unequal contributions to the average and D,
values which are smaller than the average.

The effect of o constraints on the m overlap can be seen in
Table 3 which contains the computed p AO overlap, S,;,, along
with the average overlap and the difference between the two.

Table 3. Comparison of the orbital overlaps S,, to the average of the
overlaps S,, and Sy;,.1%

Group A=B Sab 0.5 (S,a+Spp) A
C=C 0.402 0.402 -
N=N 0.325 0.325 -

1 O0=0 0.244 0.244 -
C=N 0.376 0.364 +0.003
N=0O 0.289 0.285 +0.004
=0 0.336 0.323 +0.013
Si=Si 0.357 0.357 -
P=pP 0.294 0.294 -

3 S=S 0.244 0.244 -
Si=P 0.324 0.326 —0.002
P=S 0.274 0.269 +0.005
Si=S 0.309 0.301 +0.008
C=Si 0.357 0.380 —0.023
C=P 0.337 0.348 —0.011
C=S 0.320 0.323 —0.003
N=Si 0.311 0.341 —0.030

2 N=P 0.293 0.310 —0.017
N=S 0.265 0.285 —0.020
O=Si 0.270 0.301 —0.031
O=pP 0.263 0.269 —0.006
O=S 0.230 0.244 —0.014

[a] Groups 1-3 are indicated in bold. [b] Virtually the same results are
obtained with the geometric mean values.

In 1 and 3 the A=B overlap is very close to the A=A/B=B
average and generally slightly larger. However, in 2, the S,,
values are smaller than the average and differ significantly
indicating that A=B is overstretched relative to A=A and
B=B. As a result, approximating the normal heteronuclear
bond as the average of homonuclear components is mean-
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ingless in group 2. To test the o constraints we performed D,
calculations with shrunken A=B bond lengths. When this was
done for group 2 test cases C=Si and C=P, the D, values went
above the homonuclear average when S,, was slightly above
the S,./S,, average. Thus, the o-buttressing effect is the
underlying reason behind Pauling’s correct statement that the
hetero-/homonuclear relations in ¢ bonds do not hold for
multiple bonds. That this relation does hold for intra row x
bonds is a fortuitous by-product of the similar buttressing
effect within a row.

Components of the n-bonding energies: To understand the
trends in the m-bond energies, we must consider the VB
configuration mixing in some detail based on Equation (6).

D; = Dy +RE (6)

It is useful to consider first the Dy values which are the bond
energies due to the fundamental configuration (Scheme 4).
Table 4 shows that within each group the portion of D, due to
@y, Dy, clusters around a constant (45, 26 and 20 kcal mol !

Table 4. Portion of total =t bond energy (in kcalmol~!) due to the Heitler—
London VB configuration, @y .1

Dut C N 0 Si P S
C 423

N 1 455 441

0 486 424 354

Si 256 267 265 19.5

P 2 273 272 288 | 3 199 188

S 288 253 235 23 19.6 183

[a] Groups 1-3 are indicated in bold.

for groups 1, 2 and 3, respectively). The only exception to this
generality is the O=0O bond which is weaker than other
members of group 1 possibly due to the indirect LPBWE as
discussed above. This consistency is due to the contrasting
effects of § and S as seen in Tables 3 and 5.  increases along a
descending diagonal as would be expected from the increase
in nuclear charge. On the other hand, S decreases due to a
combination of the orbital shrinking, due to the greater
effective nuclear charge, along with the constraints of the o
framework which prevents maximization of p,—p, orbital
overlap. As a result, Dy, which is proportional to BSP!
remains constant within a group.

Within each group, the relative ordering of Dy values is
determined by the interplay of bond length and the compact-
ness of the p, bond orbitals. Upon moving from left to right in
the Periodic Table, the smaller bond lengths result in larger
Dy, . However, increased effective nuclear charge and
electronegativity also leads to more compact bond orbitals
and the resulting worse overlap gives a somewhat lower Dy .
This interplay which works in opposite directions results in a
seemingly random order of Dy; within a group. On going
from C=C to C=N to N=N, for example the bond length
steadily decreases while Dy; goes from 42.3 to 45.5 to
44.1 kcalmol~%. This up—down pattern is an outcome of the
competition between bond length and the loss of overlap due
to orbital compactness and o constraints as can be witnessed
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when Dy, values are determined for the above molecules at a
fixed bond length (rp—p=1327 A, Dy =423, 38.1 and
32.5 kcalmol~! for C=C, C=N and N=N, respectively; ry_p =
1.266 A, Dy, =51.9, 48.8 and 44.1 kcalmol ! for C=C, C=N
and N=N, respectively). Thus, the very low Dy, value of O=0
in Table 4 (35.4 kcalmol™!) could originate in the oxygen’s
orbital compactness as well as in indirect influence of the
lone-pair bond weakening effect (LPBWE)B! which further
constrains the O—O bond to be too long to express the
potential Dy; of the m bond.

Table 5. Reduced resonance integrals, 8 (in kcalmol™'), as determined by
Equations (4a) and (4b).[

B C N 0 Si P S
C —612

N 1 -703 —749

0 —-805 —794 -768

Si —402 —471 -526 -30.8

P 2 —451 —503 —572 3 —-339 —347

S —497  —509 —537 —395 —385 —393

[a] Groups 1-3 are indicated in bold.

When ionic structures are mixed into the HL structure,
there is a substantial increase of the bond energy. Figure 2
shows the total m-bond energy in terms of Dy, and the

120

B RE
B Dy

100

80

60

E /kcal mol’!

40
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Figure 2. The contribution to the total m-bond energy from the Heitler—
London configuration Dy, and from the resonance energy, RE, due to
covalent —ionic mixing. Energies in kcalmol ..

Si=Si
P
P

covalent —ionic resonance energy RE. It is evident that RE
makes up a considerable part of D, in all cases. In groups 1
and 3 RE,_; is always larger than the average of RE,_, and
REg 3 as seen in Table 6. Considering that Pauling thought

Table 6. Resonance energies (in kcalmol ') according to Scheme 5. Aver-
age of homonuclear resonance energies in parenthesis.?]

RE C N o) Si P S
c 297

N 1 40.1 (38.5) 46.6

O 564 (427) 558 (512) 55.7

Si 216 (227) 317 (31.1) 525(35.7)| 15.6
P 2 253(25.6) 30.0 (34.0) 37.1 (38.0) [3 22.0 (18.5) 21.4
S 31.9 (28.6) 34.6 (37.1) 40.6 (41.6) | 35.4 (21.6) 27.9 (24.5) 27.5

[a] Groups 1-3 are indicated in bold.
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the RE of homonuclear bonds would be negligible, the
amount of RE,_z above the average of RE,_, and REg; is
what Pauling called the “resonance” of ionic configurations
and is the basis of the idea that a heteronuclear bond is
stronger than its homonuclear components. The greater
importance of ionic configurations in heteronuclear bonds
can be seen in the larger total weights of @,.5- and @, p- for
hetero- versus homonuclear bonds in groups 1 and 3 (Table 7).

Table 7. Weights of ionic VB configurations (@, g./Py.5-).12

(Table 6). The RE is small for the atom with the most diffuse
orbitals, Si (15.6 kcalmol~!) and increases as the orbitals
become more compact through P (21.4 kcalmol™), S
(27.5 kcalmol 1), C (29.7 kcalmol~"), N (46.7 kcalmol~") and
O (55.7 kcalmol™"). Figure 3 displays a plot of RE versus the
sum of electronegativity for the entire A=B set. The only
points which deviate considerably from linearity are C=0,
O=Si and Si=S, all of which have a large atomic electro-

negativity  difference. This

shows that while RE is strongly

dependent on the sum of elec-

g c N o Si P S tronegativities, the electrone-
gativity difference plays also an

; | ggg;g;; 0.159/0.159 important role in the determi-
0 00880278 01330212 0.148/0.148 E;“;s isoipi)l;ief:t)?cl)ilttg éosg
}S’l 2 g:iigj&?zlw 83538:(1)(6)2 gigggjgigg 3 8:(1)22?8;? 0.138/0.138 mixing diagram in Scheme 5.
S 0.094/0.225 0.136/0.152 0.199/0.096 0.039/0.400 0.081/0.230 0137/0137 ~ Inorder toincorporate the two
[a] Groups 1-3 are indicated in bold. :;:Z:ls(’)nwefoila\;lele del;]ged[Ea(;
The RE in group 2, on the other hand is less than the average 60
RE of homonuclear bonds again due to the o constraints. Only . L
Si=O and GC=S, precisely the group 2 bonds which obey 50
Pauling’s rule, have REs greater than the homonuclear average. °

As already mentioned Pauling originally assumed that the 2 40 @ @
importance of the ionic structures depended on the difference % g o
in electronegativity between bonded atoms. This assumption 2 301 EE%
would imply that homonuclear bonds would have little RE 5
contribution.® However, Figure 2 shows that for N=N, O=0, 20 ®
P=P and S=S, RE accounts for a significant part of the total g
bond energy! Clearly the RE is dependent on more than 10 T T T T

simply the electronegativity difference.

Table 6 shows that the RE increases along a descending
diagonal as the electronegativity increases and orbitals
become more compact. The increase in RE with orbital
compactness has been noted previously by Shaik and Hib-
ertyB¥ as being due to a reduction of kinetic energy in the
bonding region. Upon bonding, the atomic orbitals contrac-
% and lower thereby the potential energy of the atoms. This
orbital contraction is attended, however, by an increase of the
kinetic energy of the electrons in the atomic regions. To
compensate for this kinetic energy increase and lower thereby
the total energy, the kinetic energy of the electrons must
decrease in the bonding region (interatomic region®). This
decrease in the kinetic energy is manifested in the covalent -
ionic RE. The larger the RE, the more significant is the kinetic
energy decrease in the bonding region.’?¥ Thus, the RE
contribution is the factor that enables the atoms to contract
and lower the molecular energy when they enter into bonding.
As the electronegativity of an atom goes up, its atomic orbitals
are, to begin with, compact, and their further contraction
upon bonding leads to a significant increase of the kinetic
energy of the atoms. As a means to compensate and lower the
molecular energy, electronegative atoms would require a
large RE; much more so than when less electronegative atoms
enter into bonding.

That the RE is dependent on orbital compactness can be
seen by inspecting the RE values for the homonuclear cases

2432
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3 4 5 6 7 8
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Figure 3. The relation between RE,_5 and the sum of electronegativities
of atoms A and B. RE is in kcalmol~. Electronegativity values y are from
Pauling (Ref. [2]). Other electronegativity values (e.g. in Ref. [31d] and
[37]) were plotted with similar results.

(7)] based on both the sum and the difference of the
electronegativities of the bound atoms.

RE, g (kcalmol™') = 11.35 (ya+xs)+4.00(3s — xs)* — 25.22 @)

Equation (7) is valid within +3.5 kcalmol~! for a/l molecules
in the present study. This Equation incorporates the Pauling
term that depends on the electronegativity difference [ref. [2];
Egs. (3)-(10) and (3)-(11)], and the orbital compactness
term which depends on the electronegativity sum.!

Charge-shift bonding in ® bonds: When the RE due to
covalent—ionic mixing becomes a prominent feature of the
bond energy, the bond is neither covalent nor ionic, a situation
which has been termed by Shaik and Hiberty as “charge shift”
(CS) bonding.P'*< 34 Figure 2 demonstrates that quite a few of
the  bonds qualify as CS bonds. It is interesting therefore, to
elucidate the factors which enhance this bonding quality.
Previously, CS bonding was noted for ¢ bondsB'#<3# and
was shown to manifest under two conditions: i) when the
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atomic orbitals are compact, and ii) when covalent bonding
due to @y is weakened by the LPBWE. P! These effects are
manifest also in the present st bonds. Thus, in all the & bonds
Dy, is deprived due to the o-constraints as well as to the
inherently small p,—p, overlap. Furthermore, most & bonds
exhibit a CS character which gets more prominent when the
bond involves more electronegative constituents, as predicted
by Equation (7).

The interplay of orbital compactness and strength of Dy
can also explain why the RE in most it bonds involving C (the
best HL atom) and Si=Si (the most diffuse orbitals) contrib-
utes a smaller portion to the total bond energy. CS bonding
and its dependence on orbital compactness thus increase the
“blanket” beyond Pauling’s original suggestion.

Conclusion

Pauling’s statement that “the energy of an actual bond
between unlike atoms is greater than (or equal to) the energy
of a normal covalent bond between these atoms,”® has
formed a basis for the generation of his widely used electro-
negativity scale. The applicability of this statement to & bonds
was tested by employing a novel technique that leads to in situ
7t bond energies in the presence of an intact o frame. Our test
reveals that Pauling’s statement extends to m bonds made
from constituents belonging to the same row of the Periodic
Table, but breaks down for comparisons involving inter-row
bonds. This break down originates in the constraints applied
by the o frame which result in overstretched heteronuclear &
bonds relative to homonuclear m bonds, thus disabling a
comparison in the light of Pauling’s statement.

Pauling’s statement was based on the consideration of the
covalent —ionic resonance energy (RE), due to mixing of the
ionic into the covalent structure and on the assumption that
this RE is negligible in homonuclear cases and significant in
heteronuclear cases. While we agree with Pauling that his rule
must be traced to the RE patterns rather than to the pure
covalent energy, we are at variance with his assumption about
the RE of homonuclear bonds. Our study reveals that REs are
always significant and are determined by two fundamental
quantities; the electronegativity difference (y, —yg) which
scales the covalent—ionic energy gap and the electronegativ-
ity sum (y5+yg) Which scales as the mixing matrix element
and is determined by the combined compactness of the atoms
and their orbitals. Indeed the computed REs exhibit a nice fit
to these two quantities as shown in Equation (7). Since the
rationale for this Equation is not restrictive, a general
expression for the covalent—ionic RE of a bond should be
stated as follows:

RE ,\ (kcalmol™) = a(ya+xs)+b(xa — x8)* — ¢ ®)

Thus, for a given compactness, the covalent—ionic RE of a
bond increases as the electronegativity difference of the
constituents increase while for a given electronegativity
difference, the RE increases as the atomic constituents
become more compact.

Chem. Eur. J. 2000, 6, No. 13
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The partitioning of the total binding energy into covalent,
Dy, and covalent—ionic REs (D,= Dy +RE) allows to
classify the st bonds. Since in most cases, the RE constitutes a
major portion of the bond energy, many of the m bonds are
neither covalent nor ionic; they are charge-shift (CS) bond-
s.B1a=¢. 34 The CS character of the 7t bond is more prevalent the
higher the electronegativity sum of the bond constituents.

Thus, the in situ m-bond energies enable to draw some
fundamental conclusions, hitherto impossible, regarding the
applicability of Pauling’s statement to m bonding and to
determine that CS bonding, which is induced by orbital
compactness and weakened covalent bonding, exists in 7
bonds. The present study is yet another indication that CS
bonding may be a ubiquitous bonding form. Just how common
CS bonding really is in both single and multiple bonds across
the entire Periodic Table remains to be determined.
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Catalytic Enantioselective Aza-Diels— Alder Reactions of Imines—
An Approach to Optically Active Nonproteinogenic -Amino Acids

Sulan Yao, Steen Saaby, Rita G. Hazell, and Karl Anker Jorgensen*!?!

Abstract: A catalytic enantioselective
aza-Diels — Alder reaction of imines has
been developed. The reaction of N-tosyl
a-imino ester with different dienes in-
cluding activated, non-activated, cyclic,
and acyclic dienes has been investigated
in the presence of various chiral Lewis
acids. A series of phosphino —oxazoline
ligands have been synthesized and eval-
uated for the reaction. It was found that
the combination of phosphino-oxazo-
line ligands with copper() salts gives the
best results for the activated dienes,
while BINAP-copper(l) complexes are
good catalysts for all the dienes studied.
In the case of activated acyclic dienes
the aza-Diels— Alder products can be
obtained in higher than 80% isolated
yield and 96 % ee, while for the unac-

tion giving optically active y-oxo a-
amino acid derivatives in good yields
and up to 96% ee. The reaction of an
unactivated acyclic diene, 2,3-dimethyl-
1,3-butadiene, with the N-tosyl a-imino
ester gives both the aza-Diels— Alder
and aza-ene products, in a ratio of 9:1
favoring the aza-Diels— Alder product.
Furthermore, a series of different imines
have been synthesized and investigated
as possible substrates for the present
catalytic enantioselective aza-Diels—
Alder reaction in order to obtain mech-
anistic insight. All imines studied gave
moderate to high ee. Particularly, the
reaction of the N-phenyl and N-p-me-
thoxyphenyl substituted glyoxylate
imines with Danishefsky’s diene pro-
ceeded well affording the corresponding

aza-Diels — Alder product in high yield
with up to 91 % ee at room temperature.
The present catalytic enantioselective
reaction of imines provided an effective
route to optically active nonproteino-
genic a-amino acids. The products of the
catalytic enantioselective aza-Diels—
Alder reaction of the cyclic dienes can
be used for the preparation of key
compounds such as natural products
and compounds of pharmaceutical in-
terest. The absolute configurations of
five products have been solved by X-ray
structural analysis, and it is found that
the absolute configuration of the aza-
Diels — Alder adduct is dependent on the
substituent on the imine nitrogen atom.
It turned out that the N-tosyl glyoxylate
imine and N-p-methoxyphenyl glyoxy-

tivated cyclic dienes the exo diastereo-
mer is formed as the major product in up
to 95% ee. For an activated cyclic
conjugated diene, 2-trimethylsilyloxy-
1,3-cyclohexadiene, the reaction pro-
ceeds as a Mannich-type addition reac-

tions -
Lewis acids

Introduction

The construction of optically active nitrogen containing
compounds is a fundamental task in chemistry as they are
key building blocks for the preparation of important com-
pounds such as alkaloids, peptides and aza sugars. The aza-
Diels— Alder reaction is among the most powerful method-
ologies for the construction of nitrogen containing com-
pounds, particularly for the construction of piperidine and
tetrahydroquinolidine derivatives.»? Not surprisingly, con-
siderable attention has been paid to the development of
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late imine give the aza-Diels— Alder
adduct with opposite absolute configu-
ration using the same enantiomer of the
catalyst. On the basis of the results the
mechanistic aspects for the reactions are
discussed.

diastereoselective aza-Diels — Alder reactions and their appli-
cation in the synthesis of naturally occurring compounds.?® 4

Despite the potential advantages in using chiral Lewis acid
complexes as catalysts and the great progress in the enantio-
selective reactions of carbonyl compounds catalyzed by chiral
Lewis acid complexes,’! the protocols for the analogous
catalytic asymmetric reactions of imines are rarely found.[> 7]
Some of the common problems related to the imines as the
substrates could be: i) The imine nitrogen atom is more Lewis
basic than the oxygen atom of the carbonyl compounds. As a
consequence, the coordination to the Lewis acids is much
stronger leading to inhibition or decomposition of the chiral
Lewis acid complexes. Thus stoichiometric amount of catalyst
would be needed to achieve high asymmetric induction; ii) the
flexible (E,Z)-conformational structure of the imine C=N
double bond allows more possible transition species to exist in
solution; iii) some imines are unstable and cannot be isolated,
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giving additional difficulties on precise investigation, and
iv) the tendency of enolizable imines with an a-acidic proton
to form enamines.

Within the last years, the first examples of the catalytic
enantioselective aza-Diels— Alder,”! enel® and Mannich-
type,! allylation['”) and cyanation reactions!'!] of imines have
appeared. Yamamoto et al. showed that by using a stoichio-
metric amount of a chiral boron complex it was possible to
catalyze enantioselective aza-Diels— Alder reactions of aldi-
mines with activated dienes of the Danishefsky type.l’! By the
use of a chiral zirconium complex as the catalyst Kobayashi
et al. were able to develop the first catalytic enantioselective
aza-Diels— Alder reaction of aldimines derived from for
example 1-naphthaldehyde and 2-aminophenol as dienophiles
with Danishefsky’s diene.l”® The highest ee obtained was 93 %
applying 20 mol % chiral zirconium catalyst. Recently, we
communicated that a N-tosyl a-imino ester could react with
activated dienes of the Danishefsky type in the presence of
chiral BINAP-copper complexes to give optically active
nonproteinogenic a-amino acids of the piperidine type in
good yields with up to 80% ee for the unsubstituted
Danishefsky’s diene, and up to 96% ee for the dimethyl
substituted Danishefsky’s diene.’™ However, it should be
noted that these examples, according to our knowledge, are
restricted to only activated dienes. In this paper we present
the development of catalytic enantioselective aza-Diels—
Alder reactions of different imines with both activated and
unactivated cyclic dienes, as well as acyclic dienes, catalyzed
by chiral BINAP and phosphino-oxazoline ligand copper(1)
complexes [Eq. (1)]. The influence of different imines, dienes,

R2 .R?
’ =z N
R m
A Cat R
2 3

1

R1

ligands, Lewis acids, and solvents on the reaction course will
be presented. It is especially notable that the present
enantioselective catalytic development gives access to opti-
cally active nonproteinogenic a-amino acid derivatives. These
compounds can be used as versatile chiral building blocks for
the synthesis of natural products and compounds of pharma-
ceutical interest. Furthermore, the mechanism for the reac-
tion will also be discussed.

Results and Discussion

A series of BINAP- (PP chelating) and C,-symmetric
bisoxazoline (N,N chelating) ligands in combination with
different metal salts, such as CuClO,-4MeCN, 2CuOTf-
CsHy, CuPF-4MeCN, Cu(OTf),, AgOTf, AgSbF,, AgClO,,
Pd(SbFy),, Pd(ClO,),, Pd(OTf),, RuSbF,, and Zn(OTTf),,
were initially investigated” as catalysts for the enantioselec-
tive aza-Diels — Alder reaction of the N-tosyl a-imino ester 1a
with trans-1-methoxy-3-(trimethylsilyloxy)-1,3-butadiene
(Danishefsky’s diene) (2a). It should be noted that Lectka
et al. have used imine la in ene- and alkylation reactions

2436 ——

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

I I PAT2 @WO
PAr; Ar,P N\Z
0 :

5a: Ar = Ph, R = Ph (R)
5b: Ar=Ph, =iPr (S)

5c: Ar=Ph, R =tBu (S)
5d: Ar = p-Tol, R =tBu (S)
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4a: Ar = Ph
4b: Ar = p-Tol

5e: (3aR,9bS), Ar = Ph
5f: (3aR,9bS), Ar = p-Tol
5g: (3aR,9bS), Ar = 2,4-xylene

5h: (3aR,9bS), Ar = Ph
5i: (3aR,9bS), Ar = p-Tol
5j: (3aR,9bS), Ar = 2,4-xylene

catalyzed by chiral copper()-BINAP complexes.® *fel We
have found that the complex of the BINAP ligands with
CuClO, as the Lewis acid is the best catalyst among the
BINAP and bisoxazoline ligands investigated and we have
therefore not investigated the use of the bisoxazoline ligands
further for the present class of reactions. In view of the
excellent performance of phosphino-oxazoline (PN chelat-
ing) ligands in various reactions,'” we rationalised that the
phosphino —oxazoline ligands could be attractive for the
present reaction, thus a series of phosphino-oxazoline
ligands were synthesized™ and evaluated for their enantio-
selective properties for the present reactions.

The examination of the ligands was performed using the
aza-Diels— Alder reaction of imine 1a with Danishefsky’s
diene 2a [Eq. (2)]. The results for the reaction of 1a with 2a

C‘)Me 78 °C Ts
NS . 2 15-20 h SN
Pl . 2)
e Cat “
EtOOC TMSO 10mo% © COOEt
la 2a 3a

in the presence of BINAP ligands 4a,b and phosphino - oxa-
zoline ligands Sa-j with CuClO, as the Lewis acid in THF and
CH,(I, as the solvents are given in Table 1.

It appears from the results in Table 1 that both the BINAP
and phosphino —oxazoline ligands in combination with cop-
per(1) as the Lewis acid can catalyze the enantioselective aza-
Diels— Alder reaction of imine 1a with diene 2a giving the
desired aza-Diels— Alder product 3a in very high yield. The
use of Tol-BINAP-(R)-4b-CuClO, as the catalyst in CH,Cl, as
the solvent gives the highest yield of the aza-Diels—Alder
product for the BINAP ligands (R)-4ab tested, as 89 %
isolated yield of 3a is obtained, however, the ee was only 26 %
(entry 2). Changing the solvent to THF leads to a slightly
lower yield of 3a (80%) but in this solvent a significant
increase to 79 % ee is found (entry 2). The phosphino —oxa-
zoline ligands in combination with CuClO, are attractive
catalysts for the aza-Diels — Alder reaction of 1a with 2a. The
phosphino —oxazoline ligands used in the present paper can
be divided into three main classes based on their structural
differences: the simple phosphino-oxazoline ligands Sa-d,
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Table 1. The results for the aza-Diels— Alder reaction of the N-tosyl a-
imino ester 1a with Danishefsky’s diene 2a in the presence of BINAP
ligands 4a,b and phosphino — oxazoline ligands 5a—j and CuClO, -4 MeCN
(10 mol %) as the Lewis acid at —78°C in THF and CH,Cl,.

T OMe -78°C
S -
)N‘/ . ﬁ 15-20 h f,TI/Ts
EtO,C ™SO 0 07 ™" "CO,Et
la 2a 3a
Entry Ligand Yield®/eel [%] Yield®/eel [%]
(THF) (CH,CL,)

1 (R)-4a 78167 (S) 85/10 (S)

2 (R)-4b 80/79 (S) 89/26 (S)

3 (R)-5a 93/27 (R) 90/29 (R)

4 (5)-5b 97/77 (S) 73/71 (S)

5 (S)-5¢ 82/87 (S) 96/77 (S)

6 (5)-5d 74/87 (S) 91/71 (S)

7 (3aR,9bS)-5¢ 94/61 (R) 81/62 (R)

8 (3aR,9bS)-5f 97/62 (R) 93/62 (R)

9 (3aR 9bS)-5¢ 97/79 (R) 94/53 (R)
10 (3aR,9bS)-5h 49/80 (R) 92175 (R)
11 (3aR.9bS)-5i 66/81 (R) 77/86 (R)
12 (3aR 9bS)-5j 90/66 (R) 70/45 (R)

[a] Isolated yield. [b] ee determined by HPLC using a Chiralpak AD
column.

the conformationally strained indane-derived, and 1,2,3,4-
tetrahydronaphthanlene-derived phosphino—oxazoline li-
gands, Se—g and 5h-j, respectively. The results for the use
of these phosphino-oxazoline ligands are shown in entries
3-12 in Table 1. For the simple phosphino —oxazoline ligands
5a—d, the highest ee of 87 % is obtained in THF using either
(8)-5¢ or (S)-5d with a bulky fert-butyl substituent in the
oxazoline moiety (entry 5, 6). It is interesting to observe that
the phenyl substituted oxazoline ligand Sa gives much lower
ee in both CH,Cl, and THF (entry 3). For the indane-derived
phosphino —oxazoline ligands Se—g the best results, 97 %
isolated yield and 79 % ee, are obtained using the most bulky
ligand (3aR,9bS)-5g in THF (entry 9). For the phosphino—
oxazoline ligands Sh—j, 86 % ee is the highest enantioselec-
tivity obtained by applying ligand (3aR,9bS)-5i in CH,Cl,
(entry 11). These results reflected the influence of extending
the steric bulkiness of both the oxazoline moiety and the
phosphino part on the asymmetric induction of the ligands.

The aza-Diels— Alder reaction of the N-tosyl a-imino ester
1a with diene 2a using the BINAPs, 4a,b and phosphino—
oxazoline ligands Sa—j is very dependent on the Lewis acids
and solvents. A variety of Lewis acids, including Zn(OT¥),,
Cu(OTY),, AgSbF,, AgOTt, AgClO,, Pd(SbFy),, Pd(ClO,),,
Pd(OTY),, and RuSbF, can also catalyze this reaction giving
good yield of 3a, although the ee was significantly lower
compared with the use of CuClO,. The influence of the
counterions is limited as the use of CuOTf and CuPF; instead
of CuClO, led only to a slight difference in ee values. The
reaction can also proceed in other solvents than THF and
CH,Cl,; however, a lower ee for 3a is obtained in solvents
such as Et,0, fert-butyl methyl ether, MeCN, DMEF, toluene,
and benzotrifluoride.

The aza-Diels— Alder reaction of the N-tosyl a-imino ester
1a catalyzed by the BINAPs, 4a,b and phosphino —oxazoline
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ligands Sa—j in combination with CuClO, as the Lewis acid is
not only restricted to Danishefsky’s diene 2a. The potential of
the reaction will be shown in the following by presenting the
reaction of 1a with a variety of activated- and non-activated
cyclic, as well as acyclic dienes catalyzed by both BINAP- and
phosphino — oxazoline-CuClO, complexes.

The results for the reaction of the N-tosyl a-imino ester 1a
with trans-1-methoxy-2-methyl-3-(trimethylsilyloxy)-1,3-pen-
tadiene, the dimethyl-substituted Danishefsky’s diene, 2b are
presented in the following Equation:

OMe

s -78 °C
N|/ . - 15-20 h
EtOOC) T™SO X Ligand-CuClO,4
la 2b
N Ts j/\ N Ts
+
o COOEt O Q""cooa (©)
trans-3b cis-3b
Ligand Yield/ee Yield/ee
4b-10 mol%/THF 83/94 8/rac
4b-1 mol%/THF 70/96 6/rac
5¢-10 mol%/THF 71/66 23/15
5h-10 mol%/THF 64/79 32/15
5i-10 mol%/CH,Cl, 48/64 44/5

It appears from the results in Equation (3) that the Tol-
BINAP-(R)-4b-CuClO, catalyst gives the highest diastereo-
selectivity as a 10:1 ratio of trans-3b:cis-3b is obtained. The
diastereomer trans-3b is formed in 83 % isolated yield and
with 94% ee applying 10 mol% of the catalyst, while the
isolated yield is only slightly reduced to 70% by the use of
only 1 mol % of the catalyst in THF and maintaining the high
ee. In both cases a racemate of cis-3b is formed in very low
yield. The results for the use of the phosphino-oxazoline
ligands 5¢,h,i are also presented in Equation (3); the diaster-
eoselectivity is reduced for example in the case of Si as the
ligand and CH,Cl, as solvent a nearly 1:1 mixture of the two
diastereomers of 3b is formed. The highest ee (79 % ) for trans-
3b is obtained applying 5h as the chiral ligand in THF, while
only lower than 15 % ee is found for diastereomer cis-3b. The
Tol-BINAP-(R)-4b-CuClO, complex is thus the most effec-
tive catalyst regarding the diastereo- and enantioselectivity
for the aza-Diels— Alder reaction of 1a with 2b. The for-
mation of trans-3b as the major diastereomer indicated that
the approach of diene 2b to imine 1a is exo relative to the
ester group suggesting that the reaction proceeds via the (E)-
form of imine 1a with the tosyl substituent adopting the endo
orientation relative to the diene (vide infra).

The results for the reaction of the N-tosyl a-imino ester 1a
with 2-trimethylsilyloxy-1,3-cyclohexadiene 2¢ in the pres-
ence of various catalysts are presented in Equation (4).

Diene 2 ¢ reacts with imine 1a in the presence of the various
chiral ligands 4b,S¢ch, and i in combination with CuClO,
giving not the corresponding aza-Diels— Alder product, but
the Mannich-type addition adducts 3¢. Very good isolated
yields (80-85 %) of anti-3 ¢ are obtained with a very high ee of
up to 96 % using Tol-BINAP-(R)-4b-CuClO, as the catalyst,
and 94 % ee applying the phosphino —oxazoline catalysts (5)-
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-78°C, 15-20 h
Ligand-CuClOy4

Ts
e
EtOOC TMSO

10 mol%
la 2c
|5 ot
LEt CO,Et
O NHTs O NHTs 4)
anti-3c syn-3c
Ligand Yield/ee Yield/ee
4b-THF 82/96 8/94
4b-CH,Cl, 80/75 8/15
5¢c-THF 85/94 -
5h-THF 85/94
5i-CH,Cl, 81/94

5¢-,(3aR,9bS)-5h- and (3aR,9bS)-5i-CuClO, in THF as the
solvent. The X-ray analysis revealed that the major diaste-
reomer of 3¢ is the anti-diastereomer with the absolute
configuration of (1'R,2S). Initially we expected diene 2¢ to
undergo an aza-Diels— Alder reaction. However, under the
present reaction conditions, the Mannich-type adducts anti-3¢
and syn-3c¢ are formed exclusively. This result and others
indicate that in a reaction which can proceed via either a
Diels— Alder or a Mannich-type addition reaction, both
substrates, chiral Lewis acids and reaction conditions can
play an important role. Further discussion can be found in the
Section dealing with the mechanistic aspects. Notably the Tol-
BINAP-(R)-4b-copper() complex has been found to be a very
effective enantioselective catalyst for enel®! and alkylation
addition reactionsl®f& 1% of 1a with alkenes and enol silanes,
respectively.

The N-tosyl a-imino ester 1a reacts also with the unac-
tivated cyclic dienes cyclopentadiene 2d and 1,3-cyclohex-
adiene 2e in the presence of the Tol-BINAP-(R)-4b-CuClO,
and phosphino-oxazoline ligand (S)-5¢-CuClO, catalysts.
The results are given in Equation (5).

It appears from Equation (5) that the Tol-BINAP-(R)-4b-
CuClO, complex can catalyze a highly diastereo- and
enantioselective aza-Diels—Alder reaction of both cyclo-
pentadiene 2d and 1,3-cyclohexadiene 2e leading to the
formation of the exo adducts as the major diastereomer in all
cases. In THF as the solvent exo-3d is isolated in 88 % yield
with 60% ee, while in CH,Cl, similar high yield (85%) is
obtained and the ee is improved to 83 %. Noteworthy full
conversion was observed within 15 min for the reaction of 1a
with 2d in CH,Cl, at —20°C using Tol-BINAP-(R)-4b-
CuClO, as the catalyst.l'] By recrystallisation from iPrOH/
hexane exo-3d can be obtained as an enantiomerically pure
compound. The structure of the major diastereomer exo-3d
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Ts -
B Cickan

Ligand-CuClO,4

EtooC 10 mol%
la 2d,n=1
2e,n=2
(CH2)n (GH2)n
Ts-N Ny A\ -Ts
Et0OC Y H
H
Hp ™a COOEt ®)
exo-3d,n=1 endo-3d,n=1
exo-3e,n =2 endo-3e,n=2
Ligand Yield/ee Yield/ee
4b-THF 88/60 (n = 1) 9/99 (n=1)
4b-CH,Cl, 85/83 (n=1) 7/83 (n=1)
5c-THF 81/4 (n=1) 9/- (n=1)
4b-THF 31/91 (n=2) 6/40 (n=2)
4b-CH,Cl, 52/95 (n = 2) 7137 (n=2)
5c-THF 26/13 (n=2) 10/10 (n=2)

was assigned on the basis of 'H-NMR spectroscopy as the
coupling constant between H, and H,, is found to be 1.1 Hz,
and further confirmed by X-ray analysis. The X-ray structure
of exo-3d shows its absolute configuration to be (15,35,4R)
(Figure 1). The minor diastereomer endo-3d is formed in 9 %
isolated yield and with up to 99% ee. The phosphino —oxa-

exo-3e

Figure 1. X-ray structure of exo-3d and exo-3e showing the diastereo-
chemistry and absolute configuration to be (15,35,4R) in both cases.

0947-6539/00/0613-2438 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 13





Aza-Diels — Alder Reactions

2435-2448

zoline catalyst (S)-5¢-CuClO, is also a highly diastereoselec-
tive catalyst for the reaction since 81 % isolated yield of exo-
3d is obtained, however low enantioselectivity is found.

The catalytic enantioselective reaction of 1,3-cyclohexa-
diene 2 e with the N-tosyl a-imino ester 1a proceeds also in a
highly enantioselective fashion, albeit with a lower yield and
diastereoselectivity applying the Tol-BINAP-(R)-4b-CuClO,
catalyst. In CH,Cl, as the solvent up to 59 % isolated yield of
the exo- and endo-3e mixture is obtained with an exo-
3d:endo-3d ratio of 7:1 and with 95% ee for exo-3e. The
reaction of imine 1a with diene 2e catalyzed by Tol-BINAP-
(R)-4b-CuClO, in THF was found to be slower with lower
yield and diastereoselectivity compared with the reaction of
cyclopentadiene 2d, however, still high ee of 91% was
obtained for exo-3e. With CH,Cl, as a solvent, a higher yield
and ee of exo-3e (52 % yield, 95% ee) could be obtained. The
X-ray structure of exo-3 e shown in Figure 1 gives the absolute
configuration as (15,35,4R). It is notable that the phosphino -
oxazoline ligands give low asymmetric induction in the
reaction of N-tosyl a-imino ester 1a with the simple cyclic
dienes 1d and e.

The catalytic enantioselective aza-Diels — Alder reaction of
the cyclic conjugated dienes 2d,e with the N-tosyl a-imino
ester la outlined in Equation (5) can be used for the
preparation of attractive molecules. The aza-Diels— Alder
adducts exo-3d and exo-3e can be transformed into the chiral
cyclopentenyl- and cyclohexenylamines in a few steps, via for
example a procedure developed recently by Andersson
et al.™ as shown for the transformation of exo-3d to the
chiral cyclopentenylamine 6 in Scheme 1. The highly func-

ﬁb\‘ ~Ts
COOEt

exo-3d 6
TsHN

1. LiAlH,
2. CBry, PhgP TsHN
3. Mg, BrCH,CH,Br

2N AN
NH, OR
= N =2 N
N:N\/l[ N\> OH HZNJL N | N\> HZN’Q\HEi\\(
) NH

OH NH,
OH OH
(-)-Aristeromycin

Carbovir, R=H (1R,3S)-Amidinomycin

1592U89, R = cyclopropylamino

Scheme 1. Synthesis of highly functionalised amine 6 as an essential
structural unit of the pharmaceutically active compounds.

tionalised amine 6 is the essential structural unit of the
pharmaceutically active compounds (—)-aristeromycin, car-
bovir, 1592U89, and (1R,3S)-amidinomycin (Scheme 1). Thus,
the catalytic enantioselective reaction of 1a with cyclopenta-
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diene 2d provides a practical and efficient route for the
enantioselective synthesis!'® of the carbocyclic nucleosides.

The catalytic enantioselective aza-Diels — Alder reaction of
the N-tosyl a-imino ester 1a has also been investigated for
non-activated acyclic dienes, such as 2,3-dimethyl-1,3-buta-
diene 2 f. The results for this reaction in the presence of Tol-
BINAP-(R)-4b-CuClO, and the phosphino-oxazoline (S)-
5c- and (3aR,9bS)-5i-CuClO, catalysts are outlined in Equa-
tion (6).

r

N/Ts ji 20h
+
I A Ligand-CuClO,4

-~
Et00C 10 mol%
la 2f
N/TS TsHN (6)
“"COOEt EtOOC
3f 39
Ligand Yield/ee Yield/ee
4b-THF 64/65 7/86
4b-CH,Cl, 63/60 8/90
5c-THF 65/rac not detected
5i-THF 71/rac not detected

The reaction of the N-tosyl a-imino ester 1a with diene 2 f
in the presence of the Tol-BINAP-(R)-4b-CuClO, catalyst
leads to both the aza-Diels— Alder product 3f and the ene
product 3g [Eq. (6)]. In THF as the solvent 3f is formed in
64 % yield with 65 % ee, while 3g is isolated in 7 % yield with
86% ee. The phosphino-oxazoline ligands 5S¢ and Si in
combination with CuClO, give only the aza-Diels—Alder
adduct 3 f, but unfortunately as a racemate.

We have also tested the use of furan 2g as the diene for the
reaction of the N-tosyl a-imino ester la. This reaction
proceeds as a nucleophilic addition of the furan a-carbon
atom to the imine carbon atom, instead of the expected aza-
Diels- Alder reaction.['"]

The catalytic enantioselective aza-Diels— Alder reactions
presented so far have been for the N-tosyl a-imino ester 1a
exclusively. Next, we aimed to broaden the synthetic scope of
the reaction and to obtain mechanistic information of the
present catalytic asymmetric reaction. Thus, we synthesized a
series of imines 1b-f with different substituents on the
nitrogen- and carbon atom of the imine C=N double bond and
evaluated their potential application as dienophiles for the
aza-Diels— Alder reaction with Danishefsky’s diene 2a using
Tol-BINAP-(R)-4b-CuClO, as the catalyst. The imines were
constructed in a way to elucidate the mechanistic aspect of
different possible binding modes. The results for the reactions
are presented in Table 2.

The results in Table 2 show the synthetic scope of this
catalytic enantioselective aza-Diels— Alder reaction as a
variety of different substituted imines 1a—f can be used as
dienophiles reacting with Danishefsky’s diene 2a in the
presence of Tol-BINAP-(R)-4b-CuClO, (10 mol%) as the
catalyst giving moderate to high ee. Entry 1 shows the result
for the aza-Diels— Alder reaction of the N-tosyl a-imino ester
1a with diene 2a, the aza-Diels — Alder adduct 3ais formed in
80 % yield with 79 % ee at — 78 °C in THF, and 89 % yield with
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Table 2. The results for the aza-Diels— Alder reaction of the different imines
la—e with Danishefsky’s diene 2a in the presence of Tol-BINAP-(R)-4b-
CuClO,+4MeCN (10 mol %) as the catalyst.

OMe

2
N R -~
g ~
R? TMSO

la: R = COOEt, R?=Ts 2a
1b: R! = R? = COOEt

1c: R! = COOEt, R? = 0-MeO-Ph

1d: R' = COOEt, R? = Ph

le: R! = COOEt, R? = p-MeO-Ph

1f: R*!=Ph,R?=Ts

2
(R)-4b-CuClO, RL

10 mol%

3a: R'=COOEt, R?=Ts

3i: R!'=R?=COOEt

3j: R!=COOEt, R? = 0-MeO-Ph
3k: R!=COOEt, R?=Ph

3l: R!=COOEt, R? = p-MeO-Ph
3m: R'=Ph,R?=Ts

Entry Imine Temp. [°C] Product Yield/ee [%] Yield/ee [%]
(THF) (CH,CL,)

1 1a —78 3a 80/79 89/26

2 1b —78 3i 104/79 23077

3 1c rt 3j 25/60 23/58

4 1d rt 3k 61/86 78/91

5 le rt 31 93/15 89/72

6 le —78-r1t 31 82/16 75178

7 1t rt 3m 65°/46 65/48

[a] 56% Mannich-type addition product was isolated. [b] 50% Mannich-type
addition product was isolated. [c] 16% Mannich-type addition product was

isolated.

26 % ee in CH,Cl,. Changing the N-substituent from a tosyl
substituent to an ethyl ester group leads to substrate 1b which
reacts with 2a at —78°C in the presence of the same catalyst
affording an enantioselective reaction with the same level of
chiral induction as 79% ee and 77 % ee of 3i is obtained in
THF and CH,Cl,, respectively. However, the yield for the aza-
Diels— Alder adduct was only 23% (entry 2). It should be
mentioned that for imine 1b the reaction leads also to the
formation of the Mannich-type addition product which was
isolated in 56 % and 50% yield in THF and CH,CI, as the
solvent, respectively. However, the ring-open Mannich-type
product was formed with low ee (<37%). The N-o-meth-
oxyphenyl glyoxylate imine lc reacts with 2a at room
temperature giving the aza-Diels—Alder product 3j with
reasonable ee (58-60% ), however, the isolated yields were
low (entry 3). The results from the first three entries in Table 2
indicate that the substituent at the nitrogen atom might be
involved in the coordination of the imine to the catalyst as
all three imines have functional groups (-SO,-, -C(O)OEt,
OMe), which can participate in the coordination to the
catalyst. The same level of ee obtained by reaction of the
imines 1a and 1b suggests that the N-ethyl ester and N-tosyl
group attached to the imine nitrogen atom might have similar
coordination mode to the catalyst, while the lower ee obtained
for imine 1c¢ could indicate that the methoxy substituent
attached to the phenyl ring coordinates less efficiently to the
Lewis acid. However, the best result both in terms of yield and
ee among these three imines is still obtained from the use of
the N-tosyl a-imino ester 1a as the dienophile. Changing the
N-tosyl substituent in imine 1a to a non-coordinating phenyl
substituent leads to the N-phenyl glyoxylate imino ester 1d,
which reacts smoothly with 2a at room temperature in the
presence of 10 mol% Tol-BINAP-(R)-4b-CuClO, as the
catalyst to give the aza-Diels— Alder adduct 3k in 78 % and
61 % isolated yield in CH,Cl, and THF, respectively. To our
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surprise 91% ee and 86% ee of 3k were obtained in these
solvents (entry 4). The imine 1e, with an N-p-methoxyphenyl
substituent, reacts also with 2a in an enantioselective manner
giving the corresponding aza-Diels— Alder adduct 31 in high
yields and with up to 78 % ee in CH,Cl, (entry 5,6). A change
of the substituent on the imine carbon atom from an ethyl
ester functionality to a non-coordinating phenyl group leads
to imine 1f The reaction of 1f with diene 2a under the
present catalytic conditions gives the aza-Diels — Alder adduct
3m in reasonable yield and 48 % ee in CH,Cl, (entry 6). It
appears from the results in Table 2 that a variety of imines
with different possible coordination modes to the catalyst can
be used for the present enantioselective aza-Diels— Alder
reaction (vide infra).

The absolute configuration of the aza-Diels— Alder adduct
3a has been assigned by X-ray analysis,™ while the aza-
Diels — Alder adduct 31 obtained by reaction of imine 1e with
Danishefsky’s diene 2a in the presence of Tol-BINAP-(R)-
4b-CuClO, as the catalyst was determined to be (R) by
correlating it to the commercially available optically active
pipecolic acid by the transformations outlined in Scheme 2.

OMe /©/OME
(0] COOEt HO COOEt

3l

R —

= | OMe
NH
b,c X d ﬁ
, N
— — Q\cooa
COOEt

(R)-ethyl-pipecolic ester

Scheme 2. a) H, (1 atm), PtO,, EtOAc, room temperature. b) CS(Im),,
toluene, reflux. c) Bu;SnH, AIBN, toluene, 90°C. d) (NH,),Ce(NO;),,
CH;CN, H,0, 0°C. Yields: a)—c): 74%; d): 68%.

The transformation presented in Scheme 2 was carried out
through hydrogenation of the alkene and carbonyl bond
simultaneously with PtO,/H, followed by deoxygenation of
the hydroxyl group. Oxidative cleavage!") of the N-p-meth-
oxyphenyl substituent affords the (R)-ethyl pipecolic ester
without loss of enantiopurity. This transformation shows the
potential of the present reaction for the preparation of
optically active a-amino acids of the piperidine type.

We have also tried to use a commercially available solid-
supported chiral BINAP-ligand (R)-4¢. The complex (R)-4¢-
CuClO, can catalyze the reaction of N-tosyl a-imino ester 1a
with Danishefsky’s diene 2a [Eq. (7)]. However, both the
yield and ee of 3a are significant lower compared with the
other catalysts tested. Furthermore, a minor amount of the
Mannich-addition adduct 3m is also formed.

Mechanistic Aspects

exo Preference: In the reaction of the N-tosyl a-imino ester
1a with the dienes 2b, 2d, and 2e where both exo and endo
products can be formed, the exo products trans-3b, exo-3d,
and exo-3e were obtained as the major products in all cases
with a 10:1 exo:endo ratio for the dienes 2b and 2d, and a 7:1
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OMe

Ts 78 °C
N ) 20h
PR ¢
EtOOC ™SO” X (R)-4c-CuClo,
10 mol%
la 2a
OMe
Ts
T
o “COOEt o “COOEt
3a 3n (@)
Solvent Yield/ee Yield/ee
CH,Cl, 61/4 3/-
THF 55/18 5/-

Qo
I 0
PPh,
O

(R)-4c

ratio for diene 2e. This is in agreement with the common
observation for aza-Diels— Alder reactions using imines with
mi-substituents (e. g. sulfonyl, carbonyl and aryl) on the
nitrogen atom as the dienophiles.?%3dhi 4l Ty explain the
exo preference one can not simply apply the “cis-addition
principle” and “endo-rule” governing the exo/endo selectivity
in a carbon-Diels— Alder reaction to an aza-Diels— Alder
reaction of imino dienophiles unambiguously. However, with
some reasonable assumptions, the preference for the forma-
tion of the exo product might be understandable.

The origin of the endo rule is believed to be a combination
of effects such as steric, electronic, and secondary orbital
interactions between the substituents on the diene and the
dienophile.?!) For the present catalytic enantioselective re-
actions, it is expected, and postulated, that the reaction
proceeds via the (E)-form of the N-tosyl a-imino ester 1a with
the N-tosyl substituent orienting endo relative to the diene.
This hypothesis is supported by the following facts: The
reaction of the N-tosyl a-imino ester 1a with for example
cyclopentadiene 2d can in principle proceed via the E- or Z
isomer, or both concomitantly (Scheme 3). If the reaction
proceeded via the (E)-form of 1a, an endo approach of 2d
relative to the imino ester substituent (endo-ester (E)-la
approach), would give the aza-Diels— Alder adduct endo-3d,
while an approach endo relative to the imine tosyl substituent
(endo-tosyl (E)-1a approach) gives the aza-Diels— Alder
adduct exo-3d. However, if the reaction took place by the
(Z)-form of 1a, the exo approach relative to both the ester
and tosyl substituents (exo-(Z)-la approach) leads to the
formation of exo-3d, while the endo approach relative to the
ester and tosyl substituents (endo-(Z)-1a approach) leads to
the formation of endo-3d. The (Z)-1a approaches would give
predominantly the formation of endo-3d as the major product
according to the endo rule. The major product exo-3d formed
in the present reactions can thus be due to i) the reaction
proceeds via the (E)-form of 1a as proposed above for
cyclopentadiene approaching endo relative to the tosyl
substituent (endo-tosyl (E)-1a approach, Scheme 3) or ii) en-
do-3d is in equilibrium with exo-3d via a retro-aza-Diels—
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Alder reaction, favoring the thermodynamically more stable
exo-3d. The latter aspect has been documented by the retro-
aza-Diels— Alder reaction of cyclopentadiene with iminium
dienophiles leading to a novel method for the N-methylation
of amino acids derivatives.’?) We have tested this hypothesis
in relation to the present results. endo-3d was added to a
CH,Cl, solution of the Tol-BINAP-(R)-4b-CuClO, catalyst at
—20°C and stirred for 15 h. Under these reaction conditions,
which are very similar to the conditions for which exo-3d is
formed, no trace of exo-3d was observed and endo-3d was
recovered, indicating that no retro-aza-Diels — Alder reaction
occurs. Therefore the reaction most probably proceeds via the
(E)-isomer of imine 1a and the N-tosyl substituent adapting
an endo orientation relative to the diene in the transition
state.

Ts
T
; N/Ts N S N{ N/Ts
H = )L ){\ ’ COOEt
COOEt EtOOC H EtOOC H H
endo-3d endo-ester (E)-1a endo-tosyl (E)-1a exo-3d
approach approach
Ts
T
A — oy Ko - A
/ A H
H H COOEt H COOEt COOEt
exo-3d exo-(Z)-1a endo-(2)-1a endo-3d
approach approach

Scheme 3. Possible exo-/endo-3d transition pathways.

Let us continue with the reaction course. The hetero-
Diels — Alder reaction of carbonyl compounds, and probably
also the aza-Diels— Alder reaction of imino dienophiles can
proceed via three possible courses: a concerted cycloaddi-
tion-, a step-wise-, and a Mannich-type process.?>?# It has
been found that the reaction paths are very much depending
on both diene, dienophile and reaction conditions.”®! For a
specific reaction, the reaction courses can also vary from a
Diels— Alder reaction to a Mannich-type addition reaction
and solvents, temperature, and Lewis acids can have signifi-
cant influence on the reaction courses.¥

For the present catalytic enantioselective reactions, both
the aza-Diels— Alder and Mannich-type addition (or ene)
products were formed depending on the dienes and imines
used. For the reaction of the N-tosyl a-imino ester 1a with
activated acyclic dienes such as Danishefsky’s diene 2a and
the dimethyl-substituted Danishefsky’s diene 2b, only the
aza-Diels— Alder products 3a and 3b are isolated in high
yields under the standard reaction conditions for the activated
dienes (BINAP- or phosphino—oxazoline CuClO,-catalysts
(10 mol%) at —78°C in various solvents such as CH,Cl,,
THEF, Et,0, tert-butyl methyl ether, toluene, and MeCN for
15-20 h followed by a TFA quench (2% TFA in CH,CL,)).
The reaction of imine 1a with cyclopentadiene 2d gives only
the aza-Diels— Alder adduct 3d in both THF and CH,Cl,
solvents. This reaction was also tested in the presence of
Tol-BINAP-(R)-4b-CuClO, as the catalyst at a range of
different temperature: —78, —40, —20, 0°C, and room
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temperature, and in all cases only the aza-Diels—Alder
adducts 3d were formed with exo-3d as the major product,
besides the corresponding endo analogue. 1,3-Cyclohexadiene
1e is much less reactive compared with cyclopentadiene. This
reaction has to be performed at room temperature and also in
this case only the aza-Diels— Alder adduct 3e was isolated in
both THF and CH,Cl,. However, the reaction of 1a and
2-trimethylsilyloxy-1,3-cyclohexadiene (2¢) at —78°C using
the standard protocol, gives only the Mannich-type addition
product 3¢ which was isolated in high yields with a anti:syn
ratio of about 10:1. Performing the reaction at different
temperature and changing the solvents from THF, CH,Cl, to
nonpolar solvents did not affect the product distribution
remarkably and the aza-Diels—Alder product was not de-
tected in any case under the present Lewis acid catalytic
conditions. Notably in contrast to the Lewis acid catalyzed
reaction, under thermal conditions, the reaction of 1a with 2¢
gives mainly the aza-Diels— Alder adduct favoring the exo
isomer. Holmes et al. investigated this reaction under a
variety of conditions applying different solvents, temper-
atures, and Lewis acids.?**® The general trend from their
investigation was that an increased amount of the aza-Diels—
Alder product was obtained with less polar solvent and
increased temperature. From the present results, it appears
that for the catalytic enantioselective reaction of diene 2¢
with the N-tosyl a-imino ester la, solvents and reaction
temperature have a limited influence on the reaction course,
while Lewis acids play a decisive part in determining the
reaction paths.

The reaction of imines 1b,¢ with Danishefsky’s diene 2a
gave both the aza-Diels— Alder and Mannich-type addition
products. For the reaction of imine 1b [Eq. (8)] the aza-
Diels— Alder adduct 3i was formed with 79 % ee, while the
isolated yield was low. In contrast to this, the Mannich-type
addition product 30 (the ring-open product) was formed as
the major product, however, with low ee (37%). A certain
amount of the Mannich-type addition product 3p, with a
TMS-group attached to the nitrogen atom was also formed
[Eq. (8)]. The transformation of the ring-open products 3o

OMe  141.BINAP-(R)-4b-CuClO,

N,CO?EI Pl 10 mol%
Pl
x CH,Cl,
EtOOC TMSO 28°¢ 18N
1b 2a
(8)
OMe OMe
_COOEt JTMS
Q _COOEt ﬂ\, N K)N_COOEI
+
o “/COOEt o “COOEt o “/COOEt
3i 30 3p

and 3p to the aza-Diels— Alder product 3i by treatment with
diluted TFA in CH,Cl, at room temperature was found to be
slow and the aza-Diels — Alder product formed in this way was
found to have low ee. These results could indicate that two
different reaction paths are taking place simultaneously; one
reaction path gives the aza-Diels— Alder product with a good
chiral induction, while the other reaction path promotes the
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Mannich-type addition product 3o with low ee. Further
detailed investigations have to be performed in order to
clarify the factors governing the reactions paths.

Coordination of the imines to the Tol-BINAP-(S5)-4b-CuClO,
and phosphino - oxazoline ($)-5d-CuClO, catalysts: In the
following we will discuss the coordination of the imine to the
Tol-BINAP-(R)-4b and phosphino—oxazoline (S)-5d-Cu-
ClO, catalysts in an attempt to account for the absolute
configuration of the products formed. The coordination of the
imines to the catalysts will be restricted to only include the N-
tosyl glyoxylate imine 1a and the N-p-methoxyphenyl glyox-
ylate imine le as the absolute configurations of the aza-
Diels— Alder adducts 3a and 31, respectively, obtained by
reaction Danishefsky’s diene 2a have been assigned. Most
notably, the absolute configurations of the aza-Diels— Alder
adducts 3a and 31 are opposite, S and R, respectively, at the
formed chiral center. Furthermore, these two imines repre-
sent two different binding modes (vide infra). In the case of
imine 1a, the N-tosyl group can participate in the coordina-
tion to the chiral Lewis acid, while for imine 1e, the N-p-
methoxyphenyl substituent does not have this option.

For N-p-methoxyphenyl glyoxylate imine le, the imine
nitrogen atom and the glyoxylate carbonyl oxygen atom can
coordinate to the Lewis acid leading to a bidentate coordi-
nation 7, while for the N-tosyl glyoxylate imine 1a several
coordination modes are possible as outlined schematically in
8a—-d. The coordination modes are three bidentate, 8a—c,
and one tridentate, 8d.

A
O\ /NOOMe
EtO 7
ML, MLn
/N 90 /0
o>\_// N-S* o>\_// N—
8a 8b
Mi" ML
n
T.?//o /N7,
(o] / -S O>\_//N—S
8c &d

A bidentate coordination of the N-p-methoxyphenyl glyox-
ylate imine 1e to the Tol-BINAP-(R)-4b-CuClO, catalyst can
lead to both a tetrahedral and a square planar structure at the
copper(l) center. We have investigated®! both types of
intermediates and found that the tetrahedral intermediate(*]
can account for the observed absolute configuration of the
aza-Diels— Alder product 3k obtained by reaction with
Danishefsky’s diene 2a. This intermediate, 9, is presented in
Figure 2.

The intermediate 9 in Figure 2 is shown in two different
perspectives, a side and an end view. The side view shows how
the N-p-methoxyphenyl glyoxylate imine (1e) coordinates to
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Figure 2. The proposed intermediate 9 in the Tol-BINAP-(R)-4b-Cu'
catalyzed reaction. The intermediate is a bidentate coordination of the
N-p-methoxyphenyl glyoxylate imine (1e) to the copper(i) center leading to
a tetrahedral geometry at the metal center. The side view shows the two
faces of the imine, the Re-face from the top and the Si-face from the
bottom. The end view shows the face shielding of the Si-face. Hydrogen
atoms are omitted for clarity.

the Tol-BINAP-(R)-4b-CuClO, catalyst. In order to account
for the absolute configuration of the aza-Diels— Alder adduct
diene 2a has to approach the Re-face of the imine in 9. The Si-
face shielding is not immediately obvious from the side view
of intermediate 9, however, the end view in Figure 2 nicely
shows how the Si-face is shielded by one of the tolyl groups of
the chiral BINAP ligand leaving the Re-face open for
reaction. For the reaction of imine 1e with diene 2a catalyzed
by the Tol-BINAP-(R)-4b-CuClO, a tetrahedral intermediate
can account for the stereochemical outcome of the reaction.

The N-tosyl a-imino ester 1a has several possible coordi-
nation modes 8a—d to the Tol-BINAP-(R)-4b-CuClO, cata-
lyst and the phosphino-oxazoline (§)-5d-CuClO, catalyst.
Let us start with the reaction catalyzed by the former catalyst.
Lectka et al. have observed changes in IR stretching frequen-
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cies of the glyoxylate carbonyl bond and imine bond by the
presence of a Lewis acid.’ However, no results were
presented for the sulfonyl bonds.’l We have also tried to
investigate the changes in IR stretching frequencies for the
coordination of imine 1a to the Tol-BINAP-(R)-4b-CuClO,
catalyst, but no conclusive results were obtained. In the
following we will therefore briefly present models for the
catalytic intermediates which can account for the chiral
induction.

The bidentate coordination of the glyoxylate carbonyl
oxygen and imine nitrogen atoms of the N-tosyl a-imino ester
to the Tol-BINAP-(R)-4b-CuClO, catalyst (8a) gives an
intermediate having a geometry similar to the one outlined in
9 in (Figure 2). This intermediate will by reaction with
Danishefsky’s diene 2a give the opposite absolute config-
uration of the aza-Diels—Alder adduct 3a as obtained
experimentally. Studies of models for the bidentate coordi-
nation of 1a by the imine nitrogen atom and one of the
sulfonyl oxygen atoms as outlined in 8 ¢ gives an intermediate
with no obvious face-shielding. We are thus left with two
coordination models, 8b and 8d, which both have the
glyoxylate carbonyl oxygen atom and the sulfonyl oxygen
atom coordinated to the chiral catalyst; furthermore, the
model 8d has also the imine nitrogen atom coordinated to the
catalyst. Both models 8b and 8d can account for the absolute
configuration of the addition products obtained. The pro-
posed intermediate, 10, obtained by a tridentate coordination
of imine 1a to the Tol-BINAP-(R)-4b-CuClO, catalyst is
outlined in Figure 3.

It appears from the proposed intermediate 10 in Figure 3,
where both a side and an end view of 10 are presented, that
the tridentate coordination of the N-tosyl a-imino ester 1a to
the Tol-BINAP-(R)-4b-CuClO, catalyst leads to a change in
the face-shielding of the imine compared with the bidentate
coordination outlined in Figure 2. With the two phosphorous
atoms of the BINAP ligand coordinated cis, the remaining
three sites at the copper(l) center are used for the coordination
of the imine. Such a coordination leads to a shielding of the
Re-face of the imine 1a by one of the tolyl substituents of the
BINAP ligand, leaving the Si-face available for an attack.

The different possible intermediates obtained by coordina-
tion of the N-tosyl a-imino ester 1a to the phosphino —oxa-
zoline (S)-5d-CuClO, catalyst have been investigated in a
similar way and it is proposed that the tridentate coordination
of the imine, intermediate 11 shown in Figure 4 can account
for the stereochemical outcome of the reaction.

The proposed intermediate 11 in Figure 4, for the phosphi-
no-oxazoline (S)-5d-CuClO, catalyzed reaction, shows why
this ligand is also attractive for the present reactions. The
chiral oxazoline, coordinated to the metal by the nitrogen lone
pair, shields the Re-face of the imine. The steric reason for this
shielding is that the tosyl and tert-butyl substituents are
located opposite to each other to minimize steric repulsion.
Intermediate 11 can also account for why the enantioselec-
tivity of the reaction is indifferent for a change of the phenyl
to tolyl substituent on the phosphorus atoms as these aryl
substituents are not located in the proximity of the catalytic
site (Table 1, entry 5 versus 6). But a change from isopropyl to
a tert-butyl substituent on the chiral oxazoline causes a better
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Figure 3. The proposed intermediate 10 in the Tol-BINAP-(R)-4b-Cu!
catalyzed reaction of N-tosyl a-imino ester 1a. The intermediate is a
trientate coordination of 1a to copper(i). The side view shows the two faces
of the imine, the Si-face from the top and the Re-face from the bottom. The
end view shows the face shielding of the Re-face. Hydrogen atoms are
omitted for clarity.

enantioselective induction (Table 1, entry 4 versus 5) which is
apparent from intermediate 11.

Conclusion

We have presented the development of a catalytic enantio-
selective aza-Diels— Alder reaction of various imines with
activated and non-activated, cyclic, as well as, acyclic dienes
catalyzed by chiral BINAP- and phosphino —oxazoline-cop-
per(1) complexes. For the reaction of the N-tosyl a-imino ester
with Danishefsky’s diene, it was found that the phosphino—
oxazoline ligands copper (i) catalysts gave the best results with
up to 87% ee of the aza-Diels— Alder product and isolated
yields up to 96 %. The BINAP-copper() complexes are good
catalysts for all classes of the dienes studied; for the dimethyl
substituted Danishefsky diene up to 96 % ee was obtained for
the major diastereomer isolated in 71% yield, while an
activated cyclic diene gave the Mannich-addition product, an
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Figure 4. The proposed intermediate 11 in the phosphino—oxazoline (S)-
5d-CuClO, catalyzed reaction of the N-tosyl a-imino ester la. The
intermediate is a tridentate coordination of 1a to the copper(l) center. The
view shows the face shielding of the Re-face of the imine by the oxazoline
moiety. Hydrogen atoms are omitted for clarity.

y-oxo ca-amino acid derivative, in very high yield and
enantioselectivity. The unactivated cyclic dienes cyclopenta-
diene and 1,3-cyclohexadiene react in a highly diastereo- and
enantioselective aza-Diels— Alder reaction giving the exo
diastereomer in up to 95 % ee. The unactivated acyclic dienes
also react with the N-tosyl a-imino ester leading to both the
aza-Diels— Alder and aza-ene products in a ratio of 9:1
favoring the aza-Diels— Alder product formed in moderate
yield and ee. The catalytic aza-Diels— Alder reaction is not
restricted to only the N-tosyl a-imino ester as a series of
different imines all reacted with Danishefsky diene giving the
aza-Diels— Alder adduct in moderate to high ee and yield.
Particularly, the reactions of the N-phenyl and N-p-meth-
oxyphenyl substituted glyoxylate imines proceeded well
affording the corresponding aza-Diels— Alder products in
high yield with up to 91 % ee at room temperature. It is shown
that these reactions provided an effective route to optically
active nonproteinogenic a-amino acids of the piperidine type.
The N-tosyl a-imino ester and N-p-methoxyphenyl glyoxylate
imines give the opposite configuration of the newly formed
chiral center of the aza-Diels— Alder adduct using the same
enantiomer of the catalyst. Based on the absolute config-
urations of the products of the catalytic enantioselective
reactions it is proposed that the N-tosyl a-imino ester
coordinates in a tridentate fashion to both the Tol-BINAP-
(R)-4b-copper(l) and phosphino-oxazoline-copper(l) cata-
lyst, while the N-p-methoxyphenyl glyoxylate imine coordi-
nates in a bidentate fashion leading to a tetrahedral inter-
mediate.

Experimental Section

General methods: All reactions were carried out under anhydrous
conditions in flame-dried Schlenk tubes. Solvents were dried according to
standard procedures and distilled prior to use. The 'H- and BC-NMR
spectra were recorded at 300 MHz and 75 MHz, respectively, using CDCl,
as the solvent and were reported in ppm downfield from TMS (6 =0) for
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'H NMR and relative to the central CDCl; resonance (6=77.0) for
3C NMR. Enantiomeric excess (ee) was determined by HPLC using a
Chiralpack AD column or Chiracel OD or OJ columns as stated below and
checked with corresponding racemic samples. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter using a sodium lamp and
reported as follows: [a]f (c in g per 100 mL, solvent). Melting points were
determined on an electrothermal metling point apparatus and were
uncorrected. High resolution mass spectra were obtained on micromass
LCT Q-TOF instrument.

Materials: (R)-(+)-2,2'-Bis(diphenylphosphino)-1,1-binaphthyl ((R)-BI-
NAP, 4a), (R)-(+)-2,2'-bis(di-p-tolylphosphino)-1,1'-binaphthyl ((R)-Tol-
BINAP, 4b) were purchased from Strem and (R)-polymer bound BINAP
[(R)-4¢] was purchased from Oxford Asymmetry. All the phosphino —ox-
azoline ligands (5a-j) were prepared using literature or modified
procedures.'l N-Tosyl a-imino ester 1a was prepared from ethyl glyoxylate
and p-toluenesulphonyl isocyanate.’”) N-Ethyloxycarbonyl a-imino ester
1b was formed in situ via an aza-Wittig reaction through N-ethoxycarbo-
nylimino triphenylphosphane with ethyl glyoxylate.l?!! Imines 1¢—e were
prepared by direct condensation from corresponding amines and ethyl
glyoxylate in the presence of molecular sieves, and imine 1f was prepared
with Si(OEt), as dehydrating reagent as reported by Love et al.?l The
dienes trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene (Danishefsky’s
diene) (2a), 1,3-cyclohexadiene 2 e and 2,3-dimethyl-1,3-butadiene 2 f were
obtained from Aldrich and were all used as received. Cyclopentadiene 2d
was cracked from its dimer and redistilled prior to use, furan 2f was
distilled before use. trans-1-Methoxy-2-methyl-3-(trimethylsilyloxy)-1,3-
pentadiene (2b) and 2-trimethylsilyloxy-1,3-cyclohexadiene (2¢) were
prepared as described in literature.? CuClO,+-4MeCN was prepared
according to the literature procedure.*!]

General procedure for the catalytic reactions: CuClO,-4MeCN (13 mg,
0.04 mmol) and Tol-BINAP-(R)-4b (30 mg, 0.044 mmol) were added under
N, to a flame-dried Schlenk tube. The mixture was dried for 1 h under
vacuum and freshly distilled anhydrous solvent (1.5 mL) was added with a
syringe under N, and the light yellow solution was stirred for 0.5 h. N-Tosyl
a-imino ester 1a (104 mg, 0.4 mmol) was added at room temperature and
stirred for 3-S5 min, then the solution was placed at the required
temperature before diene (1.1-2.0 equiv) was added. The reaction mixture
was kept stirring at that temperature for stated reaction time. For reactions
using trimethylsilyloxy-containing dienes 2a-—c¢, the reactions were
quenched by addition of TFA (0.1 mL) in CH,Cl, (10 mL) at —78°C and
stirred at room temperature for 20 min. Evaporation of the solvent gave the
crude product which was purified by flash chromatography (FC) to give the
product.

N-Tosyl-4-0x0-1,2,3,4-tetrahydro-pyridine-2-carboxylic acid ethyl ester
(3a): According to the general procedure, the reaction of the N-tosyl a-
imino ester 1a with diene 2a in the presence of 10 mol % catalyst (S)-5c-
CuClO,+4MeCN in THF at —78°C for 20 h produced aza-Diels— Alder
adduct 3a, after purification by FC (30% EtOAc in pentane), as a light
yellow oil (82 %). The ee was found to be 87 % according to HPLC using a
Chiralpak AD column (iPrOH/hexane 15:85, 0.5 mLmin~'). The product
can be recrystallized using iPrOH/hexane to give colorless crystals and the
ee of the crystals is >98.5%. M.p.: 70-71°C; [a]f =—96.0 (¢=0.50 in
CHCL); 'THNMR: 0 =775 (d,J=8.2 Hz, 2H, C4H,H,), 7.72 (d, /] = 9.4 Hz,
1H, =CHN), 737 (d, /=8.2Hz, 2H, CH,H,), 537 (d, J=9.4Hz, 1H,
HC=), 4.99-495 (m, 1H, NCHCO,CH,CH;), 4.11-3.95 (m, 2H,
CO,CH,CH;), 2.83-2.71 (m, 2H, C(O)CH,), 2.45 (s, 3H, ArCHj;), 1.15
(t, J=71Hz, 3H, CO,CH,CH;); *C NMR: 0=189.14, 167.86, 145.44,
142.53, 134.89, 130.18, 12741, 107.71, 62.43, 56.22, 38.11, 21.65, 13.85;
HRMS: exact mass caled for C;sH;;SNOs [M+Na]*: 346.0725; found:
346.0741.

N-Tosyl-3,5-dimethyl-4-0x0-1,2,3,4-tetrahydro-pyridine-2-carboxylic acid
ethyl ester (3b): According to the general procedure, the reaction of the
N-tosyl a-imino ester 1a with diene 2b using 10 mol % Tol-BINAP-(R)-4b-
CuClO,+-4MeCN as the catalyst in THF at —78°C for 20 h afforded trans-
3b (83 %) and cis-3b (8 %) as light yellow oils. The FC condition was 15—
20% EtOAc in pentane. The ee of the major product trans-3b was
determined as 94 % using HPLC with a Chiralpak AD column (iPrOH/
hexane 15:85, 1.0 mLmin™'), and the minor product cis-3b was found
racemic. Suitable crystals of cis-3b for X-ray structure analysis was
obtained from /PrOH/hexane and the cis relationship of this minor product
was confirmed by the X-ray crystallographic analysis.’? trans-3b: [a]f =
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—919 (¢=0.67 in CHCL); 'H NMR: 6=776 (d, J=82Hz, 2H,
CoH,H,), 753 (brs, 1H, =CHN), 734 (d, J=7.6 Hz, 2H, C;H,H,), 4.60
(m, 1H, NCHCO,CH,CH), 3.98—-4.10 (m, 2H, CO,CH,CH,), 2.88 (q, / =
77 Hz, 1H, C(O)CHCHS), 2.45 (s, 3H, ArCH,), 1.71 (brs, 3H, CH=CCH,),
116 (t, J=71Hz, 3H, CO,CH,CH;), 099 (d, J=77Hz, 3H,
C(O)CHCHj); 3C NMR: 0=193.93, 168.16, 145.12, 13746, 135.07,
130.04, 127.47, 113.10, 62.26, 62.22, 42.35, 21.66, 17.06, 13.91, 12.95; HRMS:
exact mass calcd for C;H,,;SNOs [M+Na]*: 374.1038; found: 374.1026. cis-
3b: m.p.: 109-110°C; 'H NMR: 6 =7.72 (d, J=8.2 Hz, 2H, C,H,H,), 748
(brs, 1H, =CHN), 734 (d, J=82Hz, 2H, CH,H,), 477 (m, 1H,
NCHCO,CH,CH,), 3.91-3.77 (m, 2H, CO,CH,CH,), 2.89-2.80 (m, 1H,
C(O)CHCHL,), 2.43 (s, 3H, ArCH;), 1.73 (brs, 3H, =CCH,), 1.13-1.04 (m,
6H, C(O)CHCHj;, CO,CH,CH;); “C NMR: 6=192.54, 167.04, 145.04,
136.73, 134.88, 130.00, 127.32, 114.43, 61.48, 61.23, 40.73, 21.58, 13.76, 12.92,
10.44; HRMS: exact mass calcd for C;;H,SNO;s [M+Na]*: 374.1038;
found: 374.1041.

N-Tosylamino-2-(2"-oxo-cyclohex-3"-enyl)-acetic acid ethyl ester (3¢):
According to the general procedure, the reaction of the N-tosyl a-imino
ester 1a with diene 2¢ in the presence of 10 mol % catalyst Tol-BINAP-
(R)-4b-CuClO,-4MeCN in THF at —78°C for 20h produced after
purification by FC (EtOAc/pentane 10:90) anti-3¢ as a colorless solid
(82%) and syn-3¢ (8%). The ee of the major product anti-3¢ is 96 % ee
according to HPLC using a Chiralpak AD column (iPrOH/hexane 15:85,
0.5 mLmin™!), and the ee of the minor product syn-3¢ is 94 % detected by
HPLC using a Chiralcel OD column (iPrOH/hexane 2:98, 0.5 mLmin™").
anti-3¢: m.p.: 137-138°C; [a]}y =+5.8 (¢c=1.0 in CHCL;); 'H NMR: 6 =
773 (d, J=83Hz, 2H, C(H,H,), 729 (d, J=8.3 Hz, 2H, CH,H,), 7.03 -
6.97 (m, 1H, HC=),5.98 (d, /=9.9 Hz, 1 H,=CHC(O)), 5.34 (d, / = 8.8 Hz,
1H, NH), 4.03-3.86 (m, 3H, NCHCO,CH,CHj;), 3.29-3.20 (m, 1H,
CHC(0)), 3.54-2.14 (m, 4H, CH,CH,), 2.41 (s, 3H, ArCH;), 1.03 (t, /=
72 Hz, 3H, CO,CH,CH;); *C NMR: 6 =198.48, 169.99, 151.35, 143.49,
136.98, 129.53, 129.33, 127.30, 61.89, 56.59, 50.37, 26.19, 25.95, 21.53, 13.71;
HRMS: exact mass caled for C;;H,SNOs [M+Na]*: 374.1038; found:
374.0988. syn-3¢: '"H NMR: 0 =775 (d, /=83 Hz, 2H, C;H,H,), 729 (d,
J=8.3Hz, 2H, C¢H,H,), 7.00-6.96 (m, 1H,=CH), 5.99 (d,/=9.9 Hz, 1H,
=CH), 5.60 (d,/=9.3 Hz, 1H, NH), 4.15 (dd, J=9.3,4.4 Hz, 1H, CHNH),
3.92 (q,J=72Hz, 2H, CO,CH,CHj;), 2.84-2.77 (m, 1H, C(O)CH), 2.46—
2.06 (m, 4H, CH,CH,), 2.41 (s, 3H, ArCH;), 1.05 (t, J=72Hz, 3H,
CO,CH,CH;); "C NMR: 6 =197.62, 170.34, 150.72, 143.55, 136.95, 129.53,
129.28, 127.34, 61.76, 55.80, 51.17, 25.84, 25.62, 21.53, 13.77; HRMS: exact
mass calcd for C;H, SNOs [M+Na]*: 374.1038; found: 374.1021.

N-Tosyl-2-aza-bicyclo[2.2.1]hept-5-ene-3-carboxylic acid ethyl ester (3d):
According to the general procedure, the reaction of the N-tosyl a-imino
ester 1a with cyclopentadiene 2d in the presence of 10 mol % catalyst Tol-
BINAP-(R)-4b-CuClO,-4MeCN at —20°C for 0.5 h in CH,Cl, produced
after purification by FC (10% -15% EtOAc in pentane) exo-3d (85%)
and endo-3d (8 %) as colorless solids. The ee of the major diastereomer
exo-3d was 83 % detected by HPLC using a Chiralcel OD column (iPrOH/
hexane 5:95, 0.5 mLmin!), and the ee of the minor diastereomer endo-3d
was found to be 83 % accoding to HPLC using a Chiralpak AD column
(iPrOH/hexane 10:90, 0.2 mLmin™!). exo-3d: m.p.: 102-103°C; [a]f =
—195.7 (¢=1.0 in CHCL); 'H NMR: 6=774 (d, J=83Hz, 2H,
C¢H,H,), 726 (d, J=8.3 Hz, 2H, C(H,H,), 6.25-6.14 (m, 2H, CH=CH),
456 (d, J=11Hz, 1H, =CHCHNTs), 4.12 (q, J=72Hz, 2H,
CO,CH,CHy;), 3.46 (s, 1H, TSNCHCO,Et), 3.29 (brs, 1H, =CHCH), 2.40
(s, 3H, ArCH;), 2.03 (d, J=8.8 Hz, 1H, CH H,), 1.45 (d, J=8.8 Hz, 1H,
CHaHb), 1.24 (t, J=72Hz, 3H, CO,CH,CHj;); C NMR: 6 =170.73,
143.52,136.52,136.18, 135.90, 129.37, 127.87, 64.42, 61.40, 59.74, 49.62, 46.15,
21.50, 14.04; HRMS: exact mass calcd for C;sH;,SNO, [M+Na]*: 344.0933;
found: 344.0926. endo-3d: m.p.: 74—79°C; 'H NMR: 6=782 (d, /=
8.3 Hz, 2H, CH,), 731 (d, /=83 Hz, 2H, CiH,), 6.50-6.47 (m, 1H,
=CH), 6.19-6.16 (m, 1H, =CH), 4.60 (d, /J=1.1 Hz, 1H, =CHCHNTs),
4.28 (d, J=3.3 Hz, 1H, CHCO,Et), 4.14 (q, /=72 Hz, 2H, CO,CH,CHj),
3.51 (brs, 1H, =CHCH), 2.43 (s, 3H, ArCH;), 1.53 (d, /J=8.8 Hz, 1H,
CHH,), 127 (brd, J=122Hz, 1H, CH,CH,), 1.24 (t, J=72Hz, 3H,
CO,CH,CHj;); 3C NMR: 0 =170.0, 143.62, 137.10, 136.44, 136.01, 129.67,
127.83, 65.58, 61.21, 58.91, 48.39, 47.83, 21.57, 14.17; HRMS: exact mass
caled for C;sH oSNO, [M+Na]*: 344.0933; found: 344.0904.

N-Tosyl-2-aza-bicyclo[2. 2.2]oct-5-ene-3-carboxylic acid ethyl ester (3e):
According to the general procedure, the reaction of the N-tosyl a-imino
ester 1a with 1,3-cyclohexadiene 2e in the presence of 10 mol % catalyst
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Tol-BINAP-(R)-4b-CuClO,-4MeCN in CH,Cl, at room temperature for
50 h produced after purification by FC (20 % EtOAc in pentane) a mixture
of exo-3e and endo-3e as a colorless solid (59%) with a ratio of 7:3
according to "H NMR. The ee for exo-3e was found to be 95% and for the
endo-3e 37 % according to HPLC using a Chiralcel OD column (iPrOH/
hexane 5:95, 1.0 mL min"). M. p.: 122—123°C; [a]} = —216.5 (c=0.57 in
CHCl;); '"H NMR 0 7.87 (d, J=8.2 Hz, 2H, C¢H,H,, endo-3e), 775 (d, J =
8.2 Hz, 2H, C,H,H,, exo-3e), 7.29 (d, /=82 Hz, 2H, CH,H,, endo-3e),
727 (d, J=8.2 Hz, 2H, C,H,H,, exo-3e), 6.53-6.48 (m, 1H, HC=, endo-
3e), 6.23-6.05 (m, 1H, HC=, endo-3e; 2H, HC=CH, exo-3e), 4.31-4.10
(m, 3H, =CHCHN, CO,CH,CHj;, exo-3e; 2H, =CHCHN, NCHCO,Et,
endo-3e), 4.12 (q, J=7.1 Hz, 2H, CO,CH,CHj;, endo-3e), 3.77 (brs, 1H,
NCHCO,Et, exo-3e),3.18-3.13 (m, 1 H,=CHCHCH, endo-3e),2.98-2.93
(m, 1H, =CHCHCH, exo-3e), 2.42 (s, 3H, ArCH;), 2.20-2.12 (m, 1H,
CH H,, exo-3e),2.05-1.94 (m, 1 H, CH,CH,, endo-3e), 1.74-1.06 (m, 3H,
CH,CH,, CH,CH', endo-3e+exo-3e), 132 (t, J=71Hz, 3H,
CO,CH,CH;, exo-3e), 1.25 (t, J=71Hz, 3H, CO,CH,CH;, endo-3e);
BC NMR for exo-3e: 6 =170.73, 143.52, 135.75, 132.80, 132.75, 129.47,
128.05, 61.36, 59.77, 48.36, 33.78, 25.84, 21.57, 17.96, 14.23; HRMS: exact
mass calcd for C;;H,SNO, [M+Na]*: 358.1089; found: 358.1034.

N-Tosyl-4,5-dimethyl-1,2-dihydro-pyridine-2-carboxylic acid ethyl ester
(3f) and 5-methyl-2-tosylamino-4-methylene-hex-5-enoic acid ethyl ester
(32): According to the general procedure, the reaction of the N-tosyl a-
imino ester la and 2,3-dimethyl-1,3-butadiene 2f in the presence of
10 mol % catalyst Tol-BINAP-(R)-4b-CuClO,-4MeCN in CH,Cl, at room
temperature for 24 h produced after purification by FC (10% EtOAc in
pentane) 3f (64 %) and 3g (7%) as light yellow oils. The ee of the major
product (aza-Diels— Alder product) 3 f was found to be 65% according to
HPLC using a Chiralcel OJ column, and the ee of the aza-ene product 3g
was determined as 86 % using a Chiralcel OD column. Product 3 f: [a]} =
+174 (c=0.40 in CHCl;); '"H NMR: 6 =7.69 (d, J=8.2 Hz, 2H, C;H,H,),
727 (d, J=82Hz, 2H, CH,H,), 480 (dd, J=16Hz, 71Hz, 1H,
NCHCO,CH,CH;), 4.05-3.61 (m, 4H, =CCH,N, CO,CH,CHj;), 2,41 (s,
3H, ArCHj;), 2.55-2.32 (m, 2H, =CCH,CH), 1.60 (s, 3H, =CCH), 1.58 (s,
3H, =CCHs), 1.06 (t, /=72 Hz, 3H, CO,CH,CH;); 3C NMR: 6 =170.95,
143.12,136.43,129.33, 127.26, 122.25, 121.87, 60.97, 53.33, 45.94, 33.43, 21.48,
18.66, 15.59, 13.88; HRMS: exact mass calcd for C;H,;SNO, [M+Na]*:
360.1246; found: 360.1252. 3g: 'H NMR: 0=769 (d, /=82Hz, 2H,
C¢H,H,), 727 (d,J =8.2 Hz,2H, C;H,H,), 5.14-4.97 (m, 5H,=CH,,=CH,,
NH), 407 (q, J=79Hz, 1H, CHNHTs), 390 (q, J=72Hz, 2H,
CO,CH,CH3), 2.70-2.60 (m, 2H, =CCH,), 2.40 (s, 3H, ArCH;), 1.82 (s,
3H, =CCHs), 1.10 (t, J=72 Hz, 3H, CO,CH,CH;); *C NMR, ¢ 17141,
143.55, 141.81, 141.50, 136.84, 129.53, 127.29, 116.52, 113.54, 61.46, 54.97,
38.15, 21.50, 21.04, 13.92; HRMS: exact mass calcd for C;;H,;SNO,
[M+Na]*: 360.1246; found: 360.1278.

N-Ethoxycarbonyl-4-0x0-1,2,3,4-tetrahydro-pyridine-2-carboxylic acid eth-
yl ester (3i) and 2-ethoxycarbonylamino-6-methoxy-4-oxo-hex-5-enoic
acid ethyl ester (30): According to the general procedure, the reaction of
the N-ethyloxycarbonyl glyoxylate imine (1b) and diene 2a in the presence
of 10 mol% catalyst Tol-BINAP-(R)-4b-CuClO,-4MeCN in THF was
stirred at —78°C for 20 h. The reaction mixture was quenched by TFA
(0.1 mL) in CH,Cl, (15 mL) at —78°C and stirred at room temperature for
0.5 h, followed by evaporation of the solvent. Purification of the crude
product by FC (gradual eluent from 20% to 35% EtOAc in pentane)
afforded aza-Diels — Alder product 3i (10 % ) and Mannich-type product 30
(56%). The ee of 3i was found to be 79% according to HPLC using a
Chiralcel OD column (hexane/iPrOH 99:1, 0.3 mLmin'), and the ee for 30
was determined as 37 % using a Chiralcel OD column. Compound 3i:
[a]f =+26.3 (¢=1.0 in CHCL;); '"H NMR: 6 =788 (brd, /=77 Hz, 1H,
=CHN), 5.33 (brd, /=7.7 Hz, 1H, =CH(CO)), 5.14 (brd, /=76 Hz, 1H,
NCHCO,CH,CH,), 4.38-4.30 (q, /=73 Hz, 2H, NCO,CH,CH3), 4.20 (q,
J=172Hz, 2H, CO,CH,CH;), 3.03-2.85 (m, J=15.6, 73 Hz, 2H,
C(O)CH,), 135 (d, /=73 Hz, 3H, NCO,CH,CH;), 1.25 (t, /=72 Hz,
CHCO,CH,CHj;); *C NMR: 6=190.60, 168.90, 152.49, 143.47, 142.81,
107.73, 107.15, 64.00, 62.37, 55.18, 54.79, 3748, 14.26, 14.00; HRMS: exact
mass caled for C;H;sNOs [M+Na]*: 264.0848; found: 264.0844. 3o:
'HNMR: 6 =761 (d,/=13.0 Hz, 1H,=CHOCH,), 5.71 (d,/ =82 Hz, 1H,
NH), 556 (d, J=13.0Hz, 1H, =CHC(O)), 4.57-452 (m, 1H,
CHNHCO,CH,CH,), 4.23-4.10 (m, 4H, 2 x CO,CH,CH,), 3.72 (s, 3H,
=CHOCH;),3.26 (dd, J=17.5,4.4 Hz, 1H, C(O)CH H,), 3.01 (dd, J =175,
3.9 Hz, C(O)CH,H,), 1.29-1.19 (m, 6 H, 2 x CO,CH,CHj;); *C NMR: 6 =
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196.48, 171.31, 163.50, 156.37, 156.37, 105.11, 61.61, 61.14, 57.61, 50.05, 42.47,
14.54, 14.09; HRMS: exact mass calcd for C,H;)NO, [M+Na]*: 296.1110;
found: 296.1103.

N-o-methoxyphenyl-4-0x0-1,2,3,4-tetrahydro-pyridine-2-carboxlic acid
ethyl ester (3j): According to the general procedure, the N-o-methox-
yphenyl glyoxylate imine (1¢) was reacted with diene 2a in the presence of
10 mol % catalyst Tol-BINAP-(R)-4b-CuClO,-4MeCN in CH,Cl, at rt.
After stirred for 40 h, the reaction mixture was directly loaded on the
column and seperated by FC (40% EtOAc in pentane) to give the title
compund as a light yellow oil (25 % ). The ee of the product 3j was found to
be 55% according to HPLC using a Chiralcel OJ column (hexane/iPrOH
94:6, 0.5 mLmin™?). [a]f =+34.6 (¢=0.5 in CHCL;); 'H NMR: 6 =730~
721 (m, 5H,=CHN, C¢H,), 5.14 (dd, /= 1.1, 7.7 Hz, 1H, =CH(CO)), 4.77 -
474 (m, 1H, NCHCO,CH,CH;), 423 (dgq, /=17, 72Hz, 2H,
CO,CH,CH3;), 3.11 (dd, /=71, 17.0, 1H, C(O)CH,CHy,), 2.86 (dd, J=2.2,
170, 1H, C(O)CH,CH,), 1.19 (t, J=7.2 Hz, CO,CH,CHj;); *C NMR: 6 =
189.33, 169.98, 153.06, 152.30, 133.31, 128.05, 126.25, 121.12, 111.77, 100.56,
61.65, 60.45, 55.65, 38.01, 13.96; HRMS: exact mass calcd for C;sH;NO,
[M+Na]*: 298.1056; found: 298.1058.

N-Phenyl-4-0x0-1,2,3,4-tetrahydro-pyridine-2-carboxylic acid ethyl ester
(3k): According to the general procedure, the reaction between N-phenyl
glyoxylate imine (1d) and diene 2a in the presence of 10 mol % catalyst
Tol-BINAP-(R)-4b-CuClO, -4 MeCN in CH,Cl, was performed at rt. After
stirred for 20 h, the reaction was then quenched by TFA (0.1 mL) in CH,Cl,
(15 mL), purification by FC (60 % EtOAc in pentane) gave 3k (78 %) with
91 % ee according to HPLC using a Chiralpak AD column (hexane/i-PrOH
99:1, 0.4 mLmin?). [@] =+36.7 (¢=0.1 in CHCL); 'H NMR: 6 =752 (d,
J=717Hz, 1H, =CHN), 741-7.08 (m, 5H, Ph), 527 (d, J=7.7Hz, 1H,
=CH), 4.77-4.74 (dd, J=1.6, 7.1 Hz, 1H, NCHCO,CH,CH,), 423 (q, /=
72 Hz,2H, CO,CH,CH,), 3.03 (ddd, J=7.1,17.0,2H, C(O)CH,H,), 1.25 (t,
J=72Hz,3H, CO,CH,CH;); BC NMR: 6 =189.34, 169.76, 148.94, 144.56,
129.68, 124.91, 119.05, 102.97, 62.34, 60.52, 38.46, 14.10; HRMS: exact mass
caled for C,HsNO; [M+Na]*: 268.0950; found: 268.0919.

N-p-Methoxyphenyl-4-o0xo0-1,2,3,4-tetrahydro-pyridine-2-carboxylic  acid
ethyl ester (31): According to the general procedure, the reaction between
N-p-methoxyphenyl imine 1e with diene 2a in the presence of 10 mol %
catalyst Tol-BINAP-(R)-4b-CuClO,-4MeCN in CH,Cl, was stirred at
room temperature for 20 h. Purification by FC (50 % EtOAc in pentane)
afforded product 31 (89%) with 72% ee according to HPLC using a
Chiralpak AD column (hexane/iPrOH 90:10, 1.0 mL min™!). [a]} = +181.7
(¢=0.82 in CHCL); '"H NMR: 0 =740 (d, J=7.7 Hz, 1 H,=CHN), 7.07 (d,
J=88Hz, 2H, CH,H,), 6.89 (d, /=88 Hz, 2H, CH,H,), 5.19 (d, /=
7.7 Hz, 1H,=CHC(0)), 4.66 (brd, /= 6.8 Hz, 1 H, NCHCO,CH,CH,), 4.22
(q, /=71Hz, CO,CH,CHj;), 3.19 (s, 3H, ArOCH;), 2.03 (ddd, /=6.8,
16.5 Hz, C(O)CH,H,), 1.24 (t, J=7.1 Hz, 3H, CO,CH,CH;); “C NMR:
0=189.12,169.81, 157.35, 150.20, 138.21, 121.90, 114.75, 101.78, 62.23, 61.25,
55.57, 14.07; HRMS: exact mass calcd for C;sH,;NO, [M+Na]*: 298.1056;
found: 298.1041.

2-Phenyl-1-tosyl-2,3-dihydro-1H-pyridin-4-one (3m): According to the
general procedure, the reaction between N-tosyl benzaldimine (1f) and
diene 2a in the presence of 10 mol % catalyst Tol-BINAP-(R)-4b-CuClO, -
4MeCN in CH,CIl, was stirred at room temperature for 60 h. Purification
by FC (30% EtOAc in pentane) gave product 3m (63 %) with 48% ee
according to HPLC using a chiralcel OD column (hexane/iPrOH 95:5,
0.8 mLmin™"). [a]} =—54.0 (¢=0.50 in CHCl;); '"H NMR ¢ 7.81 (dd, /=
8.2 Hz, 1H, =CHN), 7.60 (d, J=8.4 Hz, 2H, SO,C¢H,H,), 724-714 (m,
7H, C¢Hs, SO,CiH,H,), 5.52 (d, /=72 Hz, 1H, NCHPh), 542 (dd, J=
8.2 Hz, 1H, =CHC(0O)), 2.84 (dd, /=72, 16.5 Hz, 1H, C(O)CH H,), 2.65
(dd, J=1.6, 16.5 Hz, 1H, C(O)CH,H,), 2.41 (s, 3H, ArCH;); *C NMR:
0=190.49, 145.01, 142.48, 136.97, 135.56, 130.05, 128.70, 128.09, 127.04,
126.25,108.33, 57.61, 41.76, 21.60; HRMS: exact mass calcd for C;sH;,SNO;
[M+Na]*: 350.0827; found: 350.0838.

Reaction with solid-supported chiral BINAP: According to the general
procedure of the catalytic reaction, the catalyst solution was prepared by
adding THF (1.5mL) to a mixture of (R)-polymer-bound BINAP 4c¢
(68 mg, >0.022 mmol) and CuClO,-4MeCN (6.5 mg, 0.022 mmol) under
N,, and shaken for 0.5 h. The reaction between the N-tosyl a-amino ester
1a and frans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene (2a) was kept at
—78°C for 18 h, MeOH/CH,Cl, 3:7 (10 mL) was added, and the suspension
was centrifugalized for 10 min. The clear upper solution phase was
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transferred to another flask, followed by evaporation of the solvents to give
the crude products. The solid phase ((R)-4¢) was dried and collected for
reuse. The crude products were purified by FC to give the aza-Diels— Alder
product 3a (36.2 mg, 55% yield) and Mannich-type product 3n (3.5 mg,
5%). The ee of 3a was determined as 18 % according to the HPLC analysis
using a Chiralpak AD column.

Transformation of N-p-methoxyphenyl-4-ox0-1,2,3,4-tetrahydro-pyridine-
2-carboxylic acid ethyl ester (31) into ethyl pipecolic ester. Assignment of
absolute configuration of product (31) (Scheme 2): a) A solution of 31
(173 mg, 0.67 mmol) in EtOAc (5 mL) was stirred under H, (1 atm) for 80 h
at room temperature in the presence of 20% PtO, (30.3 mg, 0.13 mmol).
The catalyst was removed by filtration and the filtrate was concentrated.
The product alcohol was obtained as a diastereomeric mixture of two
alcohols in a ratio of 4:1 and used as such. b) Dry toluene (15 mL) and
thiocarbonyl diimidazole (358 mg, 2.0 mmol) were added to the crude
product obtained in step a), and the solution was stirred for 6 h at 110°C
under N,. Evaporation of the solvent gave the crude product, purification
by FC (60% EtOAc in pentane) afforded the diastereomeric mixture of
products in an overall yield of 74 % from 31. Satisfactory spectroscopic data
were obtained. c¢) The products from reaction b) (184 mg, 0.49 mmol) were
then dissolved in dry toluene (15 mL), Bu;SnH (199 uL, 0.74 mmol), and a
catalytic amount of AIBN were added. The reaction mixture was heated to
90°C and stirred under N, for 4 h. Purification by FC (30% EtOAc in
pentane) gave N-p-methoxyphenyl pipecolic ester (121 mg, 99%) as a
white solid. d) An aqueous solution of CAN (232 mg, 0.42 mmol) in H,0O
(1.5 mL) was added dropwise over 3 min to a solution of the N-p-
methoxyphenyl pipecolic ester (35 mg, 0.14 mmol) in CH;CN (3mL) at
0°C. The reaction mixture was stirred for another 20 min at 0°C and then
diluted with H,O (5 mL). The acidic solution was washed with EtOAc (2 x
10 mL), followed by the addition of saturated aqueous NaHCO; (3 mL).
The pH of the solution was adjusted to about 10 by addition of 2M NaOH,
then the solution was extracted with EtOAc (6 x 10 mL). Combined
organic layers were washed with 2M NaOH, dried (Na,SO,), and
concentrated in vacuo to afford the ethyl pipecolic ester (15 mg, 68 %) as
a bright yellow oil. The spectroscopic data were in good agreement with the
data obtained from an ethyl pipecolic ester synthesized from (=)-pipecolic
acid. The absolute configuration of the product was assigned to be R by
correlation with commercially available optically active pipecolic acid by
chiral GC-MS analysis and checked with racemic sample. The enantiopur-
ity of the (R)-ethyl pipecolic ester was found to have the same high level of
ee as 31 before the transformations (a—d).

X-ray structure determination of anti-3c, exo-3d, and exo-3 e, racemic and
chiral form: All formed colorless crystals, and at least a hemisphere of data
were collected at 120 K on a SIEMENS SMART diffractometer using Moy,
radiation (1=0.71073 A). The structures were solved by direct methods
(SIR97)P and refined by least-squares methods including a parameter to
decide the absolute configuration®! using all significant reflections; the
results and the structures are given in the text.

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-137173 -
137176. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).

The data are for anti-3¢: orthorhombic, P2,2,2,, a=9.5231(5) A, b=
9.6565(5) A, c= 19.148(1) A, 21521 reflexions measured, 5415 unique,
3963 with /> 30(/) used in refinement of 303 parameters, final R =0.033,
Rw=0.035.

exo-3d: monoclinic, P2,, a =7.5383,(6) A, b=12.403(1) A, c=8.3480(7) A,
£=93.229(2)°, 7202 reflexions measured, 4090 unique, 3693 with 7> 30(I)
used to refine 276 parameters, R =0.028, Rw =0.033.

The sample of exo-3e contained two sorts of crystals: the racemic form
(needles) crystallizes first, the chiral form (parallelepipeds) not till the
minor isomer is used up.

exo-3e-rac: orthorhombic, Pbca, a=13.114(2) A, b=14771Q2) A, c=
16.706(3) A, 36415 reflexions measured, 5315 unique, 2360 with I> 30(1)
used to refine 293 parameters, R =0.038, Rw = 0.039.

exo-3e-chiral: monoclinic, P2,, a=11.0741)A, b=11207(1) A, c=
13.527(2) A, B=92.971(3)°, Z = 4, 16439 reflexions measured, 8570 unique,
5529 with 1> 30(I) used to refine 418 parameters; R = 0.048, Rw = 0.060.
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In all these structures the geometry around the nitrogen atom is a very flat
pyramid, in between sp? and sp® hybridization: The sum of the three angles
at the nitrogen atom are in the range 347.4° to 350.6°, the distance of the
nitrogen atom from the plane through the neighbours is 0.3-0.27 A
compared with 0.5 A if the nitrogen atom had tetrahedral shape.
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Nitronate Anion Recognition and Modulation of Ambident Reactivity by
Hydrogen-Bonding Receptors

Brian R. Linton, M. Scott Goodman, and Andrew D. Hamilton*!?!

Abstract: Nitronate anions were shown
to form complexes in DMSO with hy-
drogen-bonding receptors such as 1,3-
dimethylthiourea1 (K,=120M"') and

and carboxylate (K,=7200m7!). Com-
plexation of nitronate resulted in a
change in the ambident reactivity during
alkylation with p-nitrobenzyl bromide.

The predominant reaction pathway was
shifted from oxygen alkylation to carbon
alkylation as receptor binding strength
increased. Kinetic analysis indicated an

bicyclic guanidinium 2 (K,=3200m!).
A ditopic bis-thiourea exhibited in-
creased association with substrates, that
contained either two nitronates (K,=
7000Mm~') or a combination of nitronate

anions -

Introduction

While much of host—guest chemistry focuses on the static
recognition of a substrate in solution, complexation of a
chemically active substrate can result in receptor-induced
changes in the reactivity of that guest. Nitronate, the anion
produced by deprotonation adjacent to a nitro group, is one
reactive species whose chemistry has been modified by
receptor binding.'3] As part of a continuing study of anion
recognition, we have utilized hydrogen-bonding receptors to
form complexes with various nitronate derivatives. Addition-
ally, this complexation leads to changes in the chemical
reactivity of the nitronate anion.

The nitronate anion closely resembles a carboxylate anion
in the presentation of two negatively charged geminal oxygen
atoms (see anionic guest comparison below), and this suggests
that receptors capable of complexing carboxylates** will also
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overall inhibition of nitronate reactivity,
and this suggests that greater suppres-
sion of the oxygen pathway allows
carbon alkylation to predominate.

bonds -
receptors

associate with nitronates through a bidentate hydrogen-
bonding interaction. Both Davisl and Wynbergl® have
previously explored the use of amidinium- and guanidinium-
based receptors to form complexes with nitronates by using
X-ray crystallography to show the formation of discrete
hydrogen bonds between the nitronate and receptor. The
crucial nature of the bidentate interaction was verified in
solution by the observation of proton transfer to form
nitronates only when a bidentate receptor was present.[’]
While the existence of the nitronate —receptor complex has
been demonstrated, the strength of this interaction is yet to be
reported.l’)

In the following sections, the association strength and
thermodynamics of nitronate binding by bidentate hydrogen-
bonding receptors are detailed, along with the consequences
of association on ambident reactivity of the nitronate
nucleophile.

Association of nitronate with hydrogen-bonding receptors:
Evaluation of nitronate—receptor complexation began with
the determination of binding strength and association ther-
modynamics. Both NMR titration and isothermal titration
calorimetry were used to quantify the association of nitronate
with hydrogen-bonding receptors based on thiourea and
guanidinium groups. In the NMR protocol, nitronate was
generated from the addition of tetrabutylammonium (TBA)
hydroxide to nitroethane in DMSO. Subsequent addition of
aliquots of 1,3-dimethyl-thiourea 1 caused both proton signals
from the resulting TBA ethylnitronate to shift downfield,
presumably due to the formation of the complexes shown in
the structures illustrated. Nonlinear regression analysis!'’)
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of the resulting curve indicated weak binding in DMSO
(K,=120£20M1).

Calorimetric titration illustrated the increased binding
strength of guanidinium derivative 2. Aliquots of the lithium
salt of 2-nitropropane were added to a solution of the
tetraphenylborate salt of guanidinium receptor 2 to form the
bidentate complexes shown above. Isothermal titration calo-
rimetry (Microcal, Northampton, MA)['l was used to meas-
ure the heat evolved upon the injection of nitronate into the
guanidinium solution (Figure 1A). Integration of the heat
produced from each injection led to the binding curve shown

Time / min
20 AI T 4
o] 4 m“l”ww i |
o .B T — T T T T T

T T T T T T T T T T T T 1 M 1 T
00 05 10 15 20 25 3.0 35 40
Molar Ratio

Figure 1. Calorimetric titration for the lithium salt of 2-nitropropane and
guanidinium 2. A) Raw data of heat evolution with injection of nitronate
salt. B) Resulting binding curve (0) and best fit curve.

in Figure 1B. Application of a one-site binding model
provided not only the association strength (K,=3200%+
300Mm~') but also the enthalpy of association (AH=-2.94+
0.1 kcalmol!).[12

A ditopic receptor,™ bis-thiourea 3, was found to be
complementary to substrates that contained either two nitro-
nates, or a combination of nitronate and a second anionic
functional group. NMR titration was used to determine the
binding affinity of complex 4, formed by the bis-TBA salt of

2450
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1,3-dinitropropane and bis-thiourea 3 (K,=7000+200M1).
Replacement of one nitronate with carboxylate, as in the
4-nitrobutyrate bis-TBA salt, produced an analogous com-
plex 5 with similar binding strength (K, =72004-200M"1). As
in previous examples,* 1> 4l the accumulation of binding sites
produces greater complex stability than with monotopic
hosts.

Comparison of the binding data for nitronate and carbox-
ylate reveals similarities, as anticipated from the structural
relations described above. Comparable binding experiments
with the acetate TBA salt gave complexes in DMSO with
thiourea receptor 1 (K, =340M ') and guanidinium 2 tetra-
phenylborate (K,=5600m""; AH=—3.6 kcalmol "), each
with greater binding affinity than the corresponding nitronate
complex. The complex formed by ditopic complexation of the
glutarate bis-TBA salt by bis-thiourea 3 (K,=11000m")¥
also showed increased association strength relative to similar
nitronate complexes. This decrease in binding affinity from
carboxylate to nitronate is consistent with the lower nitronic
acid pK, that results from the greater dispersion of negative
charge over both oxygens and the a carbon.["”] The exothermic
nature of both nitronate and carboxylate complexes suggests
association is promoted by the formation of strong hydrogen
bonds in DMSO.

The negative charge on the nitronate is crucial for strong
association with hydrogen-bonding receptors. Similar NMR
titrations with guests that contain the charge neutral nitro
group did not show the changes in chemical shift indicative of
complexation. Furthermore, no binding was observed be-
tween bis-functional 1,3-dinitropropane and either bis-thio-
urea 3 or bis-guanidinium 6 in DMSO or acetonitrile. Kelly*!
has observed binding to nitro groups in extremely nonpolar
solvents such as carbon tetrachloride, but these are not

SEpvaty

N H H N
Ho b o M
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suitable in this instance due to the insolubility of receptors 3
and 6. In an attempt to gauge the association of the neutral
nitro group in an already chelated guest, the monoanion of
4-nitrobutyric acid was created by the addition of one
equivalent of TBA hydroxide. Addition of this substrate to
bis-guanidinium 6 bis-tetraphenylborate resulted in a biphasic
binding curve indicative of multiple binding equilibria as seen
for the complex 7, making the determination of the binding
data unreliable.

Receptor complexation and chemical reactivity: Deproton-
ation of a nitroalkane produces a nitronate functionality that
can be recognized by the hydrogen-bonding receptors above,
but also creates a chemically active group that can participate
in a wide variety of reactions. The success of other com-
pounds!'=3! that bring about changes in the enantioselective
reactions of nitronate suggests that the hydrogen-bonding
receptors above can modulate aspects of nitronate reactivity
through intermolecular association. One area of reactivity is
the ambident nature of the nitronate anion observed during
alkylation. The delocalization of negative charge on both
carbon and oxygen results in alkylation at both atoms. The
extent of each pathway is controlled by electrophile structure,
and oxygen alkylation occurs in most cases.') Association
with hydrogen-bonding receptors through the bidentate
interaction shown (1 and 2) should change both the electronic
and steric nature of nitronate oxygens, and as a result modify
their chemical reactivity.

Alkylation of 2-nitropropane with p-nitrobenzyl bromide
(Scheme 1) was chosen to investigate the effect of receptor

Q
:
ey
050 | o~ .

R +
OZN = )]\
13

product was obtained from the reaction of nitropropane and
p-nitrobenzyl chloride,l'”) and the aldol adduct was synthe-
sized from 2-nitropropane, 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), and commercially available p-nitrobenzaldehyde.l?!

In an effort to compare bimolecular association and
chemical reactivity, thiourea 1 and guanidinium 2 were em-
ployed in this study. When thiourea 1 was used an equal
amount of potassium tert-butoxide was required to form the
nitronate in situ. Guanidine 14 (Scheme 2), on the other hand,

\%
N
|

Scheme 2. Formation of receptor—nitronate complex.

functions both to deprotonate the nitroalkane and to form
guanidinium receptor 2, which subsequently complexes the
resulting nitronate (Scheme 2). Excess nitronate (1.3 equiv)
was used in each case to ensure complete consumption of the
halide in the presence of the competing nitroaldol reaction.
All reactions were undertaken in DMF to permit comparisons
with previous alkylation studies and to allow correlation with
association data; this avoided possible complications caused
by deprotonation of the acidic hydrogens of DMSO.

The NMR product ratios from the reaction of p-nitrobenzyl
bromide under various conditions are listed in Table 1.
Compounds 11 and 12 are both
oxygen alkylation products and
were combined into a single
value as a result of the variable

O

1 extent of the nitroaldol reac-

Z | Br )]\ tion. In the absence of any
ONT —_— * receptor in DMF, only 10%
8 carbon alkylation was ob-

Scheme 1. Reaction of p-nitrobenzyl bromide with the nitronate salt of 2-nitropropane.

complexation on ambident reactivity. This electrophile alkyl-
ates nitronate predominantly at the oxygen, but also produces
a small amount of carbon alkylate, and thus both pathways
can be observed.['”l Oxygen alkylation proceeds through Sy2
attack of the nitronate oxygen on the alkyl halide; this
produces an unstable nitronic ester 9, which rapidly decom-
poses into aldehyde 11 and acetone oxime 13. Additionally,
the resulting aldehyde 11 reacts with a second equivalent of
nitronate to form nitroaldol adduct 12. Carbon alkylation
occurs through a multistep radical chain mechanism to form
10.1%211 Changes in the alkylation ratio that occur with
receptor addition were easily determined by NMR analysis of
the resulting products 10—12, and the identity of each was
determined by independent synthesis. The carbon alkylation
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served. Addition of the weakly
coordinating thiourea receptor
increased carbon alkylation to
28%, and this increased to
40% when five equivalents of

12

Table 1. NMR product ratios from p-nitrobenzyl bromide alkylation of
2-nitropropane.

Base Solvent  C Alkylation [%] O Alkylation [%]
none KOmBu DMF 10 90
1(1equiv) KOrBu DMF 28 72
1 (5equiv) KOrBu DMF 40 60
2 14 DMF 42 58
2 14 CH,Cl, 77 23
2 14 THF 82 18

receptor were added. Guanidinium 2, which displays stronger
association than thiourea 1, also produced increased carbon
alkylation. In polar DMF, 42% carbon alkylation was
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observed, but this propensity
increased further when the re-
action was performed in non-
polar solvents. When the iden-
tical reaction was performed in
dichloromethane, 77 % carbon
alkylation was observed, which
increased to 82 % when tetrahydrofuran was used as a solvent.
Control reactions with no receptor in nonpolar conditions
(and binding experiments) proved impossible as a result of the
insolubility of uncomplexed nitronate salts in these solvents.

In addition to being dependent on receptor binding
strength and solvent, product ratios are also concentration
dependent. Various concentrations of p-nitrobenzyl bromide
were allowed to react with a twofold excess of the guanidi-
nium —nitronate complex formed in Scheme 2. As the con-
centration of reactants increased, so did the ratio of carbon
alkylation observed (Table 2). Similar experiments with no
receptor showed no dependence on concentration over the

Table 2. Alkylation of 2-nitropropane by p-nitrobenzyl bromide in the
presence of guanidinium receptor 2 in DMF.

Halide [mM]  Nitronate [mM]  C Alkylation [%] O Alkylation [%]
200 400 53 47
150 300 42 58
100 200 39 61
40 80 30 70
25 50 13 87

same range. The resulting alkylation ratios indicated that the
more concentrated solutions favor carbon alkylation, which
increases by 40 % over the given concentration range.

This reversal in ambident reactivity correlates with the
strength of receptor complexation. Increased carbon alkyl-
ation is observed in solvents that promote stronger complex
formation and in solutions that are highly concentrated or
contain excess receptor; in each case, nitronate binding by the
receptor is favored. As nitronate is more tightly complexed by
receptor, the percentage of carbon alkylation rises, and this
indicates the direct role of receptor complexation in the
change in ambident reactivity.

Kinetic analysis of nitronate alkylation: Further insight into
the source of receptor-induced changes in ambident reactivity
was gained through kinetic analysis of the alkylation reac-
tion.[”l After addition of the halide to the nitronate/receptor
solution, aliquots of the reaction mixture were removed at
regular intervals and quenched by addition to aqueous
hydrobromic acid. Changes in the order of addition of starting
materials did not alter the resulting kinetic profile. The
reaction products were analyzed from NMR product ratios as
before, with the additional observation of two minor reaction
products, p-nitrobenzyl alcohol and p-nitrobenzoic acid.

The production of p-nitrobenzyl alcohol 15 (Scheme 3)
from nitronate alkylation was not observed during the
alkylation reactions above, and occurred only when the
incomplete reaction was quenched by acid. After the reaction
was complete (>10 min), no alcohol was formed from acid

2452
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15

Scheme 3. Formation of p-nitrobenzyl alcohol.

quenching. This suggests that the product arises from
hydrolysis of the protonated nitronic ester intermediate 9
formed under acidic conditions (Scheme 3). Additionally,
treatment of p-nitrobenzyl bromide under identical acidic
conditions without the presence of the nitronate resulted in
the recovery of only starting material, and this excluded the
possibility of hydrolysis without the involvement of the
nitronic acid intermediate.

The formation of a small amount of nitrobenzoic acid was
also observed. This side product was presumed to form from
the reaction of p-nitrobenzaldehyde 11 with an additional
equivalent of nitronate. Typically aldehydes react with the
carbon atom of nitronates through the nitroaldol reaction as
in Scheme 1. This pathway was observed in the production of
2-methyl-2-nitro-1-(p-nitrophenyl)propanol (12) in an 87 %
yield from the reaction of p-nitrobenzaldehyde, 2-nitropro-
pane, and a catalytic amount of DBU in THF. A similar
reaction of p-nitrobenzaldehyde 11 with the lithium salt of
2-nitropropane in DMF, however, produces p-nitrobenzoic
acid in 73 % yield. This alternate product is thought to arise
from the reaction of the aldehyde with the oxygen of nitronate
and subsequent oxidation—reduction; this is reminiscent of
the mechanism of aldehyde formation in Scheme 1. As
nitronic ester 9 can undergo internal oxidation—reduction to
form aldehyde 11,17 the aldehyde —nitronate adduct may
form p-nitrobenzoic acid through a similar mechanism.
Curiously, only p-nitrobenzaldehyde produced acid products;
under identical conditions, all other aldehydes tested pro-
duced only nitro-aldol products. The nitroaldol reaction is
reversible, and presumably the equilibrium is shifted by the
irreversible acid formation that occurs only with this activated
aldehyde.

A kinetic profile of the nitronate alkylation was obtained by
periodic removal of aliquots of the reaction mixture, which
were quenched with aqueous hydrobromic acid. Products
were isolated by dichloromethane extraction, and the alkyl-
ation ratios were determined from NMR analysis of product
mixtures. Results are displayed as a percentage of reaction
products versus time; halide is consumed, and both oxygen
and carbon alkylation products are formed. Aldehyde 11,
alcohol 15, and nitroaldol 12 products are included in the total
oxygen alkylation percentage. A moderate p-nitrobenzyl
bromide concentration (40mMm) was chosen to allow visual-
ization of both alkylation pathways in the NMR spectra, and
reaction times were less than four minutes to minimize
formation of p-nitrobenzoic acid.

Reaction in the absence of receptor produced the kinetic
profile shown in Figure 2A. Nitrobenzyl bromide (o), which
reacted with the lithium salt of 2-nitropropane in DMF, was
consumed inside four minutes with concomitant production of
oxygen alkylation (m) and carbon alkylation (o) products. As
seen in previous results, oxygen alkylation predominated. A

0947-6539/00/0613-2452 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 13





Nitronate Anion Recognition

2449-2455

A 100f &
g Eo
£ sof
€ ro " n - n
é 6o . Ll
5 r .
(%] L
g 401 !
5] [ oo .0 ---0
2 ro .o -
$ 20 . &
1< L o N
& Eoe ..
T AN . 48 S A
0 40 80 120 160 200 240
t/s
B -
100F
° E
5 N
X sor
€ L
g |-
§ 60:_ .'_. - - " ™
3 C . - o
- 4f W o5 o---0 ©
o r , . .
< [ ’ .
8 20 - Q
) r .o )
o Co. LI
(s NI I SR S0 W 40
0 40 80 120 160 200 240
t/s
c _
100
e F e
g€ s8of ‘»
€ L :
r *
S 6oF . o9 -0
S r .
s r .
= 40+ — .|
5 N 9 u =
5 20f -
8 o e
S . e .
0b0 0 e
0 40 80 120 160 200 240
t/s

Figure 2. Reaction kinetics. A) No host in DMF. B) Guanidinium 2 in
DMF. C) Guanidinium 2 in THF. Nitrobenzyl bromide (o), oxygen
alkylation (m), and carbon alkylation (0). All reactions are performed at
25°C.

small change in the kinetic profile was observed when
guanidine 14 was used to create the receptor-nitronate
complex as in Scheme 2. Alkylation with p-nitrobenzyl
bromide in the presence of guanidinium 2 in DMF (Fig-
ure 2B) proceeds with a slightly reduced rate of halide
consumption (e) coupled with a greater production of the
carbon alkylation products (o).

When the reaction solvent was changed to tetrahydrofuran
(THF), stronger host—guest association resulted, and a new
kinetic profile was observed, shown in Figure 2C. The
consumption of starting material no longer followed the
exponential decay seen previously in DMF; instead there was
an initial slow reaction followed by a fast depletion of halide.
New trends were seen in the percentage of alkylation products
as well. Oxygen alkylation proceeded during the slow phase
but leveled during the subsequent fast reaction. Carbon

Chem. Eur. J. 2000, 6, No. 13
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alkylation, by contrast, was nominal during the slow initial
phase, but rapidly approached the final amount during the fast
reaction. It follows that the initial slow reaction is primarily
due to oxygen alkylation, while the secondary fast reaction
produces mainly carbon alkylation.

Rate constants for the three kinetic profiles were deter-
mined to quantify the effect of receptor complexation on the
progress of nitronate alkylation. In each case, alkylation
follows second-order kinetics with regard to the consumption
of halide and nitronate. The concentration of p-nitrobenzyl
bromide was determined directly from NMR product analysis,
while nitronate concentration was inferred from the decreases
that occur from both alkylation pathways as well as nitroaldol
formation. Rate constants determined from this data (Ta-
ble 3) indicate a slight decrease in the rate of reaction with the
addition of the guanidinium receptor in DMF, with a more
significant rate decrease observed in THF.

Table 3. Second-order rate constants for reactions in Figure 2.

Figure 2 Receptor Solvent k [M~'sec™!]
A none DMF 8.1x1073
B 2 DMF 7.0 x 1073
C 2 THF 1.2x1073

The delicate balance between the rates of oxygen alkylation
and carbon alkylation was further demonstrated by reactions
at lower temperature. Kinetic analysis at 0 °C showed a slower
consumption of halide, complete only after ten minutes, with
minimal carbon alkylation (<10%). Once again, addition of
receptor 2 reduced the reaction rate further, but in this
instance no carbon alkylate was formed. In both cases, the
initial consumption of starting materials demonstrated sec-
ond-order kinetics, with rate constants 0.072M !'sec~! with no
receptor and 0.032m~'sec”! with added receptor 15. The
reduction in the overall rate of reaction without an increase
in carbon alkylation suggests the intrinsic rate of carbon
alkylation at 0°C is too small to be drastically affected by
receptor complexation. While association reduces the rate of
oxygen alkylation, the inherent rate of carbon alkylation is
too low to compete, even though association slows the oxygen
alkylation pathway.

Previous analysis of nitronate alkylation demonstrated a
dependence between product ratios and leaving group.!
More active leaving groups produced mainly oxygen alkyl-
ation, while less reactive leaving groups produced carbon
alkylation. Determination of rate constants from product
ratios indicated that the rate of oxygen alkylation was highly
sensitive to reaction conditions, while the rate of carbon
alkylation was largely invariant. A similar mechanism may
also pertain to the effect of receptor complexation. Nitronate
oxygen nucleophilicity should be reduced by the formation of
hydrogen bonds, and this results in a decrease in the rate of
oxygen alkylation. The role of association in the carbon
alkylation pathway is as yet unclear. This increase in carbon
alkylation with concomitant reduction in the overall rate of
halide depletion resembles the effect of the leaving group, and
this suggests association reduces the rate of oxygen alkylation
such that the carbon alkylation pathway predominates.
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Widespread use of receptor association to alter the
ambident nature of the nitronate nucleophile is limited,
however. The electrophile chosen in this study inherently
produces some carbon alkylate, whereas most do not.[”
Application of these receptors to unsubstituted benzyl halides
failed to significantly change the ratio of products formed.
Presumably the carbon alkylation pathway is just too slow to
compete even with receptor assistance, and this limits the
synthetic generality of this approach. Receptor complexation
is most effective when the competing rates of reaction are
initially close, and association shifts the reaction from one
pathway to another.

In summary, simple hydrogen-bonding receptors formed
complexes with nitronate anions in DMSO; the binding of
guanidinium receptors is stronger than that for thiourea
receptors. The exothermic nature of this association suggests
the strong bidentate hydrogen-bonding interaction previously
seen in crystal structures. This complexation resulted in a
change in the ambident nature of the nitronate nucleophile in
the reaction with p-nitrobenzyl bromide, and stronger com-
plexation produced a shift from oxygen alkylation to carbon
alkylation. Kinetic analysis suggested hydrogen bonding
reduced the rate of oxygen alkylation such that carbon
alkylation predominated. The effect of receptor binding on
other aspects of nitronate reactivity remains to be deter-
mined.

Experimental Section

Determination of association by NMR titration: An array (10) of solutions
was prepared that contained nitroalkane and receptor in DMSO. Nitro-
alkane concentration was held constant (typically 1mMm), and receptor
concentration varied from 0-10 equivalents. Nitronate complexes were
formed by the addition of one equivalent of tetrabutylammonium
hydroxide in DMSO for monoanions and two equivalents for dianions.
After this was allowed to equilibrate for several minutes, NMR spectra
were acquired. The changes in chemical shifts for nitronate protons were
plotted as a binding isotherm and modeled with nonlinear least squares
regression analysis to determine association constants.['%)

Isothermal titration calorimetry: An isothermal titration calorimeter from
Microcal (Northampton, Mass.) was used in this study.l"! A solution (5 mm)
of guanidinium 2 tetraphenylborate salt was placed in the sample cell. As
the lithium salt of 2-nitropropane was added in a series of fifty injections
(5 pL), the heat that evolved was recorded. Heat produced from the
dilution of nitronate in DMSO was quantified in a second experiment and
subtracted from the binding data. The final curve was modeled using one-
site nonlinear regression analysis.'!l This analysis provided both an
association constant and enthalpy of association from a single curve fit.
Product analysis protocol: The compounds 2-nitropropane (0.50 g,
5.61mm) and p-nitrobenzyl bromide (0.30 g, 1.39mm) were dissolved in
the chosen solvent (10 mL). Base and receptor (1.80mm each) were added
as needed, and the solution was stirred for thirty minutes. The solution was
poured into dichloromethane (50 mL) and extracted with HBr (5 %), sat.
NaHCO; (aq), and water. The organic layer was dried with Na,SO, and
concentrated to dryness. Product ratios were determined by NMR
integration of the aldehyde proton of 11, the benzylmethine of 12, and
the methylene of 15.

Concentration dependence protocol: Solutions of p-nitrobenzyl bromide,
2-nitropropane, and bicyclic guanidine 14 in DMF were mixed such that
final halide concentrations were 200, 150, 100, 40, and 25mmMm, while
nitropropane and guanidine concentrations were twice that amount. In
each case, the halide was added last to ensure nitronate—guanidinium
equilibration. After being stirred for thirty minutes, the solution was
added to dichloromethane (50 mL) and quenched with aqueous HBr (5% ).
The organic layer was washed with sat. NaHCO; (aq), brine, and water,
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dried with Na,SO,, and then was concentrated to dryness under reduced
pressure. Product ratios were determined by NMR integration of the
aldehyde proton of 11, the benzylmethine of 12, and the methylene of 15.

Kinetic protocol:*

No receptor: The lithium salt of 2-nitropropane (95 mg, 1.00mm) was
dissolved in DMF (7.5 mL). A second solution was prepared that contained
p-nitrobenzyl bromide (108 mg, 0.50mm) in solvent (5 mL). As the two
solutions were added, a stopwatch was started upon half addition. At
specific intervals, ~0.5 mL was removed and immediately poured into a
separatory funnel with dichloromethane (10 mL) and aqueous HBr (5%,
20 mL). The organic layer was separated, washed with brine to remove
DMF, dried with Na,SO,, and concentrated to dryness.

With receptor: The compounds 2-nitropropane and guanidine 14 were
mixed in reaction solvent (7.5 mL, DMF or THF) and allowed to stand for
5 min. p-Nitrobenzyl bromide solution (5 mL) was added, and the reaction
proceeded as above. Changes in the order of addition resulted in no
distinguishable changes in the kinetic profiles.

Synthesis:

Lithium salt of 2-nitropropane:® Lithium wire (0.36 g, 51.86mm) was
slowly added to absolute ethanol (100 mL) at 0°C. This was stirred for one
hour, or until the wire was completely consumed, and a homogeneous
solution remained. The compound 2-nitropropane (9.30 g, 104.5mm) was
added, and the solution was stirred for eight hours and allowed to warm to
room temperature. After the volume of the solution was reduced (to
25 mL) under reduced pressure, diethyl ether (200 mL) was added; this
resulted in the formation of a white precipitate. This was collected by
filtration and washed with diethyl ether. Remaining solvent was removed
under high vacuum to yield a white powder (4.73 g, 96%). 'H NMR
(300 MHz, [D¢]DMSO): 6 =1.80 (s); *C NMR (75 MHz, [D¢]DMSO): 6 =
111.0 (s), 18.3 (q); C;H(LINO,-H,0 (113.04): caled C 31.88, H 713, N
12.39; found C 31.90, H 7.11, N 12.36.

2-(p-Nitrobenzyl)-2-nitropropane (10): p-Nitrobenzyl chloride (0.10 g,
0.58 mm) was dissolved in DMF (10 mL). The lithium salt of 2-nitropropane
(0.11 g, 1.16mm) was added, and this resulted in an immediate red color.
After being stirred for eight hours, the solution was poured into HCI (10 %,
100 mL) and washed twice with dichloromethane. The combined organic
layers were washed several times with water, once with brine, dried with
Na,SO,, and concentrated to dryness. A yellow oil remained (0.11 g, 83 %).
'"H NMR (300 MHz, CDCl;): 6 =8.06 (d, J=7.7 Hz, 2H; Ar), 721 (d, J=
7.7 Hz, 2H; Ar), 3.24 (s, 2H; CH,), 1.53 (s, 6H; CHj;); *C NMR (75 MHz,
CDCly): 0 =1474, 142.4, 130.9, 123.6, 88.2, 46.0, 25.6; MS (EI): m/z (%):
C,oH,N,O,: caled 224.0797; found 224.0786; C,(H,N,O, (224.22): caled C
53.57, H 5.39, N 12.49; found C 54.09, H 5.37, N 11.96.

2-Methyl-2-nitro-1-(p-nitrophenyl)propanol (12): p-Nitro-benzaldehyde
(0.50 g, 3.31mMm) and 2-nitropropane (0.60 g, 6.73mm) were dissolved in
THF (30 mL). 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) (0.10 g, 0.72mwm)
was added, and this resulted in an immediate yellow color. After being
stirred for four hours, the solvent was removed under reduced pressure, and
the residue was partitioned between dichloromethane and HCI (10 % ). The
organic layer was washed with water, dried with Na,SO,, and concentrated
to dryness. The residue was triturated with diethyl ether to yield a yellow
solid (0.69 g, 87 %). 'H NMR (300 MHz, CDCl,): 6 =8.23 (d, /=8.5 Hz,
2H; Ar), 758 (d,J=8.5Hz,2H; Ar),5.44 (s, 1H; CH), 1.58 (s, 3H), 1.48 (s,
3H); MS (EI): m/z (%): C,\H,NO; [M —NO,]: caled 194.0817; found
194.0816; C,,H;,N,O5 (240.22): caled C 50.00, H 5.03, N 11.66; found C
50.57, H 5.04, N 11.24.

Oxidation of p-nitrobenzaldehyde to p-nitrobenzoic acid: p-Nitrobenzalde-
hyde (0.50 g, 3.31mm) was dissolved in DMF (20 mL). Addition of the
lithium salt of 2-nitropropane (0.63 g, 6.63mm) immediately resulted in a
red color. After this was stirred for four hours, the solution was poured into
HCI (10 %, 100 mL). This cloudy solution was washed twice with dichloro-
methane, and the combined organic fractions were washed twice with water
and once with brine. The organic solution was extracted with sat. NaHCO,
(50 mL). The basic aqueous layer was removed and acidified with HCI
before it was extracted with dichloromethane. This organic layer was dried
with Na,SO, and concentrated to dryness to yield a tan solid (0.40 g, 73 %).
'"H NMR (300 MHz, CDCL): 6=8.29 (d, /=89 Hz, 2H), 823 (d, J=
8.9 Hz, 2H); C;H;NO, (167.12): caled C 50.31, H 3.02, N 8.38; found C
50.37, H 2.99, N 8.40.
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Electrostatic Core Shielding in Dendritic Polyglutamic Porphyrins

Sergei A. Vinogradov* and David F. Wilson!?!

Abstract: Polyglutamic dendritic por-
phyrins of the general formula H,Poph-
GIluMOR (H,Porph = free-base meso-tet-
ra-4-carboxyphenylporphyrin (H,TCPP),
Glu=dendrimer layer composed of L-
glutamates, N=1-3: dendrimer gener-
ation number, R =terminal group (All,
H)) were synthesized and characterized
with NMR and MALDI-TOF mass

mono-protonation constant, measured
by fluorescence rationing, increased mo-
notonously in the studied series of
dendrimers (pK;=06.31, 6.70, and 6.98,
for N=1, 2, 3, respectively). For the
largest dendrimer, H,PorphGlu’OH,
pK; was found shifted by almost two
pH units relative to the non-modified
H,Porph. The second protonation con-

stant (K,) was much less affected by the
dendritic substituents. At pH values less
than 3.5 there were noticeable changes
in fluorescence intensity and quantum
yield even for the highly soluble
H,PorphGIu’OH. This suggests that in-
teractions between individual dendritic
molecules in solution are favored by full
protonation of the peripheral glutamic

spectroscopy. The free-acid terminated
compounds were found to be highly
soluble in water, with both their absorp-
tion and fluorescence spectra dependent
on pH. The value of the porphyrin

Introduction

There has been a substantial body of work reported over the
past decade on so called “functional dendrimers”.ll These are
dendritic polymers carrying a fragment designed to perform a
range of specific functions, such as absorbing light and passing
energy and/or a charge onto another molecule, catalyzing a
chemical transformation, or forming a complex with a chosen
ligand. Dendrimers with porphyrin cores?'%l make up an
important group of functional dendrimers. These are inter-
esting because of their close structural and functional
relationship with heme containing proteins, 4 their enhanced
catalytic selectivity,”) unusual interactions with other mole-
cules® and outstanding electro- and photochemical proper-
ties.”® In addition, due to the unique control, which
dendrimers provide over the porphyrin microenvironment,
dendrimer — porphyrins have one more area of use, namely the
optical probing of small molecules.

Recently, we reported a series of dendritic polyglutamic
Pd—porphyrins, designed for O, sensing by phosphorescence
quenching.l'”! The shielding effect of the dendritic cages,

[a] Dr. S. A. Vinogradov, Prof. D. F. Wilson
Department of Biochemistry and Biophysics
School of Medicine, University of Pennsylvania
Philadelphia, PA 19104 (USA)

Fax: (+1)215-573-3787
E-mail: vinograd@mail.med.upenn.edu

Q Supporting information for this contribution is available on the WWW
under http://www.wiley-vch.de/home/chemistry/
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carboxyls. The “dendrimer-protected”
porphyrins are convenient fluorescent
pH sensors in the biological pH range.

fluores-

monitored through the interactions of the triplet state
porphyrins with O,, was found to be dependent on solvent
polarity. Our interpretation of the phenomenon involved
solvent-dependent conformational changes in the dendrimer
body. In addition to the dendrimer conformation per se, the
properties of the core itself and/or its accessibility to the
quencher can also be influenced by the peripheral charge on
the dendrimer. Electrostatic shielding has been previously
demonstrated by cyclic voltammetry in Zn and Fe polyether
amide dendrimer - porphyrins.“2< It also has been shown that
interactions between a negatively charged surface and a
positively charged quencher of relatively large size (e.g.,
methylviologen di-cation) facilitated fluorescence quenching
in the series of Zn polyarylether dendritic porphyrins,
presumably through dendrimer conducted electron trans-
fer.’2l The recent photo-physical data for the series of
dendritic [Ru(bpy);]** complexes also confirmed that quench-
ing patterns are strongly dependent on the charge of the
quencher and the surface charge of the dendritic shell.l']

To investigate the effect of a peripheral charge on the
central core moiety, we studied the N-protonation of free-base
porphyrins, encapsulated inside polyglutamic dendrimers of
three different sizes, and consequently surrounded by differ-
ent amounts of negatively charged carboxyls. Both absorp-
tion and fluorescent spectra of free-base porphyrins change
significantly upon imine N-protonation.['”l Herein we report
pH titrations in the series of dendritic polyglutamic por-
phyrins, as measured by absorption and fluorescence spectro-

scopy.
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Experimental Section

The synthesis of all the dendrimers described in this paper has been exactly
the same as in our previous work,'®! excepting only the use of free-base
meso-tetra-4-carboxyphenylporphyrin (H,TCPP) as an initiator-core in-
stead of its Pd-complex. Thus, all the materials and methods are identical to
those used in ref.l'® H,TCPP was prepared by hydrolysis (NaOH/aqueous
methanol) of the corresponding tetramethyl ester, meso-tetra-4-methyl-
carboxyphenylporphyrin (H,TMCPP). The latter was synthesized by the
standard condensation of pyrrole (Aldrich) with terephthalaldehydic acid
methyl ester (TCI America), following the previously published method!"?!
(also seel'® for details).

All the instrumentation used in this work has been described in detail
elsewhere.['™ UV/Vis absorption spectra and fluorescence spectra were
recorded on Beckman DU-64 spectrophotometer and on SPF-500C
spectrofluorometer (SLM Instruments, Inc., USA). To obtain a series of
samples for spectrophotometric pH titration a small amount of the material
(dendritic porphyrin) was dissolved in 50mm Na,HPO, solution (300 mL)
at pH ~11. The absorbance of the solution (1 cm cuvette) at a maximum of
the Soret band was kept at <0.4. Thus, absorbance in the region of a-96
bands was always below 0.05. The small aliquots (~2-3 mL) of solution
with the pH adjusted by addition of conc. aq. HCl were stored in glass
tubes. The same sets of samples were used for the measurements of both
absorption and fluorescence.

The fluorescence quantum yields were obtained by comparing the integrals
of the corrected emission spectra with those of free-base meso-tetraphe-
nylporphyrin (H,TPP) in benzene. The spectra were normalized by the
optical density of the samples at the excitation wavelength, relative photon
intensity of the source and quantum efficiency of the detector (Hamamatsu
R928 PMT) throughout the entire emission range. The reported quantum
yield value for H,TPP in C¢Hj is 11 %.['4]

Results and Discussion

Synthesis of dendrimers with the general formula H,Porph-
GIuMOR, where H,Porph =H,-meso-tetra-4-carboxyphenyl-
porphyrin (H,TCPP), Glu = dendrimer layer composed of L-
glutamates, N =1-3: dendrimer generation number, and R =
allyl, H: terminal group, was performed according to the
scheme previously employed in the synthesis of the corre-
sponding Pd-complexes.'® All allyl-esters (1 a, 2a, and 3a)
were purified using chromatography on silica gel. The acid-
terminated porphyrin—dendrimers changed to a deep green
upon acidification of water solutions. While H,PorphGlu'OH
(1) and H,PorphGIu?0OH (2) were collected by precipitation
and subsequent filtration, dendrimer H,PorphGlu*H (3) had
to be dialyzed against distilled water and isolated by freeze
drying because of its almost unlimited solubility in water even
under highly acidic conditions.

The structural formulas of the synthesized dendrimer-—
porphyrins are shown on Figure 1. The structures were
confirmed by 'H-, ®C-NMR, and MALDI-TOF mass spec-
troscopy. Both NMR and mass spectra are very similar to
those of Pd-complexes. The latter were discussed in detail
elsewhere.['%]

Absorption spectroscopy: The absorption spectroscopy data
are summarized in Table 1. It has been shown previously that
in the series of polyarylether dendritic Zn-porphyrins the
Soret absorption maximum becomes progressively red-shifted
with an increase in dendrimer size.’* Similarly, small
(~1.5 nm) but reproducible shifts were detected in the series
H,PorphGIu¥OR (N =1-3) in both H,O and organic solvents
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WAL

Figure 1. Structural formulae of the synthesized dendrimer—porphyrins.
The same polyglutamic dendrons are attached to all four phenyl rings of the
core-porphyrin. The table shows molecular weights, number of the terminal
carboxyl groups, and total number of glutamates per molecule.

Table 1. Absorption data of H,PorphGIlu¥OR.

Generation R Solvent Soret Visible bands
(4, nm) (4, nm)
Me CH,Cl, 418 514.5, 547, 590, 647.5
N=0 Me DMF 418 513, 547, 591, 647
OH DMF 418 514, 548, 591, 647
OH H,O 414 515, 553, 580, 634
OH H,O/TFA 4690 -

All CH,Cl, 418 515, 547.5, 591.5, 647

N=1 All DMF 418 514, 547, 591, 647
OH DMF 418 513.5, 547, 590, 647
OH H,O 414 515.5, 553, 580, 635
OH H,O/HCI 435; 453001 648, 664,11 69511
All CH,Cl, 418.5 515, 548, 592, 647

N=2 All DMF 418.5 514, 547, 591, 647
OH DMF 419 514, 548, 591, 647
OH H,O 414.5 516, 553, 580, 637
OH H,O/HCI 436.5, 46091 650, 664
All CH,Cl, 419.5 515.5, 550, 592, 647.5

N=3 All DMF 419.5 515, 548, 590, 648
OH H,O 415.5 516, 554, 583, 637

OH H,O/HCI 438, 4411 650, 6571

[a] Ref. [17b]. [b] Assigned to the aggregates formed upon acidification.
[c] “Shoulder” with approximate position of the maximum. [d] Hypo-
thetical assemblies between the dendrimers.

(CH,CIl, and DMF); this indicates a rather open architecture
of the dendritic branches. In these dendrimers the branches
were attached to the para-positions of meso-phenyl substitu-
ents on the porphyrin. For this type of substitution in
polyarylether dendrimers the architecture was still considered
“semiclosed” even for the higher generations (N = 5).[

To demonstrate how the increasing size of a polyglutamic
dendrimer alters the properties of the encapsulated porphyrin
we studied the pH dependence of the absorption spectra in
the H,PorphGIluMOH series. Upon addition of acid, the
spectra of meso-phenyl substituted porphyrins obtain a typical
“two” Q-band pattern, consistent with the increase in
molecular symmetry up to D, in di-protonated form
(Scheme 1).015 161
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Scheme 1.

The Soret peaks of di-protonated porphyrins are shifted
about 30 nm to the red. For porphyrins with negatively
charged groups on the periphery, such as meso-para-tetrasul-
fonatophenyl porphyrin (H,TSPP) or H,TCPP, a further red
shift occurs with higher acidity, which has been attributed to
the formation of the stabilized intermolecular aggregates (see,
for example, ref.'7 18 and references therein).

In the H,PorphGlu¥OH (N =1-3) series, N-protonation
caused similar spectral changes, however, these occurred at
different pH values, depending on the dendrimer size.
Selected absorption spectra of H,PorphGlu¥OH are shown
in Figure 2.

A -0.15
15/
pH= 3-92\S pH=3.46
/ ‘/ﬁ

_ ™ pH =2.94]
5 10l p 0.10
o
[0}
5
g 05 7 L0.05
2
<

L _pH=191 [§ A
ko< pH=267 | %,

Absorbance (OD)

Absorbance (OD)

0.00

Figure 2. Changes in the electronic absorption spectra in H,PorphGlu"-
OH-series of dendrimers, induced by N-protonation. Arrows (shown above
the corresponding Soret peaks) indicate the directions of the spectral
changes upon gradual acidification, from maximal to minimal pH values.
Dashed lines show the spectra of the intermolecular aggregates.
A) H,PorphGlu!OH (N=1) (1). B)H,PorphGlu’OH (N=2) (2).
C) H,PorphGIu*OH (N =3) (3).

N-protonation bathochromically shifts Soret bands of all
the studied dendrimer—porphyrins. Confirmed by the flor-
escence data (vide infra), formation of the porphyrin mono-
cations is complete before water solubility becomes low
enough to cause aggregation. This holds true even for the
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smallest, least soluble dendrimer H,PorphGlu'OH (1). Ag-
gregation of compound 1 starts at a critical pH 4.6-4.7
(Figure 2, A), whereas a significant peak at 435 nm, which is
due to its di-protonated form (H,PorphGlu'OH)?*, is readily
seen by pH4.0. At pH4.59 this band reaches maximal
intensity, but even at maximum it is only half the size of the
peak at 414 nm (rys414=0.5), originated from the non-
protonated form. The critical pH value of the H,Porph-
Glu’OH (2) aggregation is lower, 3.0-3.2 (Figure 2, B), and
more of the di-protonated but not yet aggregated porphyrin
remains in solution (74544 = 0.85). It is seen from Figure 2 that
for the generation 3 dendrimer, H,PorphGlu*OH (3), inter-
molecular interactions do not affect the absorption spectra
until pH is very acidic (pH =~ 0.01).

Notably, the difference between Soret maxima of the
smallest (N=1) and the largest (N=3) dendrimers in the
series is bigger for the protonated forms (H,PorphGlu¥OH)?*
(Asore™™> = Agored™' ~2.5nm) than for the non-protonated
ones (Asore¥ > — Asore™ ! & 1.5 nm). Assuming that such differ-
ences are due to alterations in the porphyrin microenviron-
ment, this suggests that at a lower pH, dendrimers form more
dense structures around the core. A formed hydrophobic
matrix offers stronger “protection” to the porphyrin. The
corresponding pH dependence was observed for O, quench-
ing rates of PdPorphGlu*OH in H,O.[%

Our experiments were carried out in buffered water
solutions, with pH gradually adjusted by the addition of
HCI. Upon increasing acidification, solutions of 1 and 2
eventually became opalescent and then precipitation occur-
red. There was also a noticeable decrease in the fluorescence
intensity (vide infra) of the acidic samples; this suggests
formation of intermolecular aggregates. Prior to precipitation,
the acidification of both 1 and 2 caused the appearance of red-
shifted bands, very similar to those described previously for
the aggregated H*TCPP.' These bands were attributed to
the J-type aggregates, common to the protonated meso-
tetraarylporphyrins, for example H,>*TCPP, H,>*TSPP, and to
other porphyrins as well.'”) However, in our case the
porphyrins with one or two dendritic glutamic layers were
less likely to form such structures due to the simple steric
considerations.

The longer wavelength bands at 460 and 664 nm were not
found in the spectra of the generation 3 dendrimer, H,Porph-
GIu*OH (3). This compound remained soluble throughout the
entire pH range, and it was possible to titrate its solutions to
very acidic pH values (pH ~ 0.01). It is under such extremely
acidic conditions that the red-shifted Soret and Q-bands were
observed in the spectra of HZ*TCPP (in 10 vol.% of
CF,COOH).l'® Upon acidification of 3 (pH ~0.01) the Soret
peak (438.5 nm) shifted to the red (=442 nm), and an even
larger shift, from 650 nm to 657 nm, was observed in the
Q-band (Figure 2, C). The J-type porphyrin aggregation is
impossible in the case of dendrimer 3. Thus, bathochromic
shifts as well as the decreased fluorescence intensity (vide
infra) must be due to some longer-range interactions between
the porphyrin chromophors. Such interactions through the
dendrimer network have been previously proposed in the
literature.”?l Under highly acidic conditions all peripheral
carboxyls of polyglutamates are protonated.?’ The lack of
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repulsion between the negative charges allows the polygluta-
mic branches to fold into a denser structure around the
porphyrin, and also favors formation of intermolecular
assemblies between the dendrimers. As a result, at acidic
pHs the actual distance between porphyrins in aggregates
becomes shorter and the dendrimer separating them becomes
more dense and consequently more conductive. Both factors
could lead to an increased self-quenching of fluorescence.

Fluorescence spectroscopy: The fluorescence spectra of
H,PorphGIuYOH (N =1, 2) are shown in Figure 3, and the
corresponding positions of the emission maxima are summar-
ized in Table 2. The same sets of samples were used for both
absorption and fluorescence measurements. In order to avoid
signal saturation due to the excessive absorption of the
excitation light, the excitation was carried out at 485 nm, a
region well separated from both Soret peaks.

REIN |

Rel. Int.

600 700 800 600 700 800

Figure 3. Uncorrected emission spectra of A) H,PorphGlu'OH (N=1)
(1), and B) H,PorphGIlu>’OH (N=2) (2), resulting from excitation at
485 nm. The arrows indicate the directions of the spectral changes
occurring upon decrease of pH. Dashed lines show spectra of aggregates.

Table 2. Fluorescence data of H,PorphGlu”OH in water solutions.

Genera- Excitation Free-base Protonated di-acid

tion (nm) H,PorphGIlu¥OH  (H,PorphGlu¥OH)dendrimer**
(4, nm) (4, nm)
N=1 485 646, 702 682, 6800
N=2 485 647,703 682, 6800
N=3 415 609,°1 650, 701 -
440 - 680
485 652,703 683, 6971l

[a] Assigned to the aggregates formed upon acidification. [b] Assigned to
the mono-protonated form (H;PorphGlu*OH)*. [c] Hypothetical assem-
blies between dendrimers.

The fluorescence spectra of non-protonated dendrimer—
porphyrins have a classical pattern, namely two bands,
symmetrical to the corresponding absorptions.'] The larger
band (Q(0,0)) moves almost 5 nm to the red from 646 (N=1)
to 651 (N=3), which is consistent with the trend in the
absorption spectra (vide supra). Diprotonation induces
the merge of Q(0,0) and Q(1,0) bands, reflecting a
D,, to D, symmetry transition in the core porphyrins.
The peak, corresponding to the di-protonated form
(H,PorphGluMOH)*, is located at 681-682 nm in all of the
compounds in the series (N =1-3).

The aggregation caused a substantial decrease in the
fluorescence intensity in 1 and 2 after pH reached the values

Chem. Eur. J. 2000, 6, No. 13
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of 4.59 and 4.11, respectively. This decrease was clearly
observed despite the fact that the intensity of absorption at
the excitation wavelength (485 nm) increased due to the “red
migration” of the Soret bands. As a result, the second
protonation constant K, (Scheme 1) could not be measured
for 1 or for 2 without special solubilizing agents.['”™ However,
the mono-protonation constant, K3, could be determined for
the entire series of dendrimers using fluorescence rationing.
For 1 there was a clear isosbestic point at 630 nm, while the
band at 703 nm underwent rapid change with pH in the range
of protonation. Therefore, the ratio of emission intensities at
these two wavelengths seemed an appropriate indicator for
the transition. Figure 4 shows the corresponding plots (Z3¢/ 73
versus pH) for all three dendrimers.

2.5+

2.0 oA

;o
4 ,.-‘ B H,PorphGlu'OH pK,"™" = 6.31
i @ H,PorphGIu’OH pK,"™ =6.70
A H,PorphGIu'OH pK,"™ = 6.98

Intensity Ratio (/s30/773)

0.5

pH

Figure 4. Fluorescence intensity ratios /I versus pH in H,PorphGlu®-
OH (N =1-3) series. The emission spectra are obtained from excitation at
485 nm. Lines show analytical fitting of the data to Henderson-Hasselbalch
curves with n =1, corresponding to the first N-protonation (K3).

The experimental data were fit to the Henderson — Hassel-
balch equation with n=1, confirming a single ionization
process. It is worth mentioning that for most meso-tetraphe-
nylporphyrins, pK; and pK, cannot be determined separately.
The measurements give (pK;+pK,) ~5 and non-integral
values for n.'% 2 In the series of dendrimer —porphyrins, pK;
gradually shifts alkaline (0.3-0.4 pH units per generation);
this suggests growing stabilization of the central positive
charge by the increasing negative charge on the dendrimer
periphery. Such a shift in pKj is another demonstration of the
electrostatic shielding effect, consistent with the reported
decrease in redox potentials in the series of dendritic Zn-
porphyrinsf<l,

Additional titrations were performed with the largest
dendrimer, 3, in order to evaluate the second ionization
constant K. In these experiments the emission was excited at
440 nm [Ag,, of di-protonated form (H,PorphGlu*OH)?**] and
at 418 nm (Ago,; Of non-protonated H,PorphGlu*OH). The
resulting spectra as well as the plots of fluorescence intensity
versus pH are shown on Figure 5 (A-D).

There is an additional small peak at 609 nm (Figure 5, A)
which rises upon acidification, reaches its maximum at pH of
about 6.15 and then disappears again. Most likely this
emission originated exclusively from mono-protonated por-
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Figure 5. Changes induced by N-protonation in the fluorescence spectra of
H,PorphGlu*OH (N =3) (3). The spectra were obtained using excitation at
A) 415 nm (insert shows the corresponding excitation spectrum for the
emission at 609 nm, pH 6.17), and B) 440 nm. The arrows indicate the
directions of the spectral changes with decrease of pH. The corresponding
plots of fluorescence intensity versus pH were measured at C) 701 nm; and
D) 680 nm. The solid lines indicate analytical Henderson—Hasselbalch
curves (n=1) for the first (K;) and the second (K,) porphyrin protonations
respectively. E) Fluorescence quantum yield of 3 versus pH. Fluorescence
was excited at 425 nm. Vertical dashed lines show pK,s of glutamic acid
(2.19 and 4.25) and of the porphyrin protonations (pK;=6.92 and pK,=
4.40). Horizontal lines correspond to the quantum yields of H,TPP in
aerated C,Hg (11%)!' and its di-cation H,TPP?* (18 %), formed upon
acidification with CF;COOH.

phyrin (H;PorphGlu*OH)*. This form was later identified by
the corresponding excitation spectra (Figure 5, A (insert);
Asoret = 424 nm, 15 =559 nm).

The fit of the first set of points (4., =418 nm, 4., =701 nm)
with n=1 curve (dashed line) (Figure 5, B) gave pK;=6.92
(£0.05), which was only slightly different from the value
obtained in the previous titration (pK;=6.98 +0.02). The
course of the second protonation (4., =440 nm, 4., = 680 nm)
(Figure 5, C), in the pH range of 6.2-3.5, could not be
followed to completion. However, the distortion of the curve
did not begin until pH ~3.85, and the first several points still
could be fit to the Henderson — Hasselbalch equation with n =
1 (dotted line), resulting in a pK, value of 4.4 (+0.03). Hence,
the difference between the pKs (pK; — pK, ~2.55) was found
more than one pH unit larger than typically obtained for
meso-phenyl substituted porphyrins (1.5 units).l' We think
that this is due to the alkaline shift in the constant K3, which
must be more affected by the dendritic environment around
the porphyrin than is K,. When the first protonation (K3)
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occurs, glutamic carboxyls are still ionized and their negative
charges result in a partial stabilization of the protonated core-
porphyrin. On the other hand, the second protonation (K,)
takes place in the same pH region as the protonation of the
peripheral carboxyls.?”) When dendritic branches are proto-
nated (uncharged), they no longer provide an electrostatic
shield, leaving the core-porphyrin to behave more like a free,
unprotected one.

The plot of the fluorescence intensity (Figure5 C, D)
appeared to be almost completely consistent with the pH
dependence of the fluorescence quantum yield (Figure 5, E).
The latter was determined in the solutions of 3 and referenced
to that of meso-tetraphenylporphyrin (H,TPP) in benzene
CsHg (11 %) and its di-cation (H,TPP?*), produced by the
addition of trifluoroacetic acid (18 % ). Overall, the quantum
yield of 3 was higher than that of both un-protonated and
protonated forms of the standard. This is probably due to the
less effective fluorescence quenching in water than in CsHg as
well as to lower oxygen solubility in water. (Dissolved oxygen
was found to reduce porphyrin fluorescence in benzene by
about 15 %.)?? The quantum yield of 3 increased from 19.8 %
(pH 8.7) to 25.5% (pH 1.6) upon acidification. However, in
the beginning, as pH is lowered, the quantum yield decreased,
following almost exactly the first protonation curve (K3). The
following increase reflects the second protonation (K,), but at
pH =~4 the quantum yield began to decline and then again
rose at pH ~ 3. This rising brought the emission up to 25.5%,
its highest value in the set. Starting with pH =~ 1.6 there is,
however, another steady decline as acidity increases.

Such pH dependence of the quantum yield was found to be
highly consistent. It was reproduced using various dilutions of
3 and various excitation wavelengths. However, the interpre-
tation of the pattern would require additional studies, since a
number of rather complex phenomena might influence the
fluorescence quantum efficiency. These include internal
reorganization of dendritic branches as the negative charge,
and therefore electrostatic repulsion, decreases with proto-
nation of the peripheral carboxyl groups (pK,s of glutamic
acid are shown on Figure 4, E); increased self quenching due
to closer contact among chromophors in dendrimer assem-
blies at a low pH; a different efficiency of the quenching by
solvent at varying pH values, etc.

As mentioned above, with an increase in acidity (pH = 0.01)
the absorption bands of 3 shift down to the red (see Figure 2,
C). The emission spectra, resulting from excitation at different
wavelengths, were recorded for this extra-acidic sample. As
expected, the emission bands were asymmetrical, showing a
longer wavelength “shoulder”, similarly to H>*TCPP in 10 %
trifluoroacetic acid solutions.'’™ There is a clear shift in the
emission maximum of more than 10 nm to the red as the
excitation wavelength is changed from 455 to 495 nm (Fig-
ure 6). This suggests the presence of longer wavelength-
absorbing intermolecular assemblies. The excitation spectra,
recorded for emissions at 665, 715, 765, and 815 nm, also show
a slight migration of the Soret peak.

The spectroscopically measured pH dependencies descri-
bed in this paper demonstrate the significant influence of the
dendritic polyglutamic environment on properties of the
central core. More specifically, variations in the dendrimer
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Figure 6. Uncorrected emission spectra of the acidified sample (pH ~0.01)
of H,PorphGlu’*OH (N=3) (3) resulted from excitation at different
wavelengths. The intensities of the spectra marked with “x10” are
enlarged by a factor of 10.

size are shown to alter the protonation constants of the
encapsulated porphyrin. An important result is that the value
of the first protonation constant of the three-layered den-
drimer —porphyrin H,PorphGIu*OH, pK;=6.98, is appropri-
ate for broad pH sensing in biological systems. This combined
with almost unlimited water solubility, impermeability
through the biological membranes, and the high quantum
efficiency of fluorescence make H,PorphGlu*OH a promising
new pH indicator.
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Stilbenoid Dendrimers

Herbert Meier,*!?! Matthias Lehmann,?! and Ute Kolb!®!

Abstract: The first five generations of
the stilbenoid dendrimers 1" (n=1-5)
have been prepared by a combined
coupled synthesis (between the genera-
tions of the dendrons 8—12) and con-
vergent synthesis. Wittig—Horner reac-
tions together with a protecting group
technique yield monodisperse com-
pounds of high constitutional and con-
figurational purity. The solubility of the
stiff molecules, which have primarily a
disklike shape in the first and second
generations and a cylindrical shape in

governed by the alkoxy chains that are
attached to the peripheral benzene rings.
The number of stilbene building blocks
increases according to the formula
3(2"—1) from 3 in the first generation
(n=1) to 93 in the fifth generation (n=
5). Consequently, the molecular mass
reaches 24000 in 15b which contains
144 hexyloxy chains. An exact measure-

Keywords: aggregation. dendrim-
ers - liquid crystals protecting
groups - Wittig— Horner reactions

ment of the mass is provided by matrix-
assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass
spectrometry. In solution, the stilbenoid
dendrimers 1” exhibit a strong tendency
to aggregate, which increases from gen-
eration to generation. In the pure state,
columnar mesophases Col,y (1'b, 1'c,
1?b, and 12%¢) and Col,, (1%b, 1%c) are
formed; intramolecular steric hindrance
prevents such ordered arrangements in
higher generations 1" (n =3, 4, 5).

the third, fourth, and fifth generations, is

Introduction

Stilbenoid compounds exhibit interesting photochemical and
photophysical properties and are suitable for various appli-
cations in materials science.l!l Apart from their commercial
use as optical brighteners and laser dyes, their application in
light-emitting diodes (LED), photoresists, photoconductive
devices, imaging and optical switching techniques and materi-
als for nonlinear optics (NLO) are being investigated on this
molecular basis.[ 2345

Another structural principle of high actuality is represented
by dendrimers.l® "8 % 19 Therefore, the obvious idea was to
combine both principles and design dendrimers 1 which
consist of stilbene building blocks.

We conceived a combined coupled synthesis (between the
different generations) and convergent synthesis in order to
obtain constitutionally and configurationally pure com-
pounds. Recently, we reported briefly on the first three
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Johannes Gutenberg-Universitét
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Dr. U. Kolb

Institut fiir Physikalische Chemie

Johannes Gutenberg-Universitat

55099 Mainz (Germany)
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1(n=1,2.)

generations of such highly symmetrical systems.'!l At the
same time, less symmetrical stilbenoid dendrimers were
prepared by L. Yu and co-workers.'l With regards to the
rigidity and the absence of saturated carbon atoms in the
skeletons, these dendrimers are related to the tolane den-
drimers that were first obtained by J. S. Moore and co-
workers.[3 141

Rigid hydrocarbons often have a very low solubility;
therefore, we decided to attach alkoxy chains onto the
periphery of the dendrimers 1. Furthermore, long flexible
side chains are a precondition for the formation of liquid
crystalline phases. Table 1 gives a survey of our dendrimers
that contain peripheral trihexyloxy-substituted benzene
rings.

As a consequence of the “dendritic tree”, the number of
olefinic double bonds as well as the number of alkoxy chains
grows strongly from generation to generation. The molecular
mass already reaches 24000 in the fifth generation.
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Table 1. Stilbenoid dendrimers 1”.
Genera- Stilbene units Hydrocarbon Compounds with 3,4,5-tri-
tion (number of olefinic skeletons hexyloxy-substituted peripheral
double bonds) benzene rings
formula molecular
mass
n 32'-1) Cou"1sHisa"1p Csio"1sHpo" 120921 m
1 3 C;0Hyy Cg,H; 3,0, 1286
2 9 C78H60 Cl 86H276018 2 800
3 21 CizHiz Ci90H564036 5829
4 45 C366H276 C798Hl 140072 11 886
5 93 CrsoHses Ci614H220,0144 24000

Results and Discussion

Synthesis: The convergent synthesis of the dendrimers 1
consisted of the separate preparation of the core and the
dendrons which were then linked together in the final reaction
step. The component for the core was the threefold phos-
phonic ester 3 that was obtained by an Arbusov rearrange-
ment from 1,3,5-tris(bromomethyl)benzene (2) and triethyl
phosphite (Scheme 1).

Q
(OC2H5)2

P
§H2BT pocoHs)s o
: 160 °C i
CH2Br 86% (H5C20)2P:
o-F(OC2Hs)2

2 3
Scheme 1. Preparation of the core.

BrHaC

When bis(bromomethyl)toluene (4) was used instead of 2,
the diphophonate 5 was obtained, which was subsequently
oxidized to the aldehyde 6 (Scheme 2). The protection of the
formyl group as acetal 7 prevented self-condensation, so that a
Wittig— Horner reaction between 7 and the aldehydes 8a-c¢
gave the higher aldehydes 9a-c. The deprotection of the
formyl group occurred during the work-up of this step. The
same procedure was then used for the further extension of the
aldehyde components which represented the dendrons. Thus,
9a-c was transformed to 10a—c, 10b to 11b and finally 11b
to 12b. The diphosphonate 7 served as the extension and
branching unit for the generation of the next higher dendron
in each of the steps 8§ -9 —10— 11— 12; therefore, we
regard the process for the formation of the dendritic
generations to be a coupled synthesis.

The last reaction step in the formation of the dendrimers 1
consisted of a threefold Wittig— Horner reaction between the
core 3 and the dendrons 8-12 (Scheme 3). The purified
dendrons did not contain any cis-configured double bonds and
the trans stereoselectivity of the final step is so high that there
were no indications of any cis-configured double bonds in the
dendrimers either.

The yields of 1 decreased as the steric hindrance increased.
Since the hexyloxy substituents gave the best results in the
third generation, we continued with these side chains in the
fourth and fifth generation. The reactive centers in the
condensation reactions 3+11b and 3+ 12b are so strongly
sterically shielded, that the reaction times became very long,
namely 10 and 18 days, respectively. Evidently, the process

Chem. Eur. J. 2000, 6, No. 13
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o
CH2Br ©0 IFI’(OCQHE,)Z s
P(OC2Hs5)3 NB
HaC 160 °C H3CC{ _Fe/Hp0
CH2Br 749 P(OC2Hs)2 37%
4 5 O
Q Q
P(OC2Hs)2 OCH3 /~P(OC2Hs5)2
HC(OCH3)3 |
0O=HC —_— H?
95% OCH
P(OC2H5)2 P(OC2Hs5)2
6 © 7 ©
OR
0=CH OR S SoEnae O () 9ac
OR ii) HCI
8a-c 66 - 75%
a b c

R C3H7 CeH13 C12H25

7
9a-c —T,—I—I—.

47 - 76%
10b —Z+ 11b(n=2) —L—+ 12b(n=3)

iii
47%

i, i
38%

Scheme 2. Preparation of the dendrons.

reaches its limits with the fifth generation. We had to use NaH
instead of fBuOK for the preparation of 1%b; an increase of
the temperature to above 30°C did not prove to be favorable.

Spectroscopic characterization: Supplementary to the FD
method, matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometrical techniques
proved to be very useful for the identification of the higher
dendrimers of 1; in particular, we were able to see whether the
threefold condensation in the final step was complete or not.
The results obtained for 1" (n = 1-5) are given in Table 2. The
first four generations 1” were obtained in high purity; the
compound 1%b contains solvent molecules which are located in
the cavities of the dendritic cylinder.['> 16]

The 'H NMR spectra of 1'a-1'¢ in CDCIl; are highly
resolved. The protons of the core exhibit singlet signals at 0 =
7.50+0.01, while the protons of the peripheral rings give
singlets at  =6.73 £ 0.01. The olefinic protons give rise to an
AB pattern at 6=6.98+0.01 and 7.08 +0.02, whereby the
resonance at higher field corresponds to the protons which are
closer to the core (NOE measurements). The coupling
constants amount to 16.2 0.2 Hz. The spectra of 1?2a—1%c in
CDCl, gave similar results; however, only broadened 'H NMR
signals could be obtained for the higher generations. This
effect is caused by the aggregation'’) which is discussed below.

The 3C NMR data are listed in the Experimental Section.
The most interesting band in the FT-IR spectra of 1"
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3+ 8a-c WKOC(CH3)3

1' R Yield (%)
a CgH7 56
b CgH13 55
c Cq2oHos 88
3 +9a-c i),
12 R Yield (%)
a CaH7 42
b CgH13z 71

c Cq2H25 70

3+10ac —ly
1°R Yield (%)
a CzH; 28
b CgHyz 61
C CyaHps 17

Scheme 3. Preparation of the dendrimers 17 (n=1-5).1"%

Table 2. Mass spectrometry of the dendrimers 1" (n=1-5).

Compound  Method? Peak group maxima
species found calculated

1'a A [M-+H]* 907.6 907.6
1'b A [M+H]* 1286.1 1286.0
1lc A [M+] 2043.0 2042.8
1%a A [M*] 20422 2042.2
1 B [M+Ag]* 29086 29080
1% C [M+] 43157 4314.7
13a C [M*] 43141 43135
1 B [M+Ag]* 59361 59361
1% C [M+] 8859.6 8858.6
1 B [M+Ag]* 11993 11993.4
1 B [M+Ag+2CHy]" 2429006 242912

[a] A =Field desorption; B=MALDI-TOF in a matrix of 1,8,9-trihydrox-
yanthracene (dithranol) in the presence of CF;CO,Ag; C=as B but
without Ag* ions.

(n=1-5) is the wagging vibration of the ftrans-configured
double bonds which is located at 955+ 5 cm™L

Molecular shape: The first generation 1'a—-1l¢ are totally
planar molecules. A X-ray crystal structure analysis of 1'al'®]
showed that the torsional angles in the stilbenoid skeleton are,

2464
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- )=<H o &)
H13Ce0 OCegH13

OCeH13

at most, +=6°; of course, the side chains can be twisted out of

the molecular plane. The free or dissolved molecule 1'a has a

D, symmetry with fast flips of the outer benzene rings.

In order to get an idea of the shape of the higher
generations, we developed molecular models of the com-
pounds 1"b (n =1-5) with the CERIUS 2.0 software. Because
of the complexity and the size of the higher dendrimers, a full
geometrical optimization was not possible; thus, we had to
make some simplifying assumptions:

1) all bond lengths and bond angles correspond to standard
values;

2) we assumed C; symmetry for the central tristyrylbenzene
moiety and C, symmetry for the remainder dendrons;

3) interaction of the hexyloxy chains was neglected, the
chains were directed in an all-frans conformation radially
away from the peripheral benzene rings;

4) the torsions around the single bonds were driven until
acceptable distances (340-450 pm) between the aromatic
units were reached.

The models revealed that molecule 1%b is still a flat disk;
however, from the third generation onwards the crowding gets
so severe that the steric repulsions force an extension into the
“third dimension”. Thus the disklike shape is transformed into

0947-6539/00/0613-2464 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 13
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a cylindrical shape. This effect is illustrated by the structures
of the third and the fifth generations in Figure 1 and Figure 2,
respectively.

Figure 1. Model of the third generation 1%b. View from the side and from
above.
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Figure 2. Model of the fifth generation 15b. View from the side and from
above.
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In addition, it can be seen from these model structures that
there is a series of cavities around the core in which guest
molecules can be incorporated.'” The dependence of the
diameter (®) and the height (k) of the disks/cylinders on the
generation n is shown in Figure 3. The diameter @ increases as

n

|

1 -

T T T T T T T T
0 1 2 3 4 5 6 7 8 nm

Figure 3. Diameter (@) and height (h) of the disks/cylinders of 1"b as a
function of the generation n.

n increases; however the growth is less than linear. Exper-
imental proof for the size of these nanoparticles is attempted
by electron microscopy. GPC experiments gave some good
indications of the size: within the series of dendrimers 17b, the
retention time (¢) should be an exponential function of the
diameter © [Eq. (1)].2 The plot of ¢ against @ is given in
Figure 4:

t=totte (Akf(;U%)

@
where t5=16.63 £0.49 min retention time corresponding to the total
volume of the mobile phase

t;=15.37 £ 0.47 min retention time corresponding to the volume

G of the stationary phase

—0.97+
ekT —e 0.97+0.17

distribution coefficient for the substrate —
sorbent interaction

s=0.66+0.11 nm~! surface area per unit pore volume

The good-fit parameter (x?>=0.012) demonstrates the con-
sistency of the ® values within the series.

18
t=1(®)

19

Retention -
time
t/min

21

22

I I 1 I 1 T T I

0 1 2 3 4 5 6 7 8
— &nm —»
Figure 4. GPC retention times ¢ as a function of the molecular diameter ©.
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Supramolecular properties: The above discussion of the
'H NMR spectra already revealed that the dendrimers 17
exhibit a tendency to aggregate which increases with increas-
ing n."1 Apolar solvents, such as cyclohexane or toluene, are
particularly suitable for the formation of such aggregates;
chloroform is less suitable because it strongly interacts with
the electron-rich peripheral benzene rings. The temperature
dependency of the aggregation has already been reported in a
previous short paper.'!l' Altogether, there are three factors
which are involved in the broadening of the '"H NMR signals:
1) the exchange of molecules between aggregates, 2)the
reduced mobility of the single molecules in the aggregates,
and 3) the reduced mobility of molecular segments.

The latter can be judged by the relaxation times 7 of the
carbon atoms. This was investigated with the model com-
pound 1'd (Figure 5):"® T, decreased significantly from the
periphery to the center, which means that the mobility
decreased in the same direction. Restricted mobility in the
center favors aggregation which subsequently reduces the
mobility even further.

0.392 0.320

0.475 0.410
H3CO
H3CO OCH3
118 OCH3
1:71 OCH3
1'd

Figure 5. Longitudinal relaxation times 7 of the tertiary carbon atoms of
compound 1'd in CDCl;. The upper values (in seconds) correspond to
293 K, the lower values to 310 K.

In principle, the same behavior can be assumed for the
higher generations. The larger the interior part of restricted
mobility is, the higher the tendency of aggregation should be.

In addition to the interaction of the stilbenoid skeletons, the
alkoxy side chains should also contribute to the aggregation.
This point is particularly important for aggregation in the pure
state, namely, for the formation of mesophases, where a
microphase segregation between the stilbenoid skeletons and
the surrounding alkoxy chains could occur. Propoxy chains
are not long enough for the formation of liquid crystals. The
compounds of the first and second generations with hexyloxy
or dodecyloxy chains form columnar liquid crystalline phases;
the steric crowding in the higher generations does not permit a
regular arrangement. The results of differential scanning
calorimetry (DSC) investigations of compounds 1"a—c are
given in Table 3.

The higher generations (n =3, 4, 5) of the compounds 1"a—
c are oils or they form glassy or solid states, which are directly
transformed to isotropic phases on heating.

A detailed discussion of the characterization of the LC
phases by temperature-dependent small-angle scanning X-ray
measurements will be given elsewhere. In the context of this
paper, the cell parameters are of interest because they can be

2466 ——
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Table 3. DSC measurements of the compounds 1"a—c.

Com- Phase transitions!"! TIAH

pound®

1'a H Cr 189/45 »!
CCr < 175/-44 I

1'b Hg -15(Ty) —® Colyy —————74/4——P 1

Cg <—— -18(T) Coly ———T71/-4 1

1'e H Cri —13/49p Cr,_19/21 _p Cr; " __38/39pColpg—75/10 [
CCn 8/-61 Col 74410 1
1’a H Cr 161/20 »!
ccr <« 154/-11 I
1’b H Colyg el » Colgy 144/8 ——p 1
C Colyy « [c] Colyp, <« 142/-7 I
1% H Cr 11/59p Colyg 32/4 _—p Colpy— 9917 —p. 1

CC 4—- 548 —p Coly ¢———91/-17___1

[a] Compound 1*a is a solid that melts at 142°C, 1’b is a glass with 7, of
—45°C. 13¢, 1°b and 1%b are oils. [b] Cr: crystalline phase; g: glassy phase;
Colyy: columnar hexagonal disordered phase; Col,,: columnar oblique
phase; I: isotropic phase. Measurement of the second heating process H
and the first cooling process C: Phase transition temperatures (onset) 7'
[°C]/transition enthalpies AH [kJ mol~']. [c] Phase transition only visible in
the X-ray small-angle scattering. Presumably the AH value for this
transition is very small.

compared to the disc parameters of the models. The Colyy
phases of 1'b and 1*b have hexagonal unit cells of 2.74 and
3.69 nm, respectively. These values are somewhat smaller than
the model values © (Figure 3). The packing of the peripheral
hexyloxy chains is important for the generation of the
mesophases; however, the chains are probably less radially
stretched than in the models.

Conclusions

The dendrimers 1" (n =1-5), which consist of trans-stilbene
building blocks, can be prepared in a constitutionally and
configurationally pure form by application of the Wittig—
Horner reaction combined with a protecting group technique.
The final reaction step of the convergent synthesis is the most
difficult step because the attachment of the three dendrons to
the core is impeded by steric hindrance, which increases from
generation to generation. Thus, this synthetic strategy seems
to come to an end at the fifth generation; although dendrons
of higher generations might be easily acceptable by the
iterative process shown in Scheme 2.

The first two generations, 1! and 1%, have a disklike shape
and form columnar liquid crystalline phases, provided that
hexyloxy or dodecyloxy side chains are attached to the
periphery; propoxy chains are to short to permit such an
intermolecular stacking.

In contrast to the planar systems 1' and 1%, the higher
generations 13, 14 and 15, assume a cylindrical shape. The
height and the diameter (@) of the cylinders, obtained by
model studies, correlate reasonably with GPC data.
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Based on photophysical and photochemical properties of
stilbene systems, the compounds 1 promise interesting
applications in materials science. A particular feature of these
stiff dendrimers is the existence of cavities close to the core in
which guest molecules, for example triplet sensitizers, can be
incorporated.['”]

Experimental Section

General methods: Melting points were determined on a Biichi melting
point apparatus and are uncorrected. Differential scanning calorimetry
(DSC) was performed on a Perkin Elmer DSC7 instrument. IR spectra
were obtained on a Beckman Acculab4 in KBr pellets or in neat form. PFT
'H and BC NMR spectra were recorded in CDCl; with Bruker AM 400,
AC200 and ARX400 spectrometers. Mass spectra were obtained on Varian
MATCH7A (EI-MS), Finnigan MAT95 (FD-MS) and Bruker Reflex
(MALDI-TOF) spectrometers. The X-ray diffraction was measured with a
Siemens D500 diffractometer (Cuy, radiation; A =1.54189 A). The GPC
measurements were obtained with a Waters 510/Waters 410/Waters 486 PSS
column arrangement.

Hexaethyl 1,3,5-benzenetriyltris(methylenephosphonate) (3): Starting
from 1,3,5-tris(bromomethyl)benzene (2) and triethyl phosphite, the
preparation was performed according to a procedure described in the
literature.??! Yield: 88 %, viscous oil; 'H NMR (CDCl;): 6 =1.13 (t, 18 H;
CHs;), 2.99 (d, 6H; PCH,), 3.89 (m, 12H; OCH,), 7.01 (s, 3H; aromat. H);
BCNMR (CDClL): 6 =16.1 (CH;), 32.2 (PCH,, '/ =137.0 Hz), 61.9 (OCH,,
129.6 (aromat. CH), 132.0 (aromat. C,).

Tetraethyl 5-methyl-1,3-phenylenebis(methylenephosphonate) (5): The
preparation was performed analogously to 2 — 3 from 1,3-bis(bromometh-
yl)-5-methylbenzene (4) and triethyl phosphite. Yield: 74 %; colorless oil;
b.p. 218°C (0.1 Torr); 'H NMR (CDCl;): 6 =1.12 (t, 12H; CH,;), 2.17 (s,
3H; 5CHj;), 2.95 (d, 4H; PCH,), 3.88 (m, 8H; OCH,), 6.88 (“s”, 3H;
aromat. H); *C NMR (CDCL,): 6 =16.2 (CH;), 21.1 (5CH;), 33.4 (PCH,),
61.9 (OCH,), 128.2 (C2), 129.1 (C4, C6), 131.6 (C1, C3), 138.1 (C5): EIMS
(70 eV): mlz (%): 392 (79, [M*]), 256 (100), 119 (48); elemental analysis:
caled for C;;H;,O¢P,: C 52.04, H 7.71; found C 52.01, H 7.69.

Tetraethyl 5-formyl-1,3-phenylenebis(methylenephosphonate) (6): Com-
pound 5 (104¢, 26.5mmol), N-bromosuccinimide (NBS) (10.0g,
56.2 mmol), and azobisisobutryronitrile (AIBN) (100 mg, 0.6 mmol) were
stirred in dry CCl, (160 mL) and refluxed for 4 h. The filtered solution was
washed with saturated NaHCO; solution (50 mL) and water (50 mL) and
dried over MgSO,. Volatiles were removed and the oily residue treated
with water (100 mL) and iron powder (0.12 g, 2.14 mmol). The mixture was
refluxed for 4 h, and the aqueous layer then neutralized with NaHCO; and
extracted three times with CHCl;. The solution was dried over MgSO, and
evaporated. The residue was dissolved in diethyl ether (400 mL) and
extracted with half concentrated NaHSO;. The aqueous phase was
extracted with diethyl ether (200mL) and treated with HCl (37 %,
40 mL) and CHCI; (400 mL). After the mixture had been stirred for 3 h,
the organic layer was separated and the aqueous layer extracted with
CHCI; until the aldehyde was no longer present (checked with 2,4-
dinitrophenylhydrazine). The combined organic layers were neutralized
and dried over MgSO,. Evaporation yielded 3.92 g (37%) of a yellowish
oil. 'HNMR (CDCl;): 6 =1.14 (t, 12H; CH,), 3.10 (d, 4H; PCH,), 3.93 (m,
8H; OCH,), 741 (m, 1H, 2H), 760 (m, 2H, 4H, 6 H), 9.87 (s, 1H; CHO);
BC NMR (CDCL): 6 =16.1 (CH;), 33.1 (PCH,), 62.0 (OCH,), 129.3 (C4,
C6), 133.2 (C2), 136.8 (C1, C3), 136.8 (C5), 191.6 (CHO); EI MS (70 eV):
miz (%): 406 (65, [M**]), 270 (100), 133 (29); elemental analysis: calcd for
C,;H30,P,: C 50.25, H 6.95; found C 50.61, H 7.25.

Tetraethyl 5-dimethoxymethyl-1,3-phenylenebis(methylenephosphonate)
(7): Compound 6 (1.96g, 4.8 mmol), trimethyl orthoformate (5mL,
4.46 g, 30.1 mmol), and DOWEXS50W-X8 (1.2 g) were refluxed in dry
methanol (30 mL) overnight.’! After treatment with Na,CO; (1.2 g,
11.3 mmol), the solution was filtered and the solvent removed. The oily
residue was extracted with acetone (50 mL). Evaporation of the acetone
solution yielded 2.06 g (95 %) of a viscous, almost colorless oil. '"H NMR
(CDCL): 0=1.19 (t, 12H; CHj;), 3.09 (d, 4H; PCH,), 3.25 (s, 6H; OCH,),
3.95 (m, 8H; OCH,), 5.31 (s, 1H; 5CH), 7.16 (“s”, 1H, 2H), 7.23 (m, 2H,
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4H, 6H); *C NMR (CDCL): 6 =16.3 (CH;), 33.6 (PCH,), 52.6 (OCHs),
62.1 (OCH,), 102.7 (5CH), 126.8 (C4, C6), 131.2 (C2), 132.0 (C1, C3), 138.7
(CS); EI MS (70eV): miz (%): 452 (1, [M*]), 421 (100), 315 (18);
elemental analysis: calcd for CgH3,05P,: C 50.44, H 7.57; found C 49.99, H
7.53.

(E,E)-3,5-Bis[2-(3,4,5-tripropoxyphenyl)ethenyl]benzaldehyde (9a): Com-
pound 7 (2.4 g, 54 mmol) and 3,4,5-tripropoxybenzaldehyde (8a, 3.1 g,
11.0 mmol) were dissolved in THF (15mL) and added dropwise to
KOC(CHj); (2.0 g, 18.0 mmol) in THF (50 mL). After stirring at room
temperature for 12 h, the mixture was poured onto crushed ice (100 g).
Addition of 2m HCI (50 mL) and CHCl; (50 mL) led to the cleavage of the
acetal. After 12 h at ambient temperature, the product (dissolved in CHCl;)
was precipitated by addition of ethanol. Yield: 2.4 g (67 %), yellowish
needles; m.p. 153°C; 'H NMR (CDCl;): 6 =1.06 (m, 18 H; CHj;), 1.83 (m,
12H; CH,), 3.95/3.99 (2t, 12H; OCH,), 6.73 (s, 4H; aromat. H), 6.99 (d,
3J=16.1 Hz, 2H; olefin. H?), 714 (d, 3/=16.1 Hz, 2H; olefin. H) 7.80
(“s”, 1H, 4H), 7.85 (“s”, 2H, 2H, 6H), 10.03 (s, 1H; CHO); C NMR
(CDCL): 0=10.6 (CH3), 22.8, 23.5 (CH,), 70.8, 752 (OCH,), 105.5
(aromat. CH), 126.0 (C2, C6 and inner olefin. CH), 129.9 (C4), 130.9
(outer olefin. CH), 131.9 (aromat. C,), 137.3 (C1), 138.8 (C3, C5 and C,0),
153.4 (C,0), 192.3 (CHO); FD MS: m/z (%): 658 (100, [M*']); elemental
analysis: calcd for C,;Hs,O,: C 74.74, H 8.26; found 74.76, H 8.22.

(E,E)-3,5-Bis[2-(3,4,5-trihexyloxyphenyl)ethenyl]benzaldehyde 9b):
Preparation analogous to 9a. Yield: 66% of a waxy compound with a
clearing point at 53°C; 'H NMR (CDCl;): 6 =0.90 (m, 18 H; CH3;), 1.20—
1.60 (m, 36 H; CH,), 1.78 (m, 12H; CH,), 3.97, 4.01 (2t, 12H; OCH,), 6.73
(s, 4H; aromat. H), 7.00 (d, 3/ =16.3 Hz, 2H; inner olefin. H), 7.14 (d, 3/ =
16.3 Hz, 2H; outer olefin. H), 7.80 (“s”, 1H, 4H), 7.85 (“s”, 2H, 2H, 6 H),
10.04 (s, 1H; CHO); *C NMR (CDCl;): 6 =14.1 (CH;), 22.3-31.8 (CH,)
69.3,73.6 (OCH,), 105.4 (aromat. CH), 126.0 (C2, C6 and inner olefin. CH),
129.9 (C4), 130.9 (outer olefin. CH), 131.8 (aromat. C,), 137.2 (C1), 138.8
(C3, Cs and C,0) 153.4 (C,0), 192.3 (CHO); FD MS: m/z (%): 911 (100,
[M**]); elemental analysis: caled for C5HgO;: C 77.76, H 9.95; found C
77.39, H 9.80.

(E,E)-3,5-Bis[2-(3,4,5-tridodecyloxyphenyl)ethenyl ]benzaldehyde  (9c¢):
Preparation analogous to 9a. Yield 75% of a waxy solid with a clearing
point at 57°C; '"H NMR (CDCl;): 6 =0.86 (m, 18H; CHj;), 1.40-1.85 (m,
120H; CH,), 3.98, 4.01 (2t, 12H; OCH,), 6.72 (s, 4H; aromat. H), 7.00 (d,
3J=16.2 Hz, 2H; inner olefin. H), 7.13 (d, 3J=16.3 Hz, 2H; outer olefin.
H), 780 (“s”, 1H, 4H), 7.85 (“s”, 2H, 2H, 6H), 10.04 (s, 1H; CHO);
BC NMR (CDCl): 6 =14.0 (CH;), 22.1-31.9 (CH,), 69.4 (OCH,), 73.6
(OCH,), 105.8 (aromat. CH), 126.0, 126.1 (C2, C6 and inner olefin CH),
129.9 (C4), 131.0 (outer olefin. CH), 131.9 (aromat. C ), 1374 (Cl1), 138.9,
139.1 (C3, C5 and C,0), 153.5 (C,0), 192.1 (CHO); FD MS: m/z (% ): 1416
(100, [M**]); elemental analysis: calcd for CysH;s,0;: C 80.56, H 11.53;
found C 80.55, H 11.48.

(E,E,E,E,E,E)-3,5-Bis{2-{3,5-bis[2-(3,4,5-tripropoxyphenyl)ethenyl ]phe-
nyljethenyl}benzaldehyde (10a): The preparation was performed as
described for 9a. After 1h at room temperature the reaction mixture
was refluxed for 2h. Yield: 47%; light yellow crystals; m.p. 183°C;
'"HNMR (CDCl,): 6 =1.05 (m, 36 H; CHj;), 1.78,1.85 (2m, 24 H; CH,), 3.96,
3.99 (2t, 24H; OCH,), 6.74 (s, 8H; aromat. H), 6.99 (d, 3/ =16.2 Hz, 4H;
olefin. H), 7.09 (d, *J=16.2 Hz, 4H; olefin. H), 7.21, 7.26 (2 d, *J=16.2 Hz,
4H; olefin. H), 7.53 (“s”, 6 H; aromat. H), 7.86 (“s”, 1H, 4H), 791 (“s”, 2H,
2H, 6H), 10.06 (s, 1H; CHO); *C NMR (CDCl): 6 =10.5, 10.6 (CHj),
22.8,23.5 (CH,), 70.9,75.2 (OCH,), 105.6 (aromat. CH), 123.8, 124.3, 126.5,
130.1 (aromat. CH), 127.2, 1276, 129.7, 130.6 (olefin. CH), 132.3, 1374,
1374,138.3,138.8, 138.8 (aromat. C,, C,0), 153.4 (C,0), 192.0 (CHO); FD
MS: m/z (%)=1417 (100, [M+H]"); elemental analysis: calcd for
CoH,14,0,5: C 77.19, H 8.12; found C 77.37, H 8.06.

(E,E,E,E,E,E)-3,5-Bis{2-{3,5-bis[2-(3,4,5-trihexyloxyphenyl)ethenyl]-

phenyl}ethenyl} benzaldehyde (10b): The preparation was performed as
described for 10a. Yield: 72 %; light yellow, waxy solid with a clearing point
0f 115°C; 'HNMR (CDCl,;): 6 =0.90 (m, 36 H; CH3), 1.34, 1.48 (2m, 108 H;
CH,), 1.75, 1.82 (2m, 24H; CH,), 3.97, 4.03 (2t, 24H; OCH,), 6.74 (s, 8H;
aromat. H), 701 (d, 3/ =16.2 Hz, 4H; olefin. H), 7.11 (d, 3/ =16.3 Hz, 4H;
olefin. H), 7.24 (d, 3/=16.3 Hz, 2H; olefin. H), 7.29 (d, >J=16.3 Hz, 2H,
olefin. H), 7.55 (“s”, 4H; aromat. H), 7.57 (“s”, 2H; aromat. H), 7.88 (“s”,
1H, 4H), 7.95 (“s”, 2H, 2H, 6 H), 10.09 (s, 1H; CHO); *C NMR (CDCl;):
0=14.0 (CHj;), 22.6-31.8 (CH,), 69.3, 73.6 (OCH,), 105.5 (aromat. CH),
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123.8, 1242, 126.5, 130.2 (aromat. CH), 127.1, 127.6, 129.8, 130.7 (olefin.
CH), 132.3,1374, 1375, 138.4,138.8, 138.8 (aromat. C,, C,0), 153.4 (C,0),
192.0 (CHO); FD MS: m/z (%): 1921 (100, [M+H]*), 961 (32, [M+H]**);
elemental analysis: calcd for C,5;H;5O13: C 79.41, H 9.76; found C 79.43, H
9.86.
(E,E,E,E,E,E)-3,5-Bis{2-{3,5-bis[2-(3,4,5-tridodecyloxyphenyl) ethenyl ]-
phenyljethenyl} benzaldehyde (10c¢): The preparation was performed as
described for 10a. Yield: 76 %; almost colorless waxy solid with a clearing
point at 106°C; '"H NMR (CDCl,): 6 =0.87 (m, 36 H; CHj;), 1.24—1.86 (m,
240H; CH,), 3.97, 4.03 (2t, 24H; OCH,), 6.74 (s, 8H; aromat. H), 7.01 (d,
3] =16.1 Hz, 4H; olefin. H), 710 (d, 3/ =16.1 Hz, 4H; olefin. H), 7.24 (d,
3] =16.3 Hz, 2H; olefin. H), 729 (d, 3] =16.3 Hz, 2H; olefin. H), 7.55 (“s”,
6H; aromat. H), 7.88 (“s”, 1H, 4H), 7.94 (“s”, 2H, 2H, 6 H), 10.09 (s, 1 H;
CHO); *C NMR (CDCL): 6=14.1 (CH;), 22.0-32.0 (CH,), 69.4, 73.6
(OCH,), 105.6 (aromat. CH), 123.8, 124.3, 126.5, 130.2 (aromat CH), 127.2,
1277, 129.8, 130.8 (olefin. CH), 132.3, 1374, 1375, 138.4, 138.9, 138.9
(aromat. C,, C,0), 153.4 (C,0), 192.0 (CHO); MS (MALDI TOF,
Dithranol matrix): m/z (%): 2933 (100, [M+2H]"); elemental analysis:
caled for C,99Hs330,5: C 81.55, H 11.35; found C 81.42, H 11.30.
all-(E)-3,5-Bis{2-{3,5-bis{2-{3,5-bis[2-(3,4,5-trihexyloxyphenyl)ethenyl ]-
phenyl}jethenyl}phenyl}jethenyl}benzaldehyde (11b): The preparation was
performed according to the procedure described for 10a. The reaction time
at room temperature was 7 d. The crude product was first purified by
column chromatography (silica gel, petrol ether (40—-70°C)/ethyl acetate
7:1) and then by MPLC (silica gel, petrol ether (40—-70°C)/ethyl acetate
10:1). Yield 47 %; light yellow, glassy solid with a clearing point of 138°C;
'H NMR (CDCl): 6=0.90 (m, 72H; CH;), 1.32, 1.47 (2m, 144H; CH,),
1.77 (m, 48H; CH,), 3.96 (m, 48H; OCH,), 6.67 (s, 16 H; aromat. H), 6.92
(d, 37=16.1 Hz, 8H; olefin. H), 7.02 (d, 3/ =16.1 Hz, 8 H; olefin. H), 7.19
(AB, 8H; olefin. H), 7.22 (AB, 4H; olefin. H), 7.48, 7.50, 7.55, 7.58 (4 “s”,
18H; aromat. H), 7.85 (“s”,2H, 2H, 6 H), 7.92 (“s”, 1H, 4H), 10.02 (s, 1 H;
CHO); *C NMR (CDCl;): 6=14.0 (CH;), 22.6-31.8 (CH,), 69.2, 73.5
(OCH,), 105.4, 123.7, 124.0, 124.0, 124.9, 126.6, 129.8 (aromat. CH), 127.1,
127.6,128.5,129.4, 129.5, 130.4 (olefin. CH), 132.3, 137.4, 137.4, 137.7, 138.2,
138.2, 138.6, 138.6, 153.3 (aromat. Cy, C,0), 191.9 (CHO); MS (MALDI-
TOF, dithranol matrix, CF;CO,Ag): m/z (%): 4047 (100, [M+Ag]*;
elemental analysis: calcd for C,3H370,5: C 80.18, H 9.67; found C 80.16,
H 9.59.

all-(E)-3,5-Bis{2-{3,5-bis{2-{3,5-bis{2-{3,5-bis[ 2-(3,4,5-trihexyloxyphenyl)-
ethenyl]phenyl}jethenyl}phenyljethenyl}phenyljethenyl}benzaldehyde
(12b): The preparation was performed according to the procedure
described for 10a. The reaction time at room temperature was 10 d. The
crude product was purified by column chromatography (basic AlLOj;,
diethyl ether). Yield: 38%: light yellow, highly viscous oil; 'H NMR
(CDCl,): 0 =0.87 (m, 144H; CH,), 1.24, 1.30, 1.45 (3 m, 288 H; CH,), 1.74
(m, 96H; CH,), 3.95 (m, 96H; OCH,), 6.68 (s, 32H; aromat. H), 6.95 (d,
3J=16.4 Hz, 16H; olefin. H), 7.05 (d, 3/ =16.4 Hz, 16H; olefin. H), 7.17-
729 (3 AB, 28H; olefin. H), 7.40-7.65 (m, 42H; aromat. H), 7.78 (“s”, 2H,
2H, 6H), 8.01 (“s”, 1H, 4H), 10.14 (s, 1 H; CHO); BC NMR (CDCL): 6 =
14.0 (CH;), 22.6-31.8 (CH,), 69.2, 73.5 (OCH,), 105.3, 123.7-124.9
(aromat. CH), 127.0-129.5 (C2, C4, C6, olefin. CH), 132.3, 137.7-138.7,
153.3 (aromat. C,, C,0, partly superimposed), 191.6 (CHO); MS (MALDI-
TOF, dithranol, CF;CO,Ag): m/z (%): 7973 (100, [M*]); elemental
analysis: calcd for Cs3sHy,04: C 80.55, H 9.63; found C 81.24, H 9.71
(inclusion of solvent).
(E,E,E)-1,3,5-Tris[2-(3,4,5-tripropoxyphenyl)ethenyl]benzene (1'a): Com-
pounds 3 (0.63 g, 1.19 mmol) and 8a (1.0 g, 3.57 mmol) dissolved in dry
THF (10 mL) were slowly added to KOC(CHj;); (1.0 g, 8.9 mmol) in dry
THF (30 mL). The reaction was started under argon at 0°C, warmed to
room temperature and stirred for 12 h. The mixture was then filtered over
basic alumina (8 x 5 cm, diethyl ether), the solvent evaporated and the
product recrystallized from CH,Cl,, to which ethanol was added, until the
solution became turbid. Yield 56%; colorless needles; m.p. 189°C;
'H NMR (CDCly): 6=1.03, 1.06 (2t, 27H; CHj;), 1.83 (m, 18H; CH,),
3.95,3.99 (2t, 18 H; OCH,), 6.74 (s, 6 H; aromat. H), 6.98 (d, *J=16.1 Hz,
3H; inner olefin. H), 7.09 (d, 3/ = 16.1 Hz, 3H; outer olefin. H), 7.50 (s, 3H,
2H, 4H, 6H); BC NMR (CDCl,): 6 =10.6 (CH;), 22.8, 23.5 (CH,), 70.7,
75.1 (OCH,), 105.3 (aromat. CH), 123.5 (C2), 127.3, 129.3 (olefin. CH),
132.4, 138.0, 138.5 (aromat. C,, C,0), 153.3 (C,0);: FD MS: m/z (%): 907
(100, [M+H]"); elemental analysis: calcd for C5;H70,: C 75.46, H 8.67;
found C 75.56, H 8.60.
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(E,E,E)-1,3,5-Tris[2-(3,4,5-trihexyloxyphenyl)ethenyl]benzene (1'b): Pre-
pared analogously to 1'a. Yield: 55 %; colorless, waxy solid with a clearing
point at 74°C; '"H NMR (CDCl,): 6=0.91 (m, 27H; CH;), 1.20—1.60 (m,
54H; CH,), 1.81 (m, 18H; CH,), 3.98, 4.02 (2t, 18H; OCH,), 6.74 (s, 6 H;
aromat. H), 6.98 (d, 3/ =16.2 Hz, 3H; inner olefin. H), 7.10 (d, >/ =16.2 Hz,
3H; outer olefin. H), 7.51 (s, 3H,2H, 4H, 6 H); *CNMR (CDCl;): 6 =14.0
(CH;), 22.0-32.0 (CH,), 69.2, 73.5 (OCH,), 105.2 (aromat. CH), 123.5
(C2), 1273, 129.4 (olefin. CH), 132.4, 138.0, 138.4 (aromat. C,, C,0), 153.3
(C,0); FD MS: m/z (%): 1286 (100, [M+H]"); elemental analysis: calcd
for Cg,H;35,0,: C 78.46, H 10.35; found C 78.61, H 10.34.

(E,E,E)-1,3,5-Tris[2-(3,4,5-tridodecyloxyphenyl)ethenyl]benzene 1'e):
Prepared analogously to 1'a. Yield 88%; colorless, waxy solid with a
clearing point at 75 °C. The analytical data of the compound corresponded
to those of an authentic sample.?)

all-(E)-1,3,5-Tris{2-{3,5-bis[ 2-(3,4,5-tripropoxyphenyl)ethenyl [phenyl}-

ethenyl}benzene (1%a): Prepared analogously to 1'a. Yield 42%; almost
colorless crystals; m.p. 161°C; '"H NMR (CDCL): 6 =1.06 (m, 54 H; CH;),
1.78, 1.85 (2m, 36H; CH,), 3.96, 4.00 (2t, 36 H; OCH,), 6.75 (s, 12H;
aromat. H), 7.02 (d, 3/ =16.2 Hz, 6 H; olefin. H), 712 (d, 3/ =16.2 Hz, 6 H;
olefin. H), 7.25 (AB, 6 H; olefin. H), 7.56 (“s”, 6 H; aromat. H), 7.63 (s, 3H,
2H, 4H, 6H); C NMR (CDCl,): 6 =10.6 (CHs), 22.8, 23.5 (CH,), 70.9,
75.2 (OCH,), 105.7, 123.8, 123.9, 124.2 (aromat. CH), 1274, 129.0, 129.3,
129.6 (olefin. CH), 132.4, 138.0, 138.2, 138.3, 138.8 (aromat. C,, C,0), 153.4
(C,0); FD MS: m/z (%): 1022 (78, [M?**]), 2042 (100, [M*']); elemental
analysis: calcd for C3;,H;0,5: C 77.61, H 8.29; found C 77.65, H 8.38.

all-(E)-1,3,5-Tris{2-{3,5-bis[ 2-(3,4,5-trihexyloxyphenyl)ethenyl|phenyl}-

ethenyl}benzene (1°b): Prepared analogously to 1'a. The crude product was
purified by column chromatography (silica gel 8 x 20 cm, petrol ether (40—
70°C)/ethyl acetate 10:1). Yield 71 %; almost colorless, waxy solid with a
clearing point at 144°C; '"H NMR (CDCl;): 6 =0.89, 0.90 (2t, 54H; CH,),
1.33,1.48 (2m, 108H; CH,), 1.75, 1.82 (2m, 36 H; CH,), 3.98,4.03 (2,36 H;
OCH,), 6.75 (s, 12H; aromat. H), 7.03 (d, 3/ = 16.2 Hz, 6 H; olefin. H), 7.12
(d, 3/ =16.3 Hz, 6H; olefin. H), 725 (AB, 6 H; olefin. H), 7.56 (“s”, 6H;
aromat. H), 7.57 (“s”, 3H; aromat. H), 7.62 (s,3H, 2H, 4H, 6 H); *C NMR
(CDCl;): 6 =14.0 (CH;), 22.6-31.8 (CH,), 69.4, 73.6 (OCH,), 105.6, 123.8,
123.8, 124.2 (aromat. CH), 127.4, 129.0, 129.4, 129.7 (olefin. CH), 132.4,
138.0, 138.2, 138.3, 138.8 (aromat. C,, C,0), 153.4 (C,0); MS (MALDI-
TOF, dithranol, CF;CO,Ag: m/z (%): 2908 (100, [M+Ag]"); elemental
analysis: calcd for Cg3H,76015: C 79.78, H 9.93; found C 79.76, H 9.86.

all-(E)-1,3,5-Tris{2-{3,5-bis[2-(3,4,5-tridodecyloxyphenyl)ethenyl ]phenyl}-
ethenyl}benzene (1%c): The preparation was performed according to the
procedure described for 1'a; however, the reaction time amounted to 24 h.
The crude product was filtered over basic Al,O; with diethyl ether as the
eluant. Yield 70 %, almost colorless, waxy solid with a clearing point of
99°C; 'H NMR (CDCL): 6=0.85, (m, 54H; CH;), 1.23-1.85(m, 360H;
CH,), 3.98, 4.03 (2t, 36 H; OCH,), 6.75 (s, 12H; aromat. H), 7.03 (d, 3/ =
16.2 Hz, 6 H; olefin. H), 7.12 (d, 3 =16.3 Hz, 6 H; olefin. H), 7.25 (AB, 6 H;
olefin. H), 7.56 (“s”, 6 H; aromat. H), 7.57 (“s”, 3H; aromat. H), 7.62 (s, 3H,
2H, 4H, 6H); *C NMR (CDCL): 6 =14.0 (CH;), 22.3-31.8 (CH,), 69.4,
73.6 (OCH,), 105.6, 123.8, 123.9, 124.2, (aromat. CH), 127.3 129.0, 129.4,
129.7 (olefin. CH), 132.4, 138.0, 138.2, 138.3, 138.8 (aromat. C,, C,0), 153.4
(C,0); MS (MALDI-TOF, dithranol: m/z (%): 4315 (100, [M*]);
elemental analysis: calcd for C,,Hy,015: C 81.83, H 11.49; found C 82.07,
H11.18.

all-(E)-1,3,5-Tris{2-{3,5-bis{2-{3,5-bis[ 2-(3,4,5-tripropoxyphenyl)ethenyl ]-

phenyl}ethenyl}phenyl}ethenyl}benzene (1%a): The preparation was per-
formed according to the procedure described for 1'a; however, NaH was
used instead of KOC(CHs;);. After 1 h at ambient temperature the reaction
mixture was refluxed for 2 h and then quenched with water and 2m HCL
The crude product was purified by column chromatography (silica gel 3 x
30 cm, petrol ether (40—70°C)/ethyl acetate 10:1). Yield: 28 %; glassy,
yellowish solid; m.p. 142°C; '"H NMR (CDCl;, 313 K): 6 =0.95, 1.02 (2t,
108H; CH;), 1.73 (m, 72H; CH,), 3.94 (m, 72H; OCH,), 6.70 (s, 24H;
aromat. H), 6.93 (d, 3/=16.1 Hz, 12H; olefin. H), 7.02 (d, 3/ =16.1 Hz,
12H; olefin. H), 7.25 (AB, 12H; olefin. H), 7.29 (AB, 6 H; olefin. H), 7.47
(m, 6H; aromat. H), 7.52 (m, 12H; aromat. H), 7.58, 7.64, 7.67 (3 m, 12H;
aromat. H); *C NMR (CDCl;): 6 =10.5 (CHs), 22.8, 23.5 (CH,), 70.7, 75.1
(OCH,), 105.4 (aromat. CH), 123.6-124.1 (aromat. CH, partly super-
imposed), 127.1, 128.4, 128.9, 129.0, 129.2, 129.4 (olefin. CH), 132.3, 137.6 -
138.5 (aromat. C,, C,0, partly superimposed), 153.3 (C,0); MS (MALDI-
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TOF, dithranol): m/z (%): 4314 (100, [M*]); elemental analysis: calcd for
CyH345054: C 78.52, H 8.13; found C 78.50, H 8.14.
all-(E)-1,3,5-Tris{2-{3,5-bis{2-{3,5-bis[2-(3,4,5-trihexyloxyphenyl)ethenyl]-
phenyl}jethenyl}phenyl}jethenyl}benzene (1°b): Prepared analogously to
1'a; the reaction time was 12 h at room temperature. Column filtration
was performed on silica gel (8 x 20 cm) with petrol ether (40—70°C)/ethyl
acetate 15:1. Yield 61 %, glassy, colorless compound (glass transition at
—45°C); '"HNMR (CDCl,): 6 =0.87 (m, 108 H; CH;), 1.20-1.50 (m, 216 H;
CH,), 1.74 (m, 72H; CH,), 3.94 (m, 72H; OCH,), 6.60-6.80 (m, 24H;
aromat. H), 6.80-7.10 (AB, 24 H; olefin. H), 7.26, 7.30, (2 AB, 18 H; olefin.
H), 740-770 (m, 30H; aromat. H); *C NMR (CDCl,;): 6 =14.0 (CH,),
22.6-31.8 (CH,), 69.3, 73.5 (OCH,), 105.5, 123.7-124.1, 125.1 (aromat.
CH, partly superimposed), 127.2, 128.7-129.4, 129.6 (olefin. CH, partly
superimposed), 132.4, 137.9 - 138.8 (aromat. C, C,O, partly superimposed),
153.4 (C,0); MS (MALDI-TOF, dithranol, CF;CO,Ag): m/z (%): 5936
(100, [M+Ag]*); elemental analysis: calcd for CsoHs64034: C 80.37, H9.75;
found C 80.42, H 9.79.

all-(E)-1,3,5-Tris{2-{3,5-bis{2-{3,5-bis[ 2-(3,4,5-tridodecyloxyphenyl)ethenyl]-
phenyl}jethenyl}phenyl}jethenyl}benzene (1c): Prepared analogously to 1'a;
the reaction time was 24 h at room temperature. Basic alumina and diethyl
ether were used for the column chromatography. Yield: 17 %; almost
colorless oil; '"H NMR (CDCl): 6=0.83 (t, 108H; CH;), 1.20-1.80 (m,
720H; CH,), 3.80-4.10 (m, 72H; OCH,), 6.69 (s, 24 H; aromat. H), 6.97 (d,
3] =16.1 Hz, 12H; olefin. H), 7.07 (d, *J=16.1 Hz, 12H; olefin. H), 7.27
(AB, 12H; olefin. H), 7.34 (AB, 6 H; olefin. H), 7.53 (“s”, 6 H; aromat. H),
7.55 (“s”, 12H; aromat. H), 7.62-7.71 (m, 12H; aromat. H); C NMR
(CDCL): 0=14.1 (CH;), 22.0-32.0 (CH,), 69.3, 73.6 (OCH,), 105.6,
123.7-124.6 (aromat. CH, partly superimposed), 127.3, 128.8, 129.1, 129.4,
129.4, 129.7 (olefin. CH), 132.4, 137.8-138.8, (aromat. C,» G40, partly
superimposed), 153.4 (C,0); MS (MALDI-TOF, dithranol): m/z (%): 8859
(100, [M*°]); elemental analysis: calcd for CqysHosO36: C 82.17, H 11.33;
found C 82.18, H 11.28.

all-(E)-1,3,5-Tris{2-{3,5-bis{2-{3,5-bis{2-{3,5-bis[ 2-(3,4,5-trihexyloxyphenyl)-
ethenyl]phenyl}jethenyl}phenyl}ethenyl}phenyljethenyl}benzene (1%b):
Prepared analogously to 1'a; the reaction time was 10 d. The same work-
up as for 13¢ was used. Yield: 38 %, light yellow oil; '"H NMR (CDCL,): 6 =
0.86 (m, 108 H; CH3), 1.20-1.78 (m, 576 H; CH,), 3.93 (m, 144H; OCH,),
6.63-6.74 (m, 48H; aromat. H), 6.88-729 (4 AB, 90H; olefin. H), 7.46—
758 (m, 66 H; aromat. H); 3C NMR (CDCl;): 6 =14.0 (CH;), 22.6-31.8
(CH,, partly superimposed), 69.2, 73.5 (OCH,), 105.4, 123.5-124.5
(aromat. CH, partly superimposed), 127.2-129.4 (olefin. CH, partly
superimposed), 132.3, 137.8 - 138.6 (aromat. C,, C,O, partly superimposed),
153.3 (C,0); MS (MALDI-TOF, dithranol, CF;CO,Ag): m/z (%): 11993
(100, [M+Ag]*); elemental analysis: caled for CyogH,14007,: C 80.64, H 9.67;
found C 80.67, H 9.74.
all-(E)-1,3,5-Tris{2-{3,5-bis{2-{3,5-bis{2-{3,5-bis{2-{3,5-bis[ 2-(3,4,5-trihexyl-
oxyphenyl)ethenyl]phenyljethenyl}phenyl}ethenyl}phenyl}ethenyl}phenyl}-
ethenyl}benzene (1°b): Prepared analogously to 1'a; however, NaH was
used instead of KOC(CHj;);. The reaction time was 18 d. The crude product
was purified by column chromatography (silica gel, toluene/ethyl acetate
9:1). Raw yield: 77 %; light yellow oil; 'H NMR (CDCl;): 6 =0.89 (m,
432H; CH;), 1.27-1.84 (m, 1152H; CH,), 3.90-4.05 (m, 288H; OCH,),
6.64-7.63 (m, 420H; aromat. and olefin. H); 3C NMR (CDCL): 6 =14.2
(CHs;), 19.9-37.8 (CH,, partly superimposed), 69.5, 73.8 (OCH,), 105.6,
124.1-125.9 (aromat. CH, partly superimposed), 127.5-129.9 (olefin. CH,
partly superimposed), 132.7, 138.4-139.0 (aromat. C,, C,O, partly super-
imposed), 153.7 (C,0); MS (MALDI-TOF, dithranol, CF;CO,Ag): m/z
(%): 24290 (100, [M+Ag+2CHg]*; U elemental analysis: caled for
Ci614H220,0144: C 80.77, H 9.63; found C 82.08, H 9.39.1131
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Hemispiroalkaplanes: Hydrocarbon Cage Systems with a
Pyramidal-Tetracoordinate Carbon Atom and Remarkable Basicity

Danne R. Rasmussen and Leo Radom*!2!

Abstract: A new class of saturated hy-
drocarbons, in which a spiropentane-
type unit is bound by a cyclic hydro-
carbon, has been investigated by using
ab initio molecular orbital calculations

examined. The hemispiroalkaplanes are
predicted to contain a pyramidal-tetra-
coordinate carbon atom that possesses a
lone pair of electrons. Protonation at
this apical carbon atom is found to be

highly favourable, resulting in a remark-
ably high basicity for a saturated hydro-
carbon. The proton affinities of the
hemispiroalkaplanes are calculated to
be more than 1170 kI mol~!, even great-

at the B3-LYP and MP2 levels. These
molecules have been given the trivial
name hemispiroalkaplanes. Hemialka-
planes, which are analogous molecules
built-up from a neopentane-type unit

b
and a cyclic hydrocarbon, have also been carbon

Introduction

In recent work, we have investigated theoretically the alka-
plane ()l and spiroalkaplane (II)B! families of molecules as
systems that potentially contain a planar-tetracoordinate
carbon atom. This culminated in the discovery of dimethano-
spiro[2.2]octaplane (1),! the first neutral saturated hydro-
carbon predicted to contain a planar-tetracoordinate carbon.

The alkaplanes (or spiroalkaplanes) may be regarded as
neopentane-type (or spiropentane-type) units capped both
top and bottom by cycloalkane moieties. They are predicted
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er than that of the diamine “proton
sponges”. Structural parameters, heats
of formation and strain energies for the

hydro-
pero novel hydrocarbons are detailed.

to be tightly bound species that display remarkably low
ionization energies (4.5-5.0 €V),? 3 comparable to those of
the alkali metals lithium and sodium. In the present article we
examine the effect of removing one of the caps, that is,
capping on one side only. The resultant molecules are termed
hemialkaplanes and hemispiroalkaplanes. We present de-
tailed results for three hemialkaplanes (see III and 2-4), of

n 2 3 4

which hemioctaplane (4, also known as bowlane) has already
been the subject of theoretical study,*°! and three hemi-
spiroalkaplanes (see IV and 5-7), members of a new class of
saturated hydrocarbons. All the hemispiroalkaplanes are
predicted to have an apical, pyramidal-tetracoordinate carbon
atom.

There has been much interest in pyramidal-tetracoordinate
carbon since the proposal by Liebman and Greenbergl®! that
the tetracoordinate, central carbon of all-trans-[4.4.4.4]fenes-
trane (8) should prefer a pyramidal to a planar arrangement, a
contention supported by model calculations on methane.[’]
Keese, Agosta and others®! have had much success in
synthesizing larger fenestranes (V)—the archetypal molecule
being the all-cis-[5.5.5.5]fenestrane (9) and the smallest, and
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+3(H2C)

m-3(H2C) —(CHa)ns

V (k,,m,n=4) 8 9

most strained, example being a derivative of [4.4.4.5]fenes-
trane (10)Pl—but so far [4.4.4.4]fenestrane has proven elusive.
More recently, Wiberg has had considerable success in
synthesizing smaller molecules with highly distorted ge-
ometries at a tetracoordinate carbon, that can be viewed as
[3.n.3]fenestranes (VI).’) He has found evidence for a number

(CH2)ks
m-3(H2C)————(CHz)ns
VI(k=m=3) 11 12

of small, bridged spiropentanes, including both a [3.4.3]fen-
estrane derivative (11),°*<1 which is expected to have a
butterfly or half-planar geometry,'” and [3.3.3]fenestrane
(12),°4 which is expected to have a pyramidal-tetracoordinate
carbon atom.d Prior to Wiberg’s work, considerable success
had also been achieved by Brinker, Skattebgl and others,'!l in
the synthesis and study of larger, bridged spiropentanes (e.g.,
13-15). Although these molecules do not have a pyramidal-
tetracoordinate carbon atom, they do show considerable
distortion at the spiro carbon.!'?]

13 14 15

Pyramidane (16), perhaps the archetypal hydrocarbon with
a pyramidal-tetracoordinate carbon atom, has been identified
through molecular orbital calculations as a true minimum on
the CsH, potential-energy surface.l'> 'Y Semiempirical molec-

Chem. Eur. J. 2000, 6, No. 13
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ular orbital calculations had
suggested that 4 and a number
of larger, related molecules (all
of which can be seen as
[k.l.m.n]fenestranes where k, |/,
m and n are each greater than
4) will also have a pyramidal-
tetracoordinate carbon atom.P!
However, ab initio calculations
indicate that the apical carbon
atom in 4 is not pyramidal™ and
it seems unlikely that the other
suggested molecules will have a
pyramidal carbon atom either,
as they all allow greater flexi-
bility at the central, quaternary
carbon atom.

10 (R = CO,CHj)

?E Fe(CO);
H
H
H
H

16 17 (A=Hor CO)

(CO)SFe/‘/C
(c})sxe\’\;e(c%o)g

At

Particularly striking have been recent discoveries in both
iron-cluster and gold chemistry. Compounds with an Fe,C
corell® Bl are found to have a butterfly geometry (17) in which
the tetracoordinate C atom is bound to four Fe atoms in the
one hemisphere. Schmidbaur has found that the as-yet-
unsynthesized compound [ (Ph;PAu),C] prefers to bind a fifth
ligand and form [(Ph;PAu)sC]* 'l suggesting that it has a
largely unbound pair of electrons, and possibly a pyramidal
geometry at the C atom. Further work by Schmidbaur and
others on coordination of gold ligands to other main-group
elements,['” ¥l suggests that pyramidal-tetracoordination of an
atom with eight valence electrons can indeed lead to stable,
isolable compounds.

An examination of the molecular orbitals for a pyramidal-
tetracoordinate carbon constructed from a carbon atom and
two ethylene units (Figure 1) reveals that the apical carbon
atom will indeed possess a lone pair of nonbonding electrons
and will have four electron-deficient C—C o bonds (six
bonding electrons spread over four bonds). As a result,
molecules that contain a pyramidal-tetracoordinate carbon
should be very strong Lewis bases, as observed by Schmid-
baur.l'! Indeed, calculations by Pyykké predict a value of
1213 kJmol~! for the proton affinityl' of the pyramidal
isomer of [(H;PAu),C].* Both Jemmis and Schleyer®” and
Minkin, Minyaev and co-workers!'*l have also noted the
potentially very high proton affinity at a pyramidal-tetracoor-
dinate carbon in pyramidane (16), a purely organic system.
Jemmis and Schleyer calculated the proton affinity of 16 to be
1060 kJmol~! at the HF/3-21G level. The resulting CsHs*
species is typical of the group of nonclassical carbocations
known as pyramidal carbocations. Since their conception,
pyramidal carbocations?-% have been studied extensively
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H H
H /\ M
Figure 1. Orbital interaction diagram showing molecular orbitals in
pyramidal-tetracoordinate carbon.

and a number of systems, including 18-H*, 19-H" and 20-H",
have been observed in superacid media.l?! 22¢hil

H —|+ H —|+ H _\+

18-H* 19-H* 20-H*

Given the wealth of experimental support both for dis-
torted spiropentanes and for pyramidal carbocations, we have
embarked on an examination of the hemialkaplanes and
hemispiroalkaplanes as attractive prototypical hydrocarbon
examples of such species, and as possible synthetic targets.

Computational Methods

Standard ab initio molecular orbital calculations?® were carried out by
using the Gaussian 98 system of programs.! All structures® were
optimized initially without symmetry constraints at the B3-LYP/6-31G(d)
level. Structures of interest were then re-optimized with the preferred
symmetry, and either analytic or numerical normal-mode analysis was used
to characterize the nature of the resulting stationary points. A selection of
the more interesting structures [2—4, 5-7, the tetramethyl derivative (21)
of 6, and the protonated species 4-H*, 5-H", 6-H*, 7-H" and 21-H"] were
further optimized at the MP2/6-31G(d) level and improved energies were
calculated at the MP2/6-311+G(2d,p)//MP2/6-31G(d) level by using the
frozen-core approximation in all the MP2 calculations. All these MP2/6-
31G(d) structures were characterized as local minima by numerical normal-
mode analysis. Reaction enthalpies were computed initially using B3-LYP/
6-31G(d) energies, corrected for zero-point energy (ZPE) by using B3-

2472 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

LYP/6-31G(d) analytic frequencies scaled by 0.9806 and corrected to 298 K
by using standard statistical thermodynamics and the same frequencies
scaled by 0.9989.7] For a selection of molecules, reaction enthalpies were
also computed at the MP2/6-311+G(2d,p)//MP2/6-31G(d) level by using
MP2/6-31G(d) frequencies scaled by 0.9670 for the ZPE and corrected to
298 K by using these same frequencies scaled by 1.0211.77 In all cases, we
used a set of five pure d functions rather than the usual six cartesian
functions for the 6-31G(d) basis set.

The strain associated with formally building the hemialkaplanes from a
neopentane unit and the appropriate capping hydrocarbon can be
estimated from the enthalpy change in the homodesmic reaction given in
Equation (1).

hemialkaplane + 8ethane — cap + neopentane + 4isobutane (1)

We have defined the apical strain energy (ApSE) for a hemialkaplane as
—AH(1). This strain energy includes contributions from the strain in the
highly distorted apical CsHg moiety, the strain involved in binding this unit
to the capping hydrocarbon and the energy involved in deformation of the
capping hydrocarbon to the geometry found in the corresponding hemi-
alkaplane (this final contribution being by far the smallest). Results are
given in Table 1.

Similarly, the apical strain energy for the hemispiroalkaplanes, that is, the
strain associated with formally building the hemispiroalkaplanes from a
capping hydrocarbon and unstrained hydrocarbons, is defined as the
negative of the enthalpy change in the homodesmic reaction given in
Equation (2)

hemispiroalkaplane + 4 propane + 10ethane —
. @)
cap + neopentane + 8isobutane

Values of the ApSE = — AH(2) are given in Table 2. As a special case, we
considered tetramethylhemispirooctaplane (21). The apical strain energy
for 21 is the negative of the enthalpy change in the homodesmic reaction
given in Equation (3). The calculated ApSE for 21, —AH(3), is also
included in Table 2.

21+ 4propane + 10ethane — 3)
cyclooctane (crown) + 5neopentane + 4isobutane

Conventional total strain energies (SE) were calculated by using a
homodesmic reaction schemel®! in which the target hydrocarbon is broken
down into the basic unstrained hydrocarbons: ethane, propane, isobutane
and neopentane.’®?! For example, hemispirooctaplane (6) gives the
reaction in Equation (4).

6+ 16cthane — neopentane + 4isobutane + 8 propane 4)

The total strain energy for hemispirooctaplane (6) is then defined as
— AH(4). The heat of formation (AH,) of the hydrocarbon in question (e.g.,
6) is calculated by using the computed enthalpy of the appropriate
homodesmic reaction (e.g., AH(4)) and the experimental values for the
heats of formation of the small unstrained hydrocarbons: ethane
(—83.9 kI mol™"), propane (—104.7 kI mol™'), isobutane (— 134.2 kI mol~")
and neopentane (—167.9 kJ mol~").?l Calculated strain energies (SE) and
heats of formation for a variety of hydrocarbons (including the novel
systems described herein) are given in Table 3.

We find that the B3-LYP/6-31G(d) procedure is not suitable for reliably
predicting the enthalpy changes for homodesmic reactions such as that in
Equation (4) because of poor cancellation of errors. For example, the strain
energy of spiropentane is given as the negative of the enthalpy change in
the reaction in Equation (5).

spiropentane + 6 ethane — neopentane + 4 propane 5)

Even with B3-LYP/6-311+G(3df,2p), the computed SE differs from the
experimental value by approximately 50 kJ mol~!. This can be traced to
noncancelling errors in the individual heats of formation calculated from
atomization energies at this level of theory for spiropentane
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Table 1. Calculated apical strain energies (ApSE) and structural parameters for the hemialkaplanes./*"<l

Apical Parametersll

Sym.l4l Cap Cap Apical CsHy  Molecular lengths angles
formula structurel?!  subunitle! formula  ApSE! 7, Tup Tow Tup O™ Ouow  Oug  Ooup
H H
H H
hemibihexa- 22 C,  bicyclo-CHq | | CyHi  (687)  (1.585) (1.586) (1.730) (1.469) (185.7) (141.1) (91.3) (101.2)
plane H H
0o
H H
H H
hemihexa- 2 G cyclo-CsHg C Hy¢ (726)  (1.601) (1.656) (1.708) (1.481) (189.2) (139.9) (91.8) (100.9)
plane H H 716 1.604 1.640 1.674 1477 187.8 1402 90.8 101.0
T
H H
H H
hemibihepta- 3 C,  bicyclo-CHy CoH,  (717)  (1.598) (1.653) (1.713) (1.470) (191.3) (140.7) (92.3) (101.2)
plane H H 706 1.602 1.639 1.678 1.467 189.8 1412 91.3 1013
T
H H
H H
hemibiocta- 23 C,  bicyclo-CHy CuHis  (673)  (1.578) (1.653) (1.728) (1.489) (174.2) (145.8) (93.8) (111.6)
plane H ﬁ""
H H
H H
b, At
hemiocta- 4 C»,  cyclo-CHy CuHy  (642)  (1.606) (1.645) (1.686) (1.480) (172.3) (148.7) (963) (112.8)
plane H ﬁ"" 623 1.604 1.628 1.661 1475 1712 1488 955 113.1
H H
H H
H-—lu\ H
heminona- 24 C,  bicyclo-CoH,, CuHy  (696) (1.581) (1.659) (1.704) (1.477) (172.9) (148.7) (95.0) (112.7)
plane H H
H H

[a] The only cyclobutane- and cyclopentane-capped structures that we could find which preserve the bonding integrity, correspond to high-order saddle
points on their respective potential-energy surfaces. [b] B3-LYP/6-31G(d) values are given in parentheses. MP2/6-311+G(2d,p)//MP2/6-31G(d) and
MP2/6-31G(d) values are given without parentheses. [c] Bond lengths are given in A, bond angles in degrees, and energies in kJ mol-". [d] The symmetry of
the equilibrium structure. [e] The carbon atoms with unfilled valences, which form C—C bonds between the cap and the apical CsHg subunit, are marked -.
[f] ApSE is the apical strain energy, the negative of the enthalpy change at 298 K for reaction in Equation (1). [g] See structure III for a description of the
geometrical parameters. [h] Values for 0,,, greater than 180.0° indicate a pyramidal carbon.

(—30.1 kJmol™"), neopentane (—52.4 kImol™"), propane (—14.6 kJmol~!)
and ethane (—4.1 kJ mol~').*! In contrast, although MP2/6-311 + G(2d,p)//
MP2/6-31G(d) gives much larger errors for the individual heats of
formation calculated from atomization energies, there is considerably
better cancellation of errors for the homodesmic reaction. The SE for
spiropentane (one of the worst cases) computed with a homodesmic
scheme differs from experiment by approximately 15 kJ mol~! (see Table 3
for comparisons of this level of theory with experimentPl). As a
consequence, only MP2/6-311+G(2d,p)//MP2/6-31G(d) values are report-
ed in Table 3.

Gas-phase proton affinities were determined as the negative of the
enthalpy change in the protonation reactions, B,-+H"(g) —BH"(g),
obtained by using MP2/6-311+G(2d,p)//MP2/6-31G(d) energies, corrected
for ZPE and to 298 K by using MP2/6-31G(d) analytic frequencies and the
same scaling factors mentioned above. The ideal gas value of 2.5RT was
used as the temperature correction for the proton. To provide an indication
of the approximate accuracy of this level of theory/® we used it to
determine the proton affinities of CH,, NH; and H,O, giving values of 530,
852 and 687 kJmol~!, respectively, which may be compared with exper-
imental values™®l of 552, 854 and 697 kJ mol~!, respectively.

The total energies, scaled ZPEs, and corrections for H**® — H® are given in
Tables S1-S3 of the Supporting Information. Gaussian archive files for all
B3-LYP/6-31G(d) and MP2/6- 31G(d) optimized structures are given in
Tables S4—-S6 of the Supporting Information.
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Results and Discussion

Structures of Hemialkaplanes: The hemialkaplanes (III) are
constructed formally by capping a neopentane-type unit
with a cycloalkane. We examined structures that result
from the use of the following eight cyclic hydrocarbons as
the basis for the capping unit: cyclobutane, cyclopentane,
bicyclo[2.2.0]hexane, cyclohexane, norbornane (bicyclo-
[2.2.1]heptane), cyclooctane, bicyclo[3.3.0Joctane and bicy-
clo[3.3.1]nonane. The resulting molecules, named hemi-
butaplane, hemipentaplane, hemibihexaplane (22), hemi-
hexaplane (2), hemibiheptaplane (3), hemibioctaplane (23),
hemioctaplane (4) and hemibinonaplane (24), respec-
tively, were surveyed initially at the B3-LYP/6-31G(d)
level. Structures of particular interest were then re-
optimized at the MP2/6-31G(d) level. Important struc-
tural parameters for 2—4 and 2224 are presented in Table 1,
while more complete structures for hemihexaplane (2),
hemibiheptaplane (3) and hemioctaplane (4) are displayed
in Figure 2.
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Table 2. Calculated apical strain energies (ApSE) and structural parameters for the hemispiroalkaplanes.[*"!

Apical Parameters!!

Sym.ll Cap Cap Apical CsH, Molecular ~ ApSEl! Tou Tup O™ Ooup
formula structurel?] subunit!® formula Too¥ T Ooup®
H H
hemispiro- 25 G, cyclo-CH, )}-{:: C,H, (736) (L644)  (1.549)  (109.7)  (108.1)
butaplane H H
H H
hemispiro- 26 Gy, bicyclo-CsH, CHy (537) (1.665) (1.531) (107.8) (114.6)
bihexaplane
(perpendicular) H '1
H H
hemispiro- 27 G bicyclo-C{H, :I}( CyHy (756) (L646)  (1.563)  (1243)  (117.2)
bihexaplane Fi H (1.586)18)  (1.531)E  (117.7)t
(parallel) H H
hemispiro- 28 G, cyclo-CgHy C,Hy, (582) (1.644) (1.549) (106.9) (115.7)
hexaplane
(perpendicular) * '-I
H H
hemispiro- 29 C,  cyclo-CoHy :I}( C,H, (679) (1619)  (1541)  (12L.1)  (1158)
hexaplane H 1]
(parallel) H H
hemispiro- 30 G, bicyclo-C;Hy CpH,, (542) (1.651) (1.538) (107.4) (114.9)
biheptaplane
(perpendicular) H i
H H
hemispiro- 31 G, bicyclo-C;Hj :I}( CpH,, (715) (1L616)  (1.543)  (121.8)  (116.8)
biheptaplane H H
(parallel) H H
hemispiro- 5 G, bicyclo-CsH, CHy, (504) (1.650)  (1.524)  (1201)  (12L1)
bioctaplane 547 1.633 1.516 120.6 121.2
(perpendicular) * '-I
H H
hemispiro- 2 C,  bicyo-CiHy :I}( CiH,, (618) (631)  (1542)  (1206)  (1252)
bioctaplane H 1]
(parallel) H H
hemispiro- 6 G, cyclo-CgH,, CsHyg (527) (1.632) (1.532) (123.2) (123.5)
octaplane 572 1.622 1.523 123.1 123.6
H H
H H
hemispiro- 7 G, bicyclo-CyH,, CHy (499) (1.642) (1.524) (122.2) (122.3)
binonaplane 550 1.628 1.515 122.3 122.4
(perpendicular) * ,1
H H
hemispiro- 3 Gl bicyclo-CoH,, I}( CHy (662) (1609)  (1.546)  (120.0)  (127.4)
binonaplane H H
(parallel)
tetramethyl- 21 G, cyclo-CgH, CpH, (480) (1.636)  (1.540)  (127.6)  (120.6)
hemispiro- 516 1.624 1.528 127.2 120.9
octaplane (1.515)t1
1.5081

[a] B3-LYP/6-31G(d) values are given in parentheses. MP2/6-3114+G(2d,p)//MP2/6-31G(d) and MP2/6-31G(d) values are given without parentheses.
[b] Bond lengths are given in A, bond angles in degrees, and energies in kJ mol~'. [c] The symmetry of the equilibrium structure. [d] The carbon atoms with
unfilled valences, which form C—C bonds between the cap and the apical CsH, subunit, are marked «. The relative orientation of the cap and apical subunit is
as shown. [e] ApSE is the apical strain energy, the negative of the enthalpy change at 298 K for the reaction in Equation (2), or in the case of 21, for the
reaction in Equation (3). [f] See structure IV for a description of the geometrical parameters. [g] The lower symmetry (C,) gives two unique bond lengths in
the apical unit. [h] See ref. [34]. [i] The C,, structure of hemispirobinonaplane (parallel) (33) is a first-order saddle point. Optimization with reduced
symmetry constraints leads to ring opening at the apex to give a cyclopentylidene-type structure. [j] The methyl C—C bond length.
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Table 3. Calculated strain energies (SE) and calculated and experimental heats of formation (AH,) at 298 K [kJ mol~'].l2

Homodesmic reaction

SE (calcd)®!

AH; (calcd)

AH; (exptl)l

cyclopropane 34 + 3ethane — 3propane 125 62 533406
tetrahedrane 35 + 6ethane — 4isobutane 601 567 (535 £ 4)
pyramidane 16 + 8ethane — neopentane + 4 isobutane 645 611

spiropentane 36 + 6ethane — neopentane + 4 propane 284 200 185.1+0.8
[1.1.1]propellane 37 + 7ethane — 2 neopentane + 3 propane 432 369 351 £ 4lel
prismane 38 4 9ethane — 6isobutane 639 589

cubane 39 + 12 ethane — 8isobutane 708 641 622.2+£3.7
tetrakis(tert-butyl)- 40 + 10ethane — 8neopentane 535 30 25.9+ 8.8l
tetrahedrane

cyclobutane 41 + 4 ethane — 4 propane 115 32 28.5+0.6
bicyclo[2.2.0]hexane 42 +7ethane — 2isobutane + 4 propane 238 138 12511
cyclohexane (twistboat) TB-43 + 6 ethane — 6 propane 27 - 98

cyclohexane (chair) C-43 + 6ethane — 6 propane 1 —124 —123.1+£0.8
norbornane 44 + 8ethane — 2isobutane + 5 propane 62 -59 —549+4.7
cis-bicyclo[3.3.0]octane 45 + 9ethane — 2isobutane + 6 propane 49 -93 —-933+£15
(cis-octahydropentalene)

cyclooctane (boat-chair) BC-46 + 8 ethane — 8 propane 41 —125 —1244+£1.0
cyclooctane (crown) Crown-46 + 8 ethane — 8 propane 51 —116

bicyclo[2.2.1]nonane CC-47 + 10ethane — 2isobutane + 7 propane 27 —135 —1275+23
(chair-chair)

bicyclo[2.2.1]nonane TBTB-47 + 10thane — 2 isobutane + 7 propane 63 —100

(twistboat-twistboat)

[3.3.3]fenestrane 12 + 7 ethane — neopentane + 2 isobutane + 2 propane 586 528

[3.4.3]fenestrane 48 + 8ethane — neopentane + 2isobutane + 3 propane 499 420

[3.5.3]fenestrane 13 + 9ethane — neopentane + 2 isobutane + 4 propane 355 255
tetracyclo[3.3.1.0%4.0>%|nonane 49 + 12 ethane — neopentane + 4 isobutane + 4 propane 426 309

hemihexaplane 2 + 14 ethane — neopentane + 4isobutane + 6 propane 743 584

hemibiheptaplane 3+ 16ethane — neopentane + 6isobutane + 5 propane 768 613

hemioctaplane 4+ 16ethane — neopentane + 4 isobutane + 8 propane 674 473

hemispirobioctaplane 5+ 19ethane — neopentane + 10isobutane + 2 propane 595 469

(perpendicular)

hemispirooctaplane 6 + 18 ethane — neopentane + 8isobutane + 4 propane 623 472

hemispirobinonaplane 7 + 20ethane — neopentane + 10isobutane + 3 propane 613 466

(perpendicular)

tetramethylhemispiro- 21+ 18ethane — Sneopentane + 4isobutane + 4 propane 567 281

octaplane

[a] MP2/6-311 + G(2d,p)//MP2/6 -31G(d) values corrected to 298 K [kImol~']. [b] The strain energy (SE) is determined as the negative of the enthalpy
change for the given homodesmic reaction. [c] Taken from ref. [30b] unless otherwise noted. [d] G2 calculated value from ref. [30d]. [e] From ref. [30c]. [f]

From ref. [30a].

LK 1ATE 1EIT jmga- 14M8
e (15300 g a5 {1.118)
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@ 1a7
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Figure 2. Structural parameters (MP2/6-31G(d) values in bold type, B3-LYP/6-31G(d) values in parentheses, all
values in A or degrees) for hemihexaplane (2), hemibiheptaplane (3) and hemioctaplane (4). The apical angle is

0404, that is, X C*C°C*; the other angle indicated is 6, that is, ¥ C°C*C/.

Cyclobutane- and cyclopentane-type caps do not lead to
stable bound structures; high-symmetry structures were
located but these are found from analytic frequency analysis
to be high-order saddle points. Hemialkaplanes with capping
units that contain a primary eight-membered ring (4, 23 and
24) are found to be stable, but the apical carbon atom in these
structures is not pyramidal. Indeed, of all the hemialkaplanes
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LB iTige 188 examined, only those with cap-
| 1011 7R 1 G ping units which have a primary
- ring of six carbon atoms are
11651 found both to be stable and to

have a pyramidal-tetracoordi-
; nate carbon atom. In particular,
L HELE we find that 2 and 3 have a
pyramidal-tetracoordinate car-

bon atom. However, as can be

seen from Table 1 and Figure 2,

4 [T the degree of pyramidalization

at the apical carbon even in
these cases is not great. In fact,
all the stable hemialkaplanes
show quite similar geometrical
features at the apical C(CH,), moiety: i) there is a pair of
elongated C—C bonds to the apical carbon atom, C°, that is,
with lengths r,, in the range 1.58-1.60 A; ii) these two
elongated C—C bonds are attached to the apical carbon in an
almost linear arrangement (6,4, =170-190°); iii) associated
with this pair of elongated C—C bonds is another long C—C
bond between C* and CP whose length, r,, is considerably
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greater than 1.60 A in all but 22; iv) in all cases these two
elongated bonds form a tight angle, 6,5 = C°C*C’, which is
close t0 90.0°; v) there is a second pair of very long C—C bonds
to C° which have a bond length, r,,,, around 1.70 A at B3-LYP/
6-31G(d) and greater than 1.65 A at MP2/6-31G(d); and vi)
associated with this pair of very long C—C bonds is a pair of
compressed C—C bonds between C* and C# which are in the
range 1.47-1.49 A at both levels of theory. We suspect that
the presence of four C—C bonds with lengths greater than
1.65 A, found in all the hemialkaplanes except 22, will make
the hemialkaplanes somewhat susceptible to internal rear-
rangement/isomerization to lower energy species.

Structures of hemispiroalkaplanes: The hemispiroalkaplanes
are constructed formally by capping a spiropentane-type unit
with a cycloalkane. We examined structures that result from
the use of the following seven cyclic hydrocarbons as the basis
for the capping unit: cyclobutane, bicyclo[2.2.0]hexane, cyclo-
hexane, norbornane (bicyclo[2.2.1]heptane), cyclooctane, bi-
cyclo[3.3.0]octane and bicyclo[3.3.1]nonane. The resulting
molecules, named hemispirobutaplane (25), hemispirobihexa-
plane (26 and 27), hemispirohexaplane (28 and 29), hemi-
spirobiheptaplane (30 and 31), hemispirobioctaplane (5 and
32), hemispirooctaplane (6) and hemispirobinonaplane (7 and
33), respectively, were surveyed at the B3-LYP/6-31G(d)
level. A tetramethyl derivative of 6 in which the C* hydrogens
are replaced with methyl groups, tetramethylhemispiroocta-
plane (21), was also examined. Structures of particular
interest were then re-optimized at the MP2/6-31G(d) level.
Important structural parameters for 5—7, 21 and 25-33 are
given in Table 2. Structures for hemispirobioctaplane (5),
hemispirooctaplane (6), hemispirobinonaplane (7) and tetra-
methylhemispirooctaplane (21) are displayed in Figure 3.
The spiropentane-type CsH, apical subunit (in hemispiro-
alkaplanes) lacks the fourfold symmetry of the neopentane-
type CsHg apical subunit (in hemialkaplanes). As a conse-
quence, there are two possible structural isomers for each of
the hemispiroalkaplanes constructed from the capping hydro-
carbons that do not have fourfold symmetry. In cases where
these structural isomers exist, and well-bound minima could
be located, they have been designated as parallel or perpen-
dicular, referring to the relative orientations of the longest
axes of the two subunits (see Table 2). We note that the
perpendicular isomer is favoured in all cases (see below).
An examination of the structures of the hemispiroalka-
planes that we have considered reveals that they all prefer a
pyramidal arrangement at the apical, tetracoordinate carbon
atom. There is one relatively long C—C bond (r,,=1.61-
1.67 A) from C° to C¢, while all other C—C bond lengths are
unremarkable. A more detailed examination requires a
division of the hemispiroalkaplanes on the basis of the size
of the primary cap-ring. The molecules with a primary cap-
ring of six carbon atoms can be divided into two groups, those
with a steep angle at the apical carbon (26, 28, 30) (0, =107 —
108°)B4 and those with a wider angle (27, 29, 31) (0,0, =121 -
124°) at the apical carbon. The latter are all parallel-type
hemispiroalkaplanes and are typified by the existence of two
cyclobutane rings fused between the apical CsH, unit and the
cap. Interestingly, it is these structures with the wider value for
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Figure 3. Structural parameters (MP2/6-31G(d) values in bold type, B3-
LYP/6-31G(d) values in parentheses, all values in A or degrees) for
hemispirobioctaplane (5), hemispirooctaplane (6), hemispirobinonaplane
(7), and tetramethylhemispirooctaplane (21). The apical angle shown is
360 — O, that is, the outer angle made by x, C° and x.1*¥]

0., that have shorter C°—C® bonds (ry, = 1.62 A for 29 and 31,
Fou=1.65 A and 1.59 A for 27551). Hemispirobutaplane (25) is
a special case as it is the only hemispiroalkaplane examined
with a four-membered primary cap-ring. Hemispirobutaplane
has both a steep angle at the pyramidal carbon (6,,, = 109.7°)
and a pair of fused cyclobutanes between the apical unit and
the cap. The rest of the hemispiroalkaplanes have an eight-
membered primary cap-ring (5-7, 32 and 33). Unlike the case
for the hemispiroalkaplanes with a six-membered primary
cap-ring (26-31), these molecules all have a comparatively
less steep, pyramidal-tetracoordinate carbon (6, = 120-123°)
and intermediate values for the C°—C* bond length (ry, =
1.61-1.65 A). Although these C—C bonds are longer than
normal C—C single bonds, they are not without precedent.3)

One further geometrical aspect of the hemispiroalkaplanes
worth noting is that the capping hydrocarbons are usually
forced into higher symmetry when bound into the cage than in
the free form. For example, whereas the appropriately
oriented conformer of bicyclo[3.3.1]nonane prefers a C,
structure with the expected twistboat conformation of the
two fused cyclohexane rings, hemispirobinonaplane (7) pre-
fers C,, symmetry with regular boat conformations of the
fused cyclohexane rings and no twisting in the cap. This is
expected to worsen the situation with respect to a number of
possible H-H close contacts. The shortest H-H contact is
found in the C,, structure for the parallel-type hemispirobi-
nonaplane (33), in which the H—H distance is calculated at the
B3-LYP/6-31G(d) level to be 1.864 A. Perhaps as a conse-
quence, this structure is found not to be a local minimum but a

0947-6539/00/0613-2476 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 13





Hemispiroalkaplanes

2470-2483

first-order saddle point, leading to ring opening at the apical
carbon. After ring opening, this H—H distance is increased to
1.954 A. All other H—H close approaches, in all structures, are
greater than 2.0 A.

The tetramethyl derivative of 6 (i.e., 21), shows slightly
greater widening of the 6, angle at the pyramidal carbon
than in 6 (0, ~ 127°). The only other notable feature is that
the C“—CH, bond (1.51 A) is somewhat shorter than a
standard C—C bond.

Strain energies: Although strain energies do not necessarily
reflect kinetic stability, they can still be used profitably to
assess possible targets for synthesis. The quantity that we have
labelled as the apical strain energy (ApSE) is effectively the
total strain energy (SE) less the strain inherent in the capping
hydrocarbon. We find this quantity useful for two reasons.
Firstly, we recognize that the capping hydrocarbon may be
considerably strained in its own right and yet this strain may
have little effect on the stability at the apical carbon atom.
Secondly, although the ApSEs calculated by B3-LYP may
have considerable error, this error is expected to be systematic
when we are comparing similar systems [see Egs. (1)-(3)].
Thus, relative values for the ApSE, calculated at the B3-LYP
level, should be more reliable within the hemialkaplane and
hemispiroalkaplanes families.””] Values for the ApSEs of the
hemialkaplanes and the hemispiroalkaplanes are included in
Table 1 and Table 2, respectively. Total strain energies (SE)
and heats of formation (AH;) for systems for which we have
calculated MP2/6-311+G(2d,p)//MP2/6- 31G(d) energies are
given in Table 3.

The calculated ApSEs for the hemialkaplanes range from
about 620-730 kJmol~! (Table 1). A comparison of the B3-
LYP/6-31G(d) and MP2/6-311+G(2d,p)//MP2/6-31G(d) val-
ues shows that the B3-LYP values tend to be higher by about
10-20 kJmol~!. Strain in the smaller systems with a six-
membered primary cap-ring (2, 3, 22) is generally higher than
in the larger systems that have an eight-membered primary
cap-ring (4, 23, 24). This is also reflected in the total strain
energies (SE) given in Table 3 for 2 (743 kJmol™'), 3
(768 kI mol~') and 4 (674 kJ mol~'). Hemioctaplane (4) stands
out clearly as the least-strained hemialkaplane, being the only
system to have an ApSE lower than 650 kJmol~! and an SE
less than 700 kJ mol-1.

The hemispiroalkaplanes give directly calculated ApSEs
that lie between 480 and 760 kJmol~! (see Table2). A
comparison of the B3-LYP and MP2 values indicates that
the former are systematically too low by about 40 kJmol~!. In
the discussion that follows, the ApSEs have consequently
been adjusted by 40 kJ mol~ .57 Once again, it is useful to split
the hemispiroalkaplanes into groups based on the size of the
primary cap-ring. The structures with a six- membered
primary cap-ring (26—31) clearly form two groups: the
parallel-type isomers (27, 29, 31), which all have very high
ApSEs (around 720-800 kJmol~! after correction®), and
their perpendicular-type counterparts (26, 28, 30), which have
more modest ApSEs (580-620 kJ mol~'[*"1). Part of the cause
of the much higher strain in the parallel-type structures is the
existence of a pair of cyclobutane rings fused between the
apical subunit and the capping hydrocarbon. The fact that this
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introduces considerably more strain at the C* atoms suggests
that the parallel-type isomers would not make good targets
for synthesis. Hemispirobutaplane (25) is the only system with
a four-membered cap-ring. Like the parallel-type six-mem-
bered cap-ring systems, it also has a pair of fused cyclobutane
rings, but this is in addition to the cyclobutane ring of the
capping hydrocarbon. The ApSE for 25 (776 kImol~! after
correctiont®”) is similar to that of the parallel-type six-
membered cap-ring systems, and 25 is also unlikely to be a
good target for synthesis.

The hemispiroalkaplanes with an eight-membered primary
cap-ring also form two groups. The parallel-type isomers (32
and 33) are considerably more strained (ApSEs greater than
650 kImol~'B"1) than the other four structures in this group
(5-7, 21: ApSEs in the range 515-575 kJmol~'). Unlike the
smaller parallel-type systems (27, 29, 31), there are no
additional fused, small rings (e.g., cyclobutanes) in these
molecules. Instead, these systems appear to derive extra
strain, compared with their perpendicular-type counterparts
(5 and 7), from an unfavourable placement of the C* atoms.
The hemispiroalkaplanes can also be thought of as a carbon
atom stabilized over a polycyclic diene (e.g., hemispirobuta-
plane 25 has been suggested previously as a species in which a
carbon atom is stabilized over syn-tricyclo[4.2.0.0>°]octa-3,7-
diene (50)).1* The underlying polycyclic dienes for the

49 50 51

parallel-/perpendicular-type hemispiroalkaplane pairs 5/32
and 7/33 reveal that in the parallel-type isomers, 32 and 33,
the C* atoms are forced by the “half-cage” framework into a
close-contact situation (see Figure 4). This situation appears

upeA

Figure 4. The polycyclic diene “half-cage” frameworks for a) 5, b) 7, ¢) 32
and d) 33. Lengths in A.
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to provide a strongly adverse effect on the thermodynamic
stability of the corresponding hemispiroalkaplanes. In the
parallel-type hemispirobinonaplane (33), the H—H close-
contacts mentioned earlier also contribute to the ApSE. As
a result, the C,, structure for 33 is a saddle-point and not a
minimum. Optimization with reduced symmetry constraints
leads to asymmetric ring opening at the apical carbon to give a
cyclopentylidene ring (51), thereby forming a bond between
one pair of opposing C* atoms and relieving much of the strain
associated with keeping the opposing C* atoms at a non-
bonding distance.

The nonparallel-type hemispiroalkaplanes (5-7, 21) have
the lowest ApSEs of the hemispiroalkaplanes studied. Fur-
ther, both their ApSEs and SEs are 50-100 kJmol~! lower
than the ApSE and SE of hemioctaplane. Tetramethylhemi-
spirooctaplane (21) is of particular interest. It appears that
methylation at C* helps to reduce the strain in the hemi-
spiroalkaplanes considerably. The total strain energy of
tetramethylhemispirooctaplane (21) (SE =567 kJmol™!) is
almost 50 kJmol~' lower than the strain in hemispiroocta-
plane (6) (SE =623 kImol™).

In order to probe more widely the effect of alkylation on
strain, we have also calculated the strain energies for
tetrahedrane (35) (SE =601 kJmol~!) and tetrakis(tert-bu-
tyl)tetrahedrane (40) (SE =535 kJmol~!). We find a similar
effect to that observed for hemispirooctaplane, namely, that
alkylation reduces considerably the strain in the system. This
may well be one of the factors that has enabled the synthesis
of tetrakis(tert-butyl)tetrahedrane (40), while tetrahedrane
(35) remains experimentally unknown. Further, in similar
fashion to that seen in 40, it is likely that alkylation of the C*
atoms with bulky alkyl groups like fert-butyl, or perhaps
isopropyl, would have a beneficial effect on kinetic stability by
protecting the “sensitive” C—C bonds. Semiempirical model-
ling suggests that tetrakis(fert-butyl)hemispirooctaplane is
somewhat crowded but might be feasible.

It is useful to compare the properties of our novel hydro-
carbon structures with those of related species (Table 3). The
total strain energy (SE) of hemioctaplane (4) (674 kJ mol) is
quite large but comparable with the SE of cubane (39)
(708 kJ mol~!) or prismane (38) (639 kJ mol~"), both of which
are known experimentally. However, in cubane and prismane
this strain is evenly distributed over eight (or six) carbon
atoms and twelve (or nine) C—C bonds. The situation in the
hemialkaplanes is a little more complex as the strain is clearly
not evenly distributed throughout the molecule. A useful
comparison would consider the ApSE (623 kJmol™! in 4),
which in the hemialkaplanes is mainly distributed over the
five apical carbon atoms and approximately eight C—C bonds
(the four C°-C* and four C*—C¥ bonds), suggesting a greater
strain per carbon or per C—C bond in 4 than in cubane (39) or
prismane (38). The strain energy of pyramidane (16), the
archetypal pyramidal-tetracoordinate carbon species, is found
to be 645 kJmol-!. This is close to the ApSE of 4 and this
strain is likely to be distributed in a similar fashion, that is,
spread over five carbon atoms and eight C—C bonds with one
carbon atom more strained than the others. But synthesis of
pyramidane (16) has not yet been accomplished. The hemi-
alkaplanes may prove equally challenging.
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The situation for the hemispiroalkaplanes is more promis-
ing. In the first place, ApSEs for the hemispiroalkaplanes are
generally lower than for the hemialkaplanes. Again, strain is
concentrated mainly in the apical unit and is distributed
mostly over these five carbon atoms and the ten associated
C—C bonds (four C*—C°, two C*—C* and four C*—C” bonds).
We find that the ApSEs for the least-strained hemispiroalka-
planes (5-7) (550-570 kI mol ") are considerably lower than
the strain energy for pyramidane (16). In fact, the ApSEs for
5-7 are comparable with, or slightly less than, the SE for the
experimentally observed species, [3.3.3]fenestrane (12)
(586 kImol~'). We have also determined the strain energies
of a number of other distorted spiropentanes (48, 13 and 49)
(499, 355 and 426 kJmol~!, respectively) that have been
observed experimentally.'] Although these strains are some-
what lower than the ApSEs for the hemispiroalkaplanes 57,
the strain in 48 is comparable with the ApSE for the
tetramethyl derivative of 6 (i.e., 21) (516 kJmol~'). We also
expect that the tetramethyl derivatives of 5 and 7 will have
ApSEs around 500 kJmol~'. These alkylated derivatives
would appear to be the most attractive synthetic targets.

Synthetic considerations: We will not attempt here to design a
synthetic strategy, but simply to make a few observations.
Firstly, synthesis of a number of strained spiropentanes has
been achieved through cyclization reactions that involve the
insertion of a cyclopropylidene moiety into a carbon—carbon
double bond."] For example, both the tricycloheptane 1312
and the tetracyclononane 49!l have been synthesized in this
manner (see Scheme 1).71 An analogous reaction pathway for

Br
— :CBr, . MeLi
X;» r .
—_— /

Scheme 1.

13

the synthesis of the hemispiroalkaplanes would involve, as
principle reactant, a polycyclic diene,*) such as 52 (the
hydrocarbon parent of the well-known insecticide isodrin) or
53 (the tetraquinane isomer of 52, which is thermally

L S

accessible!*? from birdcage hydrocarbon). An initial insertion
of one equivalent of dihalocarbene at one of the C=C double
bonds might then allow for ring closure via generation of a
cyclopropylidene intermediate (Scheme 2).]

For cases in which this type of cyclization reaction was
found to be successful, Skattebgl observed that methylation at
the carbon-carbon double bond aided ring closure and
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53
Scheme 2.

improved yields.''l This sug-
gests that attempts at synthesis
of the methylated hemispiroal-
kaplanes by such a route may
prove to be more successful
than attempts to make the un-
substituted parent molecules.

Proton affinities: One clear
consequence of the binding ar-
rangement at the apical carbon
atom in both the hemialka-
planes and the hemispiroalka-
planes is that the highest occu-
pied molecular orbital (HO-
MO) is a lone pair of electrons
located at the apical carbon
atom (see Figure 1). An exami-
nation of the HOMO of hemi-
spirooctaplane 6 (Figure 5)
shows this very clearly. This
situation leads us to expect
ready protonation. The struc-
tures resulting from protona-
tion at the apical carbon atoms
of 4-7 and 21 (Figure 6) have
C,, symmetry and are found to
be minima on their respective
potential-energy surfaces. Once again, the longest bonds are
found to be the C*—C“ bonds (ry, =1.73 A for 4-H*, ry, =
1.61-1.62 A for 5-H*, 6-H", 7-H* and 21-H*). These struc-
tures appear to be typical pyramidal carbocations, although
the angle at the apex (0, = 131 -138°)3 is somewhat flatter

B-H* ()

Figure 5. The highest occupied molecular orbital (HOMO) for hemi-
spirooctaplane (6) is a lone pair orbital located at the apical carbon atom.
The iso-surface is drawn at 0.080 ¢ A3,

Chem. Eur. J. 2000, 6, No. 13

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

than in known pyramidal car-
bocations like 18-H*, 19-H*
and 20-H* (0,4, =93-94°) (see
Table 4).21
The predicted gas-phase pro-
ton affinities (PA) of these
5 molecules (4-7 and 21) are
all greater than 1100 kJmol~!

T-H" (Cayd 21H" ()

Figure 6. Structural parameters (MP2/6-31G(d) values in bold type, B3-LYP/6-31G(d) values in parentheses, all
values in A or degrees) for protonated hemioctaplane (4-H*), hemispirobioctaplane (5-H*), hemispirooctaplane
(6-H"), hemispirobinonaplane (7-H"), and tetramethylhemispirooctaplane (21-H*). The apical angle shown is
360 — Oy, that is, the outer angle made by x, C° and x.[*I

(Table 4)! The nonpyramidal hemialkaplane 4, as would be
expected, has the lowest PA (1119 kJmol-!), while 21 has a
slightly greater proton affinity (1193 kJmol-!) than the non-
alkylated hemispiroalkaplanes 5-7 (1172-1179 kJmol™").
These values are considerably larger than the PAs of any of

Table 4. Calculated gas-phase proton affinities (PA) at 298 K (kJmol™!)
for selected molecules!! and selected geometrical parameters [A or
degrees] for the protonated species."!

PA[C] Yoa Bxﬂx[d]
pyramidane (16) 965 1.646 58.6
18l 1094 1.623 92.9
19k 1096 1.619 94.1
200 1102 1.620 93.1
hemioctaplane (4) 1119 1.732 138.1
hemispirobioctaplane (5) 1172 1.620 131.4
hemispirooctaplane (6) 1175 1.613 133.5
hemispirobinonaplane (7) 1179 1.617 132.7
tetramethylhemispirooctaplane (21) 1193 1.620 137.1

[a] MP2/6-311 + G(2d,p)//MP2/6-31G(d) values corrected to 298K as
described in the text. [b] MP2/6-31G(d) values. [c] PA is determined as
the the negative of the enthalpy change for the reaction in Equation (6).
[d] See ref. [34]. [e] The conjugate bases of 18-H*, 19-H* and 20-H*.
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the organic systems listed in a recent compendium, includ-
ing the renowned superbase, “proton sponge” (1,8-bis(di-
methylamino)naphthalene) (1028 kJmol™!). It is truly re-
markable for saturated hydrocarbons to have such high
proton affinities.

Other evidence for very high basicity at carbon has been
seen in the incredibly strong preference for [(Ph;PAu),C]
(which is not calculated, however, to prefer a pyramidal
structure) to attract a fifth ligand and form [(PhsPAu)sC]*.0'0]
In addition, calculations by Pyykko indicate that both the
pyramidal and tetrahedral-like isomers of [(H;PAu),C] have
proton affinities comparable with those of the hemispiroalka-
planes.'®1 We have recalculated the proton affinity of
pyramidane (16) (965 kJmol~'), and find it to be somewhat
less than that predicted by Jemmis and Schleyer®!
(1060 kJmol-') and considerably less than the PAs of the
hemispiroalkaplanes 5—7 and 21.

Once again, the effects of methylation appear to be
beneficial. Thus the greater PA for 21 over 6 indicates that
methylation, as well as reducing the strain in the unprotonated
species (see above), also reduces the relative energy of the
protonated molecule. This advantageous effect of “basal”
methylation has been suggested previously from calcula-
tions.!!

Stabilities: Determining the kinetic stability of prospective
synthetic targets is not a simple task, yet the absence of low-
lying transition states, which lead to potential decomposition
pathways, is essential to their eventual isolation. An exhaus-
tive search of all the possible modes of decomposition, at a
high level of theory, in systems with more than 20 atoms is
clearly unfeasible at the present time. It is therefore necessary
that we be guided to some extent by comparing with similar
systems for which there are experimental data. Although, as
Luef and Keese® have remarked, there are few experimental
studies on the kinetic stability of saturated, strained hydro-
carbon systems with respect to mechanism,** the systems that
have been studied do provide some useful clues. Rearrange-
ment or decomposition often appears to occur through a
homolytic C—C bond cleavage.[*> ] Results for the bridged
spiropentanes suggest that the rearrangement in these cases
might alternatively occur by a retro-Diels—Alder mecha-
nism.") A third possibility is decomposition via a carbene
intermediate; a possibility that might be considered for very
highly strained systems. Finally, Luef and Keese have also
found that the rigid geometries and the highly strained, fused
structures of the fenestranes (V) lead to fragmentation
through unusual reaction channels.*l In consideration of
potential decomposition pathways, the hemialkaplanes are
probably best viewed as extremely strained, saturated
[k.I.m.n]fenestranes (V) (in which k (= m) and [ (= n) are
both greater than or equal to five), while the hemispiroalka-
planes might be best compared with bridged spiropentanes
because they also contain a pair of spiro-linked cyclopropane
rings.

An examination of the structural parameters (in particular
C—C bond lengths) should give an indication of any partic-
ularly weak bonds that may have low dissociation barriers.
The pair of elongated C*—C* bonds in the hemialkaplanes
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(III), that are approximately 1.67 A at MP2/6-31G(d) (Ta-
ble 1), suggest the possibility of a low-barrier rearrangement
pathway through cleavage at one of these bonds. This, in
combination with a number of other fairly long C—C bonds
(e.g. ry=1.64 A at the MP2/6-31G(d) level), suggests that
although these molecules are true minima on their respective
potential-energy surfaces, they may not be isolable. The
barrier to rearrangement through C—C cleavage at these
extended bonds might reasonably be expected to be relatively
small, and fragmentation by cleavage at a number of these
longer bonds is likely to be facile.

The situation in the hemispiroalkaplanes (IV) appears to be
more encouraging in that the C°—C* bonds are, in general,
considerably shorter (approximately 1.63 A at MP2/6-
31G(d)) (Table 2). However, studies by Brinker, Skattebgl
and Roth,[' 4! have shown that distorted spiropentanes with
even quite short C°—C“ bonds (1.49-1.52 A) can readily
rearrange through what is thought to be either initial C—C
cleavage at one of the C*—C* bonds or a retro-Diels— Alder
reaction. We have modelled the rearrangements of spiropen-
tane, tricyclo[4.1.0.0"3]heptane (13) and 4,5-benzotricy-
clo[4.1.0.0" ’|hept-4-ene (15) and find a good correlation
between the energy of homolytic dissociation at the inner
C—C¢ bond and the rate of thermal rearrangement. Initial
calculations on the cleavage at one of the C'—C* bonds in
hemispirooctaplane (6) indicate that this process is exother-
mic (rather than endothermic, as is customary for C—C bond
cleavage). However, we do find a barrier to C—C bond
cleavage that varies from approximately 20 kJmol~!, as
calculated with UB3-LYP/6-31G(d), to 60 kImol~, by using
(2/2)CASPT2.41 Unfortunately, an accurate description of
the potential-energy surface for this reaction would require an
(8/8)CASPT2 or better calculation (because of the unusual
bonding arrangement at the pyramidal-tetracoordinate car-
bon).1 Use of this method on a system of this size is
prohibitive with our current computational resources because
of the immense number of configuration state functions
(CSFs) involved in such a treatment of a C;; hydrocarbon.

Examination of the normal vibrational modes gives some
further insights into possible mechanisms for rearrangement.
The hemialkaplanes (III) have generally similar vibrational
profiles. The three lowest frequency modes, with values of
around 300-350 cm~!, correspond to a symmetric and an anti-
symmetric C—C stretch of the C’—C* bonds and a scissorlike
motion that causes inversion at the apical carbon atom, C°.
Hemioctaplane (4) is unusual because of its C,, symmetry. In
this case, there are a few low frequencies that correspond to
twisting motions, especially of the cap. The scissorlike motion
at C" appears at about 250 cm™, the lowest C*—C“ stretching
motion (antisymmetric) appears at about 350 cm~! and the
symmetric C'—C* stretch is found at about 550 cm~'. It
appears from the relatively low frequencies for C*—C¢
stretching, coupled with the rather long C*—C“ bonds, that
initial cleavage of the C’—C* bond would be the most likely
mechanism of isomerization/rearrangement in the hemialka-
planes.

The normal vibrational modes of the hemispiroalkaplanes
(IV) are characterized by two relatively low-frequency modes
associated with vibration along the C’—C* bonds (see
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Figure 7). One of these modes (A) leads to ring opening at C°
(with C—C bond formation between C*? and C*?) to give a
cyclopentylidene structure, while the other mode (B) repre-
sents a symmetric stretching of the opposing C°—C® bonds and
is likely to lead to homolytic C°—C* bond cleavage. The ring-
opening mode (A) is generally the lowest frequency mode in
the hemispiroalkaplanes, but it is particularly low in the
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Figure 7. The two lowest vibrational modes, A and B, which may lead to

ring opening at the apical carbon atom in the hemispiroalkaplanes. The
apical carbon atom, C, is above the plane of the C* atoms.

parallel-type hemispiroalkaplanes (27, 29, 31, 32 and 33). In
fact, in the C,, structure for hemispirobinonaplane (33) this
mode becomes a down-hill mode and as a result 33 is a saddle
point, as noted above. In both 27 and 32, the frequency
associated with this mode is below 100 cm~. It is only in the
perpendicular-type hemispiroalkaplane isomers 5, 7, 26, 28
and 30, and in hemispirobutaplane (25), that the frequency
associated with this mode lies above 200 cm~!. Even in the
hemispirooctaplanes 6 and 21, the frequency associated with
this mode is quite small (100 and 200 cm™, respectively). This
vibration might provide a facile route to rearrangement.
However, we note that the vibrational profile of the hemi-
spiroalkaplanes and their pyramidal carbocation counterparts
are similar in this low-frequency region and, further, the
vibrational profiles of the protonated hemispiroalkaplanes in
this low-frequency region are similar to those we calculate for
the experimentally observed pyramidal carbocations 18-H",
19-H* and 20-H". These observations suggest that this
particular vibration, while quite facile, may not lead to a
favourable rearrangement pathway.*!

The other low-frequency vibrational mode (B) probably
corresponds to the mode that leads to thermal rearrangement
in distorted spiropentane systems such as 13 and 15, that is,
this mode corresponds to cleavage at one of the C°—C* bonds,
and the resulting diradical then rearranges to lower energy
products. The value of the frequency associated with this
mode is similar in the distorted spiropentanes (12, 13 and 48)
(250-290 cm™!) and the perpendicular-type hemispiroalka-
planes with an eight-membered primary cap-ring (5-7)
(190-240 cm™!). The value of the corresponding frequency
in the parallel-type hemispiroalkaplanes (27, 29, 31, 32, 33) is
somewhat lower (100-200 cm~!). However, this same mode
corresponds to a much larger frequency (approximately 300 —
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400 cm™!) in the perpendicular-type hemispiroalkaplanes with
a six-membered primary cap-ring (26, 28 and 30) and in
hemispirobutaplane (25). In any case, it seems likely that
C—C« bond cleavage will be one of the preferred modes of
rearrangement in the hemispiroalkaplanes, and an accurate
determination of the barrier to this C—C bond cleavage is
required if we are to establish the stability of these molecules
with respect to unimolecular rearrangement.

Conclusion

The hemialkaplanes and the hemispiroalkaplanes represent
two new families of saturated hydrocarbons with remarkable
properties. A key feature of these molecules is that they
exhibit a pyramidal, or near-pyramidal, arrangement of bonds
at the apical carbon atom. The highest occupied molecular
orbital is essentially a lone pair localized at this carbon and
this leads to a very high basicity for the hemialkaplanes and
hemispiroalkaplanes, even greater than that of the so-called
“proton sponges”.

Of the hemialkaplanes, hemioctaplane (or bowlane, 4)
appears to be the best synthetic target; it has the lowest apical
strain energy (ApSE), the shortest C°—C* bonds, and probably
the greatest (albeit small) barrier to C°—C* bond cleavage
(and subsequent rearrangement). We expect, however, that
the hemispiroalkaplanes will generally have better prospects
of synthesis. Alkylated derivatives of hemispirobioctaplane
(5), hemispirooctaplane (6) and hemispirobinonaplane (7) are
predicted to be the best target molecules. These molecules are
the least strained hemispiroalkaplanes, and the amount of
strain associated with the highly distorted regions of these
molecules is of a similar magnitude to that found for
experimentally observed compounds of a similar nature. Only
the C°—C* bonds (1.61-1.63 A) are found to be significantly
longer than standard C—C bonds, and bonds of this length are
not without experimental precedent amongst molecules with
a partially flattened tetracoordinate carbon center.

We find that methylation (or perhaps alkylation with larger
groups like isopropyl or tert-butyl) at the C* atoms reduces the
total strain and the ApSE in the hemispiroalkaplanes. Such
groups are also likely to have some effect in protecting the
apical carbon atom, and may facilitate the ring-closure
reaction (a carbene insertion reaction) that forms the last
step in a potential route to hemispiroalkaplanes. Clearly,
alkylation at C* should be considered in any synthetic
strategy.

We hope that the remarkable features of the hemispiroalka-
planes—a new class of saturated hydrocarbons with a
pyramidal-tetracoordinate carbon atom and basicity higher
than that measured to date for any known organic compound
— will fuel attempts at synthesis of these molecules.
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