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Modified Guanidines as Chiral Auxiliaries

Tsutomu Ishikawa*[2l and Toshio Isobe!’!

@ 0

Abstract: Investigations on modified guanidines, pre-
pared by newly developed methods, as potential chiral
auxiliaries led to reasonable asymmetric induction not
only in catalytic but also in stoichiometric asymmetric
syntheses. These guanidine-mediated reactions may con-
tribute to the development of green chemistry because of
their possible application as re-cyclable (economically
favored) and easily functionalizable (widely applicable)
auxiliaries.

Keywords: asymmetric catalysis  asymmetric synthesis
K. chiral auxiliaries - guanidines - kinetic resolution )

Introduction

Asymmetric synthesis is a very important and powerful
method for new generation of stereogenic centers. Optically
active amines are widely used as the key ligands!'! of chiral
auxiliaries or as the basic skeletons of phase-transfer cata-
lysts.?l They are also used as chiral bases in some cases after
modification to metal amides with strong basicity;*! however,
to our knowledge, their successful application as organic bases
themselves without modification is limited to a few conjugate
additions™ due to their low basicity in spite of the advantages
of not only easy handling (without requiring strict reaction
conditions such as air protection in many cases of metal-
mediated reactions) but also simple handling (just mixing).

Guanidines 1 can be classified as organic bases such as
amines 2 and amidines 3, in which 1 are regarded the strongest
basesl®! due to resonance stabilizability of their conjugated
acids.[! The presence of three nitrogen atoms in the guanidine
compounds may lead to wide and easy molecular modifica-
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tion, as it is theoretically possible to introduce five chiral
centers at the nitrogen atoms (Figure 1). Thus, it can be
anticipated that modified guanidines play important roles as
chiral bases (or auxiliaries) in asymmetric synthesis.

RS .R®
1 4 RY - 1
SR NN
| | RZ |2
R?2 RS R
1 2 3

R1-R5= a possible chiral unit

Figure 1. Different guanidines 1, amines 2, and amidines 3.

Some applications of guanidines to asymmetric synthesis as
chiral bases can be found in the literature ;" however, not only
difficult manipulation as a result of their strong basicity but
also lack of simple and general synthetic methods hampered
the use of guanidines in asymmetric synthesis. We have
reported the availability of 2-chloro-1,3-dimethylimidazolini-
um chloride (DMC)®! (4) as a replacement for the dehydrat-
ing agent dicyclohexylcarbodiimide. In the course of these
studies we observed that DMC derivatives are easily con-
verted into the corresponding cyclic guanidine derivatives 5
by treatment with appropriate primary amine functionalities
(Figure 2). These facts stimulated us to develop guanidine
chemistry mainly focusing on their role as chiral auxiliaries in
asymmetric synthesis.

RS

S
Me. RY 2
N N,Me \N N,R
J/ cr >_<
DMC (4) L L

5
Figure 2. DMC (4) and a basic skeleton of modified guanidines 5.

Discussion

Preparation of modified guanidines: We recently established
a new and practical synthesis of nine types of modified
guanidines by four different methods dependent upon the key
reactions used.”) The first method involves the reaction of
DMC derivatives with amines® (Scheme 1). Thus, 1,3-
disubstituted 2-iminoimidazolidines 8 with or without 4,5-
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R1=Me, (S)-1-phenylethyl

Scheme 1. Preparation of guanidines 8 and 9 from DMC derivatives.

diphenyl groups and bicyclic guanidines 9 were prepared from
DMC derivatives 6 and 7, respectively, by treatment with
primary amines.

The second method involves DMC-induced cyclization of
protected thiourea intermediates derived from the corre-
sponding ethylenediamines as a key reaction® (Scheme 2).
Thus, 2-aminoimidazolines 11 were prepared from trisubsti-
tuted thioureas 10 (R',R? +H), whereas 1,3-unsubstituted 13
and 1-methyl-2-iminoimidazolidines 14 were synthesized
from disubstituted thioureas 10 (R?>=H) through protected
imidazolidine derivaitves 12.

RL _R2 14 RL R?
HN - NH, N 2. deprotection /k
— g NH NHPG —— N“ 'NH
T (RLRZ H) )—(
L L L L
10 11
DMC l (R%=H)
Rl
R R -
N N N

M deprotection J PG 1. methylation Me. N
N-

HN” "NH <———— HN —— N NH
)—( 2. deprotection >_<

UL UL L L
13 12 14

R, L=alkyl, aryl; R2=alkyl, aryl, H; PG=protecting group

Scheme 2. Preparation of guanidines 11, 13, and 14 by DMC-induced
cyclization of thiourea.

The third method constitutes an alternative DMC-induced
cyclization of guanidines with a hydroxyethyl function at the
nitrogen atom through substitution of the hydroxy group by a
chlorine atom!® (Scheme 3). Thus, 3,7,8-trisubstituted 1,4,6-
triazabicyclooctene systems 18 were prepared from 2-
(2-hydroxyethylimino)imidazolidines 15. Reaction of linear-
type guanidines 16 with DMC followed by base treatment
afforded 1,4-disubstitued 2-iminoimidazolidines 19. Another
type of 1,4,6-triazabicyclooctenes 20 was also prepared from
guanidines 17 containing two 2-hydroxyethyl substituents by
double DMC-induced cyclization.

Finally, a C,-symmetrical bicyclic guanidinel' 22,
(25,35,75,85)-2,3,7,8-tetraphenyl-1,4,6-triazabicyclooctene, was
provided using thiourea 21 by DMC-induced -cyclization
followed by intramolecular S\2 reaction of the monocyclic
guanidine as shown in Scheme 4.
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Scheme 3. Preparation of guanidines 18, 19, and 20 by DMC-induced
cyclization of guanidines with a hydroxyethyl group.
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Scheme 4. Preparation of guanidine 22 by DMC-induced cyclization
followed by S\2 cyclization.

Roles as chiral auxiliaries: The concept of modified guani-
dines as chiral auxiliaries in asymmetric synthesis is quite
simple as illustrated in Scheme 5, in which guanidines 5 could
be converted to reactive, but resonance-stabilized, guanidi-
nium salts 23 by quarternization with a reagent (A-B). The
key intermediate 23 may react with activated unsaturated
substrates (C=D), such as in a Michael reaction, trimethyl-
silyl (TMS) cyanation, or nucleophilic epoxidation, to give
addition products 24, in which 5§ should act as catalyst
(route A in Scheme 5).

On the other hand, the guanidinium salts 23 could be used
for kinetic resolution of racemic secondary (sec) alcohols (E-
OH), in which 23 act as either an electrophile or a nucleophile,
such as in silylation or in azidation, to give hydrogen-
substituted products (EO-A) 25 (route B in Scheme 5) or
OH-substituted products (E-B) 26 (route C in Scheme 5),
respectively. In the former reactions protonated guandidines
(5-HB) may be produced, whereas in the latter cases
alternative ones (5-HOA) could be formed. Furthermore,
racemic sec-alkyl halides may also be resolved by electrophilic
displacement of 23 with acidic compounds such as carboxylic
acids according to route B in Scheme 5 when alkyl halides are
used for the guanidinium salt formation as A-B. In these
substitution reactions guanidines 5 are needed in stoichio-
metric amount.
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Scheme 5. Concept of modified guanidinesS as chiral auxiliaries in
asymmetric synthesis. ex.: example.

Application to catalytic reactions

Michael reactions: According to our concept as shown in
route A in Scheme 5 we first tried the guanidine-catalyzed
Michael reaction between diphenyliminoglycinate 27 and
reactive vinyl compounds 28 leading to an amino acid syn-
thesis!'!l (see Scheme in Table 1). After preliminary exami-
nations using a catalytic amount (20 mol%) of several
guanidines, (4S5,55)-1,3-dimethyl-4,5-diphenyl-2-[(R)-1-hydro-
xymethyl-2-phenylethylimino]imidazolidine (29), belonging
to the monocyclic guanidine 8 [L =Ph, R'=Me, R?=(R)-
CH(CH,0OH)CH,Ph] (see Scheme 1), was found to be the
most effective catalyst in this Michael reaction.['”! Especially
when using ethyl acrylate (28a) as a Michael acceptor, an

Table 1. Guanidine-catalyzed Michael reaction of the diphenyliminogly-
cinate 27.

_Ph
N~ >-OH
PhZC:N;HZCOZIBu MeN)LNMe
(1 equiv) PH /\Ph M
’ 29 Ph,C=N é CO,tB
. =N~ C == u
CH,=CHX (0.2 equiv) 2 H 2
CH,CH,X
28 20°C 30
(3.6 equiv) in THF
or
without a solvent
Entry THF 28 (X) t 30
Yield® [%] ee[%] Contl"

1 a: CO,Et 7d 15 79 R
2 + b: COMe 6d 90 96 (R)
3 c¢: CN 5d NRI - -
4 a: CO,Et 3d 85 (100) 97 R
5 — b: COMe 15h 90 (100) 80 (R)
6 c: CN 5d 79 (100) 55 (R)

[a] Isolated, non-optimized yields. Values in parentheses show product
yield estimates determined from 'H NMR spectra. [b] Configuration of an
excess enantiomer. Parentheses indicate the expected absolute configu-
ration. [c] NR: No reaction.
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excess amount of the (R)-adduct30a was quantitatively
obtained with 97% ee when the reaction was carried out
without a solvent (entry 4); however, a less effective reaction
(79% ee in 15% yield) was observed in a THF solution
(entry 1). Interestingly, replacement of 28a to methyl vinyl
ketone (28b) led to opposite results (entries 2 and 5). Thus,
higher asymmetric induction (96 % ee) was obtained in the
THEF solution even with longer reaction time (90 % yield after
six days). In general, remarkable rate-acceleration was
observed in reactions withount any solvents (entries 4-6).
We have proposed a possible transition statel’®! for these
guanidine-participated Michael reactions giving excess (R)-
adducts as shown in Figure 3.

T
\
=z
]

@
(@]
]
~ é:o:g/ .

CHp=CHX

Figure 3. Proposed transition state for the Michael reaction of 27 with 28
catalyzed by 29.

The modified guanidine 29 was also found to catalyze
another Michael reaction!'! between dibenzyl malonate and
cyclopentenone, in which an excess of the (R)-adduct was
obtained in 38 % yield with 43% ee when the reaction was
carried out in chloroform under reflux for twelve days!' (data
not shown).

TMS cyanation: It has been reported that the reaction of
carbonyl compounds with TMSCN is catalyzed by amines/'®]
to afford addition products. Application of modified guani-
dines to this TMS cyanation reaction using aldehydic com-
pounds indicates that a C,-symmetrical bicyclic guanidine 22
(see Scheme 4) was found to be the most effective catalyst!!”!
(Scheme 6). Thus, treatment of 31 with TMSCN in toluene at

Ph
S
ooy
RCHO N
31 s
(1 equiv) Ph " Ph OTMS
+ (0.1 equiv) R=C—CN
TMSCN - H
i -78 °C
(2 equiv) in toluene 32
quant. R=CH,CH,Ph (70% ee)

R=cyclohexyl (60% ee)

Scheme 6. Guanidine-catalyzed TMS cyanation of aliphatic aldehydes 31.

—78°C in the presence of 10 mol% of 22 resulted in the
quantitative formation of an excess of the (R)-adduct 32 with
good enantioselectivity; however, the use of ketone instead of
an aldehyde caused both lower chemical yield and ee (data not
shown).
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Nucleophilic epoxidation: Effective asymmetric epoxidation
was observed when chalcone 33 was treated with a combina-
tion of DBU and urea hydroperoxide in the presence of poly-
L-leucine (Julia—Colonna condition).'®! In our experiments
for guanidine-catalyzed epoxidation with a hydroperoxide,
(45,55)-4,5-diphenyl-2-[(S)-1-phenylethylimino]imidazolidine
(34), belonging to the monocyclic guanidine 13 [L = (S)-Ph,
R'=(S5)-CH(Me)Ph] (see Scheme 2), was found to be an
effective catalyst!'”! (Table 2). Thus, treatment of 33 with rert-
butylhydroperoxide in toluene in the presence of 20 mol % of
34 at room temperature for one day gave a (2R,3S)-
epoxide 35 in 34 % yield with 49% ee. As expected, higher
asymmetric induction was observed when a more bulky
cumene hydroperoxide was used as the oxidant at room
temperature. The reaction under reflux caused rate acceler-
ation, but lower selectivity.

Table 2. Guanidine-catalyzed epoxidation of chalcone 33 with hydroper-
oxides.

Me
N Ph
i oY
Ph/%)J\Ph HN NH
33 PH  Ph
(1 equiv) 24 3 o
+ 0.2 i o
O2equ) o = M
XOOH/toluene o 02
0 oluene
(10 equiv) RT, 1d 35
XOOH T 35
X) Yield [%] ee [%]
tBu RT 34 49
RT 52 64
PhC(Me), {reﬂux 82 53
N
: ; guanidine
OH (1 equiv)
36 >
2 equiv, —_—
(2 equiv) RT
+ 10-12d OTBDMS
TBDMSCI in CHoCl 37
(1 equiv) )
idine:
guanidine ’\iﬂe Ph
e N
N Ph )‘\/f\
HNAN’R HN N
PH Ph PR Ph
40

38: R=H [34% (37% ee)]
39: R=Me [50% (39% ee)]

78% (31% ee)

Scheme 7. Guanidine-mediated silylation of (+)-1-indanol 36.

Application to stoichiometric reactions (kinetic resolutions):
Although racemic compounds could be theoretically resolved
by several methods, successful kinetic resolution with chem-
ical means is limited to only esterification of sec-alcohols,?" as
far as we know. We tried kinetic resolutions of sec-alcohols by
silylation! and sec-alkyl halides by alkylative esterification/?!
according to our concept shown in route B in Scheme 5, in

556 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

which key guanidinium salts 23 could be used as an electro-
phile.

In addition, we examined an alternative kinetic resolution
of sec-alcohols by azidation?! according to our concept shown
in route C in Scheme 5, in which 23 could be used as a
nucleophile.

Silylation: In the reaction?'l using cyclic alcohols such as
(£)-1-indanol (36) and  fert-butyldimethylsilyl ~chloride
(TBDMSCI) moderate kinetic resolution (31-39% ee) was
observed in the silylated product 37 when the diastereomer 38
of a 1,3-unsubstituted guanidine used in epoxidation (see
Table 2) and its 1-methyl derivative 39, belonging to the
monocyclic guanidine 14 [L = (S)-Ph, R!=(R)—CH(Me)Ph]
(see Scheme 2), or (3S,75,85)-3-benzyl-7,8-diphenyl-1,4,6-tri-
azabicyclo[3.3.0]oct-4-ene (40), belonging to the bicyclic gua-
nidine 18 [R'=(S)-CH,Ph, R>=H] (see Scheme 3), were
used as auxiliaries (Scheme 7). The use of a more bulky
triisopropylsilyl chloride as a silylating agent effected on
increase of the ee up to ~70% (data not shown).

Alkylative esterification: In the alkylative esterification(*!
using (+)-1-phenylethyl bromide and benzoic acid in benzene
(45,55)-1,3-dimethyl-4,5-diphenylimidazolidine (41a) with a
2-[(S)-1-phenylethylimino] function, belonging to the mono-
cyclic guanidine 8 [L=Ph, R!'=Me, R?2=(S)-CH(Me)Ph]
(see Scheme 1), afforded an (R)-excess ester 42 in 96 % yield
with 15 % ee (Scheme 8). The results could not be improved
even by replacement of a phenyl group in the 2-phenylethyl
residue with a more bulky 1-naphthyl group as in 41b.

N Me
Me N/'\R
Ph “Br Me. AN/Me
(2 equiv) \ <
> PHPh
+ 41 O Me
(0] (1 equiv) z
IS Ph)LoAPh
Ph _OH PhH, RT 42
(1 equiv) )

a: R=Ph [96% (15% ee) (4 d)]
b: R=1-naphthyl [74% (15% ee) (2 d)]

Scheme 8. Guanidine-mediated kinetic resolution of (+)-1-phenylethyl
bromide by alkylative esterification with benzoic acid.

Azidation: Treatment of 36 with diphenylphosphoryl azide
(DPPA) in dichloromethane at room temperature for six days
in the presence of a C,-symmetric bicyclic guanidine 22 or a
related (3S,75,85)-3,7,8-triphenyl-1,4,6-triazabicyclo[3.3.0]oct-
4-ene (43), belonging to the bicyclic guanidine 18 [R! = (S)-
Ph, R>=H] (see Scheme 3), gave an (R)-excess 1-azidoindan
(44) in ca 60 % yield with about 30% eel®! (Scheme 9).

Conclusion

In summary, experiments with our concept of modified
guanidines as potential chiral auxiliaries led to reasonable
asymmetric induction in both catalytic and stoichiometric
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Ph
N
~
- [t
N
OH PK  Ph
36
. 22: R=Ph; 43: R=H

@equv) > (1 equiv) 3

. _

(PhO),PON3 CH,Cl, N3
. RT,6d 44

(1 equiv)

R=Ph [58% (30% ee)]
R=H [61% (26% ee€)]

Scheme 9. Guanidine-mediated azidation of (£)-1-indanol 36.

asymmetric syntheses. The effectivity is found to be greatly
dependent upon the structural characteristics of the modified
guanidines used. It is noteworthy that excellent selectivity
(>96% ee) was observed in Michael reaction of a prochiral
glycine derivative with vinyl compounds either with or
without a solvent under simple and mild conditions. Further-
more, silylation, alkylative esterification, and azidation exam-
ined here are nominated as the first successful examples of
kinetic resolutions using these reactions, albeit with moderate
effectivity.

The modified guanidines used can be easily recovered in
reuseable form from the reaction mixture by chromatographic
separation. Therefore, although the separation method should
be modified to non-chromatographic technique, these guani-
dine-mediated asymmetric syntheses could contribute to
development of green chemistry,?* because of their possible
roles as reuseable (economically favored) and easily functio-
nalizable (widely applicable) auxiliaries. Approaches to the
mechanistic rationale, kinetics, and optimization of these
guanidine-mediated asymmetric synthesis are at present
under study in our laboratory.
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Preparation and Characterization of TADDOLSs Immobilized on
Hydrophobic Controlled-Pore-Glass Silica Gel and Their Use
in Enantioselective Heterogeneous Catalysis**

Alexander Heckel and Dieter Seebach*!2]

Abstract: Highly porous silica gel (con-
trolled-pore glass, CPG, ca. 300 m?>g!)
with covalently attached TADDOLSs
(loading 0.3-0.4 mmolg~') and Me,Si-
hydrophobized surface has been pre-
pared: First, mercaptopropyl groups
were attached to the silica gel by treat-
ment with (mercaptopropyl)trimethoxy-
silane; then the SH groups were trityl-
protected, and the remaining accessible
SiOH groups hydrophobized by silyla-
tion (heating with Me;Si-imidazole);
after deprotection, the SH groups were
used as nucleophiles for benzylation
with TADDOLSs carrying a 4-bromo-
methyl-phenyl group in the 2-position of
their dioxolane rings; alternatively, the
SH groups have been benzylated with
the 4-bromomethyl-benzaldehyde acetal
of diethyltartrate, and the diarylmetha-
nol moieties of the TADDOLSs created
on the solid support by addition of
excess phenyl, or 1- or 2-naphthyl mag-
nesium bromide. Each step of the im-

mobilizing procedure was carefully
monitored and analyzed (Ellman’s test,
methyl-red test), and resulting materials
characterized by electron microscopy,
DRIFT spectroscopy (IR), *C- and #Si
NMR solid-state NMR spectroscopy,
and elemental analysis. The immobilized
TADDOLs were titanated to give
(iPrO),Ti-, CLTi-, or (TosO),Ti-TAD-
DOLates which were used for catalyzing
the additions of Et,Zn or Bu,Zn to
PhCHO and of diphenyl nitrone to
3-crotonoyl-oxazolidinone. The follow-
ing findings are remarkable: i) The
enantioselectivities and conversions of
the reactions mediated by the CPG-
immobilized Ti-TADDOLates match
those observed under standard homoge-
neous conditions. ii) If and when the

Keywords: CPG - heterogeneous
catalysis - stereoselective catalysis
- supported catalysts - TADDOL

rates and/or the enantioselectivities of
reactions have dropped after several
applications of the same catalyst batch,
washing with aqueous HCl/acetone and
reloading with titanate leads to full
restoration of its performance. iii) There
is no detectable loss of the hydrophob-
izing Me;Si groups after nine acidic
washes! iv) There is a seasoning of the
catalyst material in the CL,Ti-TADDO-
Late-mediated [342] cycloaddition of
diphenylnitrone: Initially it is necessary
to use 0.5 equivalents of the immobi-
lized catalyst to match the performance
of the homogeneous catalyst; after three
runs the reaction rate, enantio- and
diastereoselectivity have dropped con-
siderably; acidic washing after each
subsequent run completely restores the
performance; after a total of seven runs
the amount of catalyst can be reduced to
0.4, 0.3, 0.2, and 0.1 equivalents in the
following runs, with identical good re-
sults!

Introduction

Since its introduction in 1983 the TADDOL (a,a,a’,a -
tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-dimethanol/) has de-
veloped into a true chiral auxiliary system with broad
applicability—a fact that has recently been accounted for in
a comprehensive review article.”’) In 1996 our group was the

[a] Prof.Dr. D. Seebach, Dr. A. Heckel

Laboratorium fiir Organische Chemie
der Eidgendssischen Technischen Hochschule Ziirich
ETH Honggerberg, HCI F 315
Wolfgang-Pauli-Strasse 10, 8093 Ziirich (Switzerland)
Fax: (+41)1-632-1144
E-mail: seebach@org.chem.ethz.ch

[**] Part of the Ph.D. thesis of A.H., ETH Dissertation No. 14310; for a
preliminary communication of part of the results reported herein see
ref. [12].
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first one to report on the successful immobilization of
TADDOL.F! We used styryl-substituted derivatives for the
immobilization by suspension copolymerization with styrene
and divinylbenzene. Already in this investigation it was shown
that the derived titanate catalysts could be reused, which
should be—apart from the convenient separability from the
reaction mixture—one of the key features of heterogeneous
catalysts of this type. We then studied the reusability and
especially the large-scale application in more detail.l In the
meantime other groups had started to work in this field, too.
In fact, the very first publication comes from Mayoral and
Luis who tried to immobilize TADDOL in an acetalization
reaction of a tartaric acid ester using a Merrifield-type
polymer bearing aldehyde groups,”) but they failed to build
up the TADDOL structure in the successive Grignard-
addition step. Later, Irurre et al. succeeded with exactly this
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strategy® and they went on evaluating different linkers for the
immobilization.”! Apart from the work already mentioned,
the groups of Mayoral and Luis have immobilized a tartaric
acid amide through an ether linkage to one of the hydroxyl
groups and—after saponification to the ester—added a
solution of PhMgBr. The resulting structure resembles an
immobilized TADDOL but does not have the dioxolane
ring—an important element of order in the TADDOL
structure. Thus, it is not too surprising that no enantioselec-
tivity could be achieved in the test reaction.®! So these authors
went on to immobilize phenol-substituted TADDOLs by
grafting onto Merrifield resin.®l The derived heterogeneous
titanates showed good performance in a Diels—Alder test
reaction. In a more recent investigation the same groups
prepared monolithic polymers by bulk polymerization, which
can be used in a continuous-flow reactor.’! Qur group has also
further elaborated the immobilization strategies, and we
found that surrounding TADDOLSs with dendritic branches
and using these dendrimers as the only cross-linkers in a
suspension-copolymerization afforded beads with superior
performance.l'’! In all of the studies mentioned so far a
polystyrene backbone has been used. Apart from that the only
other support for TADDOL found in the literature are
polyethylene fibers that were activated by irradiation and
reacted with styryl-substituted TADDOLSs, which were thus
immobilized.'!

Some time ago we have started to extend the variety of
available supports to silica gel (CPG, controlled-pore glass).[']
In our studies with dendritic cross-linkers!'"! we had found
that the catalytic performance can be correlated with the
swelling ability of the polymer. CPG is a rigid support that
offers an openly accessible pore structure in all possible
solvents and in a wide temperature and pressure range. Here,
we would like to give a full account of our work in this field.

Results and Discussion

Preparation of TADDOLs immobilized on hydrophobic silica
gel: The first problem to face was the intrinsic reactivity of
silica gel: The pK, of the silanol (Si-OH) groups is relatively
low (7.11) and this is incompatible with many of the reactions
for which TADDOLSs are used. Also, the surface of normal
silica gel is very hydrophilic. Water can be adsorbed through
hydrogen bonds!'¥ and liberated easily, and two adjacent
silanol groups can form a Si-O-Si bridge expelling a molecule
of water. Thus, if one tries, for example, to add Et,Zn to
PhCHO, using soluble (iPrO),Ti-TADDOLate as a catalyst,
which usually proceeds to completion within 60 minutes with
98% es,° in the presence of silica gel no conversion is
detected after 17 hours. This demonstrates the necessity to
“protect” the Si-OH groups, which can be done in various
ways: Apart from a possible fluorination!'"! or perfluoroalky-
lation'”! of the surface that could have been considered, we
have tested various procedures to trimethylsilylatel'® or
methylatel'”) silica gel, and we obtained, indeed, better
conversions in the above-mentioned test reaction. Not until
we chose trimethylsilylimidazole (TMSIm) as silylating
agent?” did we obtain results with soluble TADDOLates in
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the presence of such hydrophobized silica gel, which were
similar to those observed in the absence of silica gel.

Of the two procedures of immobilizing ligands on silica
gel—grafting and incorporating by the sol-gel process—we
chose to study the former one first. Thus, we selected CPG as
support and began with the introduction of a mercaptopropyl
linker (— 1, Scheme 1). A general problem with solid-phase
synthesis is monitoring the reaction, since, of course, the
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Scheme 1. Preparation of the immobilized TADDOL 5 starting from
commercially available CPG. a) (MeO),Si(CH,);SH, imidazole, DMF,
100°C, 20 h; b) DMTrCl, Et;N, 4h, r.t.; c¢) TMSIm, neat, 60°C, 1h;
d) 1% TFA in CH,Cl,, Et;SiH; e) benzyl bromide derivative of TADDOL,
EtNiPr,, toluene, 70°C, 12 h.

routine tools (TLC, solution NMR, etc.) cannot be applied.
However, as in this case the solid material is the final product,
purification after the reaction sequence is not possible. This
means that every single step had to be optimized, and
therefore analytical tools to monitor every reaction were
required. The degree of loading of mercaptopropyl silica had
been determined by Ford et al.?! (cf. Figure 1a) who used
Ellman’s test?l which had originally been designed for the
determination of the amount of SH groups in proteins.?’! As
can be seen from Table 1 a typical loading of 0.46 mmolg~!
could be obtained, when (mercaptopropyl)trimethoxysilane
in DMF was used, together with imidazole.?* 2! In the next
step, the mercapto groups were protected by reaction with
DMTrCl (— 2); no SH groups could be detected after this
step (Table 1). The choice of this particular protecting group
allows for an easy determination of the DMTr content (cf.
Figure 1b) with a test that is used in oligonucleotide solid-
phase synthesis.?! Indeed, the amount of detectable DMTr
groups was in the same order as the amount of SH groups had
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solution remains orange (Fig-
ure 1c, test tube on the right-
hand side). Finally, when a
silica-gel sample is added,
which had been treated with
TMSIm, no color change was
observed (Figure 1c, test tube
in the middle). This test proved
that TMSIm gave the best hy-
drophobization, which is in ac-
cord with previously published
observations.?* 3! The next step
in the sequence was the depro-
tection of the mercapto groups
(— 4), which could be achieved
with TFA solution (and Et;SiH
as scavenger). It was crucial to
know how much of the SH
groups were restored in that
procedure because this meas-
urement and the corresponding
test after attachment of TAD-

20 30

% acetone / E1OH in the test solufion ———=

Figure 1. Analytical tools for monitoring the reaction sequence shown in Scheme 1. a) Determination of the
mercapto group concentration with Ellman’s SH test. b) Determination of the DMTr group concentration by
addition of acid to a sample. c) Methyl-red test for the semiquantitative determination of the degree of
hydrophobization of silica gel (for more details see text). d) Correlation between the detectable amount of SH
groups in hydrophilic (silica gel 1) and hydrophobic (silica gel 4) samples of mercaptopropyl silica gel and the

addition of acetone or ethanol to the test solution (Ellman’s test).

Table 1. Analysis of the modified silica gels 1-5 (using CPG with 200 A
pore diameter). The loading with TADDOL (determined by the reduction
of the amount of SH groups when going from silica gel 4 to silica gel 5) was
0.44 mmol g~'.

Material SH Test DMTr Test Methyl red test
mmolg! mmolg!
CPG - - dark red
1 0.46 - dark red
2 0.01 0.46 dark red
3 - - no color change
4 0.46 0.02 light red
5 0.02 - light red

been before. In the next step the silica gel was made
hydrophobic by heating with neat TMSIm (— 3).1 The
amount of Si-OH groups in a silica gel sample can be
determined by treatment with BuLi and measurement of the
amount of butane evolved;?” in addition, the amount of
adsorbed water has to be determined in a Karl-Fischer
titration.”! A much simpler, but only semiquantitative alter-
native is mentioned in the literature:['> 27221 When normal
silica gel is added to a solution of methyl red in benzene—
depending on the concentration and the amount of silica gel—
all methyl red is adsorbed on its surface; the supernatant
solution turns colorless and the silica gel dark red (cf.
Figure 1c, left test tube); when the same amount of silica
gel, which had been made hydrophobic by Me;SiCl/base, is
added, it still turns red, but less dye is adsorbed and the
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&0 &0 DOL (— 5) would result in a
value for the final loading of the
silica gel with TADDOL. Ell-
man’s test had to be modified
since the original procedure
uses an aqueous test medium,
which does not wet hydropho-
bic silica gel. Various amounts
of acetone and ethanol were
added to the test solution to allow for penetration of the
pores.?l As can be seen in Figure 1d, the value determined
for the loading with SH groups was unaffected by addition of
acetone when we analyzed a (hydrophilic) sample of silica gel
1. When using the original procedure (without acetone or
ethanol) no mercapto groups could be detected in three
different samples of the (hydrophobic) silica gel 4. With
addition of acetone or, preferably, ethanol the SH groups
“became detectable”; the values reach a maximum with 20 %
additive.’? In most cases we used ethanol as an additive to the
test solution. In the final step of the sequence the TADDOL
ligand was introduced in a nucleophilic substitution reaction,
and the loading with TADDOL was determined by the
reduction of detectable mercapto groups. Typically, loadings
of 0.3-0.4 mmol TADDOL g~! were obtained.

We then wanted to study the influence of the pore size of
the support on the loading and later, also on the catalytic
activity. Unless stated otherwise, throughout these investiga-
tions CPG with a pore size of 200 A has been used. As can be
seen in Table 2, the loadings obtained with a 500 A or 1000 A
material were much lower. The loading obtained with the
latter material was so low that we have actually never tested it
for a reaction. For an explanation one has to consider the
different specific surface areas of the three supports which
were 280-355, 70—-90 and 30-55 m?g~! for the 200, 500, and
1000 A material, respectively. Rough calculations show that
the loadings obtained in all three cases are close to the
maximum possible ones.[*!
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Table 2. Influence of the pore diameter of the support on the loading.

Pore diameter 500 A 1000 A

silica gel SH test DMTr test methyl red SH test DMTr test methyl red test
mmol g~ mmolg! test mmolg™! mmolg!

1 0.15 - dark red 0.08 - dark red

2 0.00 0.17 dark red 0.00 0.11 dark red

3 - - no color change - - no color change

4 0.15 0.00 light red 0.09 0.00 light red

5 0.00 - light red 0.02 - light red

We also wanted to immobilize different TADDOLSs. With
the substitution of the acetal center of the dioxolane ring
being determined by the linker chosen, the aryl groups could
still be varied. From a statistical survey we knew that, apart
from phenyl groups, 1- and 2-naphthyl substituents were the
ones used most frequently. Thus, starting from the knownl®!
compound 6 (Scheme 2) we prepared the TADDOLs 7a, b
and 8a,b in analogy to the phenyl derivatives. These
compounds turned out to be difficult to purify. Finally, they,

. e 1
too, were grafted on hydrophobic mercaptopropyl silica gel 4 ?
(— 9a, b). Phigi - “«J-r«-hl-'un:
1-Highid gl "
[+
H I e 5 s Bk
L 1S L Sl T : .
A — oy >y :[ Scheme 3. Alternative route leading to heterogeneous TADDOLs 5, 9a
. ’E J D"'I_r-hr- DE! [ B and 9b by Grignard addition to the immobilized tartate ester 12, which
iy o HO._ S AT serves as a combinatorial precursor of TADDOLs with different aryl
& Tab groups. This method avoids the laborious purification of the compounds
A = 1-Mph il'l'l 2-HpA (b1 7a, b and 8a, b. a) Ti(OEt),, EtOH, reflux, 5 h; b) CBr,, PPh;, THF, 1. t.;
A an c) silica gel 4, EtNiPr,, toluene, 70°C, 12 h.
H A
=) - "} “OH =3
AL T A
T ot o .
Br., ,_.i__f H A the heterogeneous TADDOLs 5 and 9a, b prepared by this
fab A route show the same catalytic performance as those prepared
R = §-Piph fab, 2-Hph 5 in the previously shown manner (Schemes 1 and 2).
T-IHRM We have also tried to immobilize TADDOLSs on silica gel
— {F'I' “OH bearing chlorobenzyl groups, trying to avoid the protection
gﬁ_ . P_L(I h-u';r{'DH and deprotection steps necessary as outlined in Scheme 1.
il ag’ M After modification of CPG with (chlorobenzylmethyl)tri-

Sa b
A = 1-Mph |a). B-Kp* bl

Scheme 2. Preparation of the heterogeneous TADDOLs 9a and 9b
bearing 1-naphthyl- and 2-naphthyl-groups by the grafting method. a) 1-
or 2-NphMgBr, THF, reflux; b) CBr,, PPh;, THF, r.t.; c)silica gel 4,
EtNiPr,, toluene, 70°C, 24 h.

Another procedure of producing various immobilized
TADDOLSs with different aryl groups is outlined in Scheme 3:
Again starting from the known compound 6 we isolated
compound 10 after a titanate-catalyzed transesterification.
Under Appel conditions this compound was converted to the
corresponding bromide 11, which was grafted on silica gel 4 to
give the immobilized tartaric ester 12. By adding solutions of
different aryl Grignard reagents to this material it was
possible to build up the TADDOL structure on the solid
support! This route has several advantages: First of all it
avoids the laborious purification of the compounds 7a, b and
8a,b and it can also serve as a kind of combinatorial
precursor for TADDOLSs on silica gel with different aryl
groups. However, it remained to be proven (see below) that
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methoxysilane and direct hydrophobization with TMSIm, the
TADDOL was to be introduced, again in a nucleophilic
substitution reaction. For this purpose the phenyl analogue of
TADDOL 7 or its mercapto derivative were envisaged to be
used, but we found that most of the benzyl chloride linker had
been destroyed during the hydrophobization step. Using
TMSCI and Hiinig’s base or di-tert-butylpyridine instead did
not solve this problem and afforded only less hydrophobic
material. Thus, this strategy was abandoned.

Characterization of the heterogeneous TADDOLSs: Since the
routine tools of characterization—as mentioned before—
cannot be applied to ligands immobilized on silica gel, other
techniques had to be used. To demonstrate the preservation of
the porous structure of the materials we have taken electron-
microscope pictures (Figure 2a).

Another analysis is IR spectroscopy; because we could not
observe suitable IR spectra with our silica gels in KBr pellets,
we used the DRIFT (diffuse reflection infrared fourier
transform) technique (Figure 2b). After modifying CPG with
mercaptopropyl groups, the signals of the stretching vibration
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Figure 2. Characterization of some of the modified silica gels prepared:
a) Scanning electron-microscopy image of the immobilized TADDOL 5.
The picture shows a square region of 1075 nm length. b) DRIFT (diffuse
reflection infrared fourier transform) spectra (in “transmission”) of CPG
and the silica gels 1-5. The figures show the exact wavenumbers of the
peaks. ¢) Superposition of a *C NMR solid-phase spectrum of silica gel 5
(upper curve, 100 MHz, 7 kHz rotational frequency of the sample) and a
13C solution-phase NMR spectrum of compound 14 (lower curve, in CDCl;,
100 MHz). The peaks labeled with “X” are rotational side bands of the
phenyl signals (shifted in a spectrum taken with different rotational
frequency).

of the aliphatic CH bonds could be seen. The aromatic CH
bonds of silica gel 2 are observed at the same wavenumbers as
the ones of DMTrCl in CCl, (3065, 3037, 3002 cm™!), and they
disappear after deprotection. Finally, after grafting the
TADDOL, its characteristic aromatic CH-stretching signals
were detected at the expected wavenumbers (3089, 3061,
3028 cm™!, reference spectrum taken in CCl,). The broad band
between 3000 and 3700 cm ™' is usually explained as the signals
of the OH-stretching vibrations of the silanol groups on the
surface of silica gel.l'* 3] This appears to be in contradiction to
our claim of a thorough hydrophobization but again we have
to stress that we have never determined the numerical degree
of hydrophobization but found (see below) the “capping”
procedure using TMSIm to be satisfactory for the use in
reactions involving organozinc reagents.

Solid-phase NMR is another powerful tool for the charac-
terization of modified silica gels since the backbone—in
contrast to organic polymers—does not contain any carbon
atoms. In Figure 2 c the solid-phase *C NMR spectrum of the
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immobilized TADDOL 5 is depicted (upper curve). For
correlation purposes and to study ways of introducing
trimethoxysilyl groups (“silyl anchors”) for sol-gel experi-
ments we wanted to prepare compound 14 (Scheme 4). Some
strategies for the introduction of these “silyl anchors” can be
found in the literature but only few have a broader
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Scheme 4. Preparation of compound 14, a TADDOL with “silyl anchor”,
using the solid-phase reagent 13. a) (MeO),Si(CH,);SH, MeOH;; b) benzyl
bromide derivative of TADDOL, MeOH, 17 h, r.t.

potential.*> 3] The problem is the isolation and purification
since, for example, column chromatography is usually accom-
panied with major loss of material. This problem can be
circumvented elegantly by using supported reagents: In a
slight modification of a procedure for the synthesis of
unsymmetrical sulphides®! we treated a basic ion-exchange
resin with an excess of (mercaptopropyl)trimethoxysilane and
obtained reagent 13, after thorough washing of the solid
phase. Using an excess of this reagent, compound 14 could be
obtained under very mild conditions, and in fact the spectrum
on the bottom of Figure 2 ¢ is taken from the crude material!
The bromide liberated and the excess mercaptan could be
removed by filtration. Comparing the spectra of compound 14
and silica gel 5, most of the peaks in the solid-phase spectrum
have a corresponding signal in the liquid-phase spectrum of
the reference compound, except for the rotational side bands
(labelled “X”) which come from the solid-phase technique.
Also, in the solid-phase spectrum, the peak of the TMS groups
can be seen at about 0 =0.

Finally, elemental analysis might be expected to give
interesting information, too. For simple silica gel derivatives
this is true, but since the TMS groups, the linker, and the
TADDOL all contribute to the carbon content, this is no
option. However, we determined the sulphur content in some
batches and found values around 0.5 mmolg~'. In thermog-
ravimetric experiments we found silica gel 5 to be stable up to
at least 200°C (less than 0.3 % weight loss).

Enantioselective nucleophilic additions to aldehydes cata-
lyzed by CPG-immobilized Ti-TADDOLates: The first re-
action we studied was the addition of Et,Zn to PhCHO.
Therefore, we prepared the heterogeneous Ti-TADDOLate
15a (Scheme 5). The results have already been published
elsewhere.l'”l We have found that in ten successive runs the
enantioselectivity of the reaction had somewhat decreased
but the catalytic activity of the heterogeneous catalyst could
be fully restored by washing with HCI/H,O/acetone and
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Scheme 5. Preparation of the immobilized Ti-TADDOLates 15a—c¢ and
their use in the addition of Bu,Zn to PhCHO. The picture shows a reaction
flask with silica gel 15a in Et,0. The usually colorless silica gel 5 turns
yellow upon titanation. For conversions and enantioselectivities obtained
with the different catalysts, see Figure 4. a) Ti(OiPr),, toluene, azeotropic
removal of the iPrOH formed.

reloading with titanate. This washing procedure could be
repeated several times, which shows that the decrease in
selectivity is not due to catalyst leaching or decomposition but
rather to accumulation of by-products (most probably hy-
drolysis products).

As previously mentioned, with hydrophilic silica gel
present, there is no addition of Et,Zn to PhCHO. However,
knowing that this addition reaction is catalyzed much less
efficiently by achiral Ti(OiPr), than by the chiral Ti-TAD-
DOLates,? we wanted to see if, by the addition of a large
excess of Ti(OiPr),, this reaction becomes possible with
TADDOLSs on normal, hydrophilic CPG, thus avoiding the
hydrophobization procedure altogether. Indeed, with both a
large excess of Et,Zn and Ti(OiPr),, almost complete
conversion and an acceptable enantioselectivity was achieved
(Figure 3, mind the different scales for the conversion and
enantioselectivity!). Using less Et,Zn in the second run was
possible, without much loss in enantioselectivity. In runs three
to seven we tried to find out what the optimum amount of
Ti(OiPr), was: The enantioselectivity dropped sharply. Wash-
ing with HCI/H,O/acetone could almost restore the degree of
enantioselectivity to the value of the first run, but it is clear
that—unless one decides to regenerate the catalyst after every
run—using TADDOLSs on hydrophobic silica gel gives better
results in multiple use.

Chem. Eur. J. 2002, 8, No. 3
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run 1 2 3 4 5 6 7 8
equivEt,Zn 30 18 18 18 18 18 18 18
equivTi(OiP); 5.0 50 15 20 30 40 50 50
Figure 3. Results of the addition of Et,Zn to PhCHO in the presence of a
hydrophilic analogue of silica gel 5 (made by grafting of a suitable benzyl
bromide-substituted TADDOL on silica gel 1). The curve showing the
conversion belongs to the left y axis and the curve showing the
enantioselectivity belongs to the right y axis with a different scale!

Our incentive to choose the addition reaction of Et,Zn to
PhCHO as first test reaction was that it is an easily perform-
able test reaction that should help us to optimize the
procedure of preparing heterogeneous TADDOLS on silica
gel and we had demonstrated previously that, at least with
soluble Ti-TADDOLates, many Zn organyls other than Et,Zn
can be added to carbonyl groups stereoselectively. *! For the
investigations with CPG-immobilized TADDOL, the Zn-
organyls were prepared in situ by transmetallation from
Grignard reagents or Li-organyls. To show that the addition of
Zn reagents, prepared in this way, is also possible with Ti-
TADDOLates supported on silica gel, we chose the addition
of Bu,Zn to PhnCHO as next test reaction. The choice of BuLi
as Li-organyl is explained by our wish to use standardized
starting material during the tests. The transmetallation was
carried out by addition of ZnCl, and the LiCl formed was
removed with a syringe filter. Apart from the heterogeneous
Ti-TADDOLate 15a, the corresponding 1-naphthyl and
2-naphthyl derivatives 15b and 15¢ were also tested. Addi-
tionally, for reasons of comparison, each of the heterogeneous
TADDOLs was prepared, both by grafting of preformed
TADDOLSs (Schemes 1 and 2) and by Grignard addition to
the supported tartrate ester (Scheme 3). In Figure 4 the
results are outlined. In the first two runs with catalyst 15a,
prepared by grafting (Figure 4, upper diagram, left-hand
side), only two equivalents of Bu,Zn were used (following the
literature procedure for soluble Ti-TADDOLates™!), which
resulted in a low conversion. In all other runs, also with the
other catalysts, three equivalents of Bu,Zn were used. This
might be a tribute one has to pay due to the smaller scale of
the reaction compared with the one of the previous inves-
tigations.?” %! Once this problem was solved, the results
concerning conversion and enantioselectivity were satisfac-
tory for catalyst 15a, which turned out to be reusable (for a
comment on the third and fifth run with 15a, prepared by the
Grignard route, see below). With the soluble “progenitor”
TADDOL (with phenyl groups and a dimethyl-substituted
acetal center) 82 % yield and 99 % es can be obtained in this
reaction.’”! Catalyst 15b, prepared by grafting, showed a
surprising behaviour: In the first run the enantioselectivity
was very poor. After HCI/H,O/acetone washing the enantio-
selectivity was better in the second run and rose even more in
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Figure 4. Results of the addition of in situ prepared Bu,Zu to PhCHO (cf.
Scheme 5) with the heterogeneous Ti-TADDOLates 15a (top), 15b
(center) and 15¢ (bottom). On the left side of each diagram are the results
obtained with the respective catalysts that have been prepared as outlined
in Schemes 1 and 2. The right side shows the results with the catalyst
obtained by the alternative route presented in Scheme 3. Mind the
different scales for the conversion (left y axes) and the enantioselectivity
(right x axes)! Each vertical line between two runs stands for a hydrolysis
procedure with HCI/H,O/acetone with successive reloading by titanate.

the third run. In the sixth run the conversion was lower than
usual. This problem could be solved by another hydrolysis, but
in the seventh run the enantioselectivity was lower than usual.
Finally, both conversion and enantioselectivity were good in
the last four runs without the need for another treatment with
HCI/H,O/acetone. As under homogeneous conditions with
the Et,Zn addition, the 1-naphthyl derivative performed less
well in this reaction than the phenyl-substituted ana-
logue.* 421 The material 15¢ carrying 2-naphthyl groups,
prepared either way, gave rise to satisfactory catalytic
performance with a drop in conversion for each catalyst.
Regenerating the titanate after hydrolysis did solve the
problem in both cases. In summary, it is safe to say that the
route one chooses for the preparation of the titanates 15a—c¢
seems to have little influence on their performance in this
reaction.

The respective third and fifth run with catalyst 15a
prepared by the Grignard route are particularly interesting.
In run three the syringe filter broke and LiCl entered the
reaction suspension. This led to almost complete loss of
conversion. Instead of restarting the whole series, we decided
to apply the HCI/H,O/acetone hydrolysis procedure with
successive reloading with titanate. As can be seen, the
catalytic activity could be completely restored, even though
by normal washing with reaction solvent the salts could never
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have been removed. Similarly, in the fifth run, the seal of the
reaction flask had loosened, resulting, again, in complete
hydrolysis, but our catalyst regeneration procedure worked
once more. This demonstrates the power of this procedure
even after an event that could be considered as the worst case
in organometallic reactions.

The TMS groups introduced for hydrophobization might
have been expected to be labile towards acid, similar to the
acid lability of TMS-protecting groups of hydroxy substitu-
ents. However, in the present application they appeared to be
extremely stable. This could be confirmed by comparing 3C
and Si solid-phase NMR spectra of the heterogeneous
TADDOL 5 after nine HCI/H,O/acetone hydrolyses with
those of unused material (Figure 5). Acid hydrolyses have
been used before in investigations on immobilized titanates,
sometimes successfully,® + #l sometimes not.!®!

T T

-25  -50  -75  -100 -125 -150
e 6

Figure 5. ¥Si Solid-phase NMR spectrum (79.5 MHz) of silica gel 5 before
(top) and after (bottom) nine hydrolyses with HCI/H,O/acetone and
successive reloading with titanate. The peak at 0 ~ 15 arises from the Si
atoms of the TMS groups making the silica gel hydrophobic. It is still there
after nine hydrolyses, which demonstrates the stability of the TMS groups
towards acid. The peaks between 0 = — 50 and — 75 are the signals of the Si
atoms to which the mercaptopropyl linker is attached. The change of their
shape is probably due to the hydrolysis and condensation of the remain-
ingl®l methoxy group which is indicated in the more detailed formula
representation of silica gel 1 in Scheme 1. Finally, the peaks between 0 =
—80 and —120 are those of the Si atoms of the silica gel backbone.*’]

[
[
o

Stereoselective 1,3-dipolar cycloadditions with CPG-immobi-
lized Ti-TADDOLates: Apart from nucleophilic additions to
carbonyl groups, cycloadditions are the type of reaction for
which Ti-TADDOLates are mostly used.’) Some time ago
Jgrgensen et al. have reported on the successful catalysis of
1,3-dipolar cycloadditions! with Ti-TADDOLates.*! Not
only could the configuration of the major enantiomer be
controlled by using (R,R) or (S,5)-TADDOL but also, by
going from a CL,Ti-TADDOLate to a (TosO),Ti-TADDO-
Late. In analogy, we prepared the heterogeneous Cl,Ti-
TADDOLate 16 and (TosO),Ti-TADDOLate 17
(Scheme 6).[47]

However, whereas Jgrgensen’s results in the addition of
crotonoyloxazolidinone (18) to diphenylnitrone (19) could be
reproduced with soluble Ti-TADDOLates, the result with
catalyst 16 was very poor (40% conversion, 83 % ds, 64 %
es).*l We tried different conditions and found that the
reaction worked well with 0.5 equivalents of the catalyst (first
run in Figure 6). After washing with reaction solvent, the
conversion in the second run was lower and even lower in the
third run. We then hydrolyzed and reloaded the catalyst with
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Scheme 6. Preparation of the heterogeneous Ti-TADDOLates 16 and 17 and their use in the 1,3-dipolar cycloaddition of crotonoyloxazolidinone 18 to
diphenyl nitrone 19 to give either exo-20 (using the titanate 16) or endo-20 (using the titanate 17).*! For the results concerning conversion and
stereoselectivities, see Figures 6 and 7, respectively. a) TiCl,(OiPr),, toluene, azeotropic removal of the iPrOH formed; b) Ti(OTos),(OiPr),, toluene,

azeotropic removal of the iPrOH formed.
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Figure 6. 1,3-Dipolar cycloaddition of nitrone 19 to the crotonoyl double
bond of compound 18 (Scheme 6) using variable amounts of the hetero-
geneous CL, Ti-TADDOLAate 16. A vertical bar between two runs stands for
a HCI/H,O/acetone hydrolysis step with subsequent reloading by titanate
between these corresponding two runs.

titanate and it again performed well and gave rise to very
stable values for conversion and stereoselectivity. In the
eighth run we wanted to check whether 0.4 equivalents of
catalyst 16 might be sufficient. This turned out to be the case.
In the following runs we lowered the catalyst concentration
each time, until, finally, we found that in the eleventh run
0.1 equivalents could be used with equal success. This is most
surprising, because the unused catalyst had given poor results
under these conditions. Again, we have no explanation, due to
the difficult analytical access of the system, but we have
observed a similar behaviour with TADDOLs as dendritic
crosslinkers in polymers.'®! The heterogeneous (TosO),Ti-
TADDOLate 17 also performed well in this reaction (Fig-
ure 7) and the results concerning conversion and stereo-
selectivity were similar to those obtained with the soluble
analogues.[*l Here, too, the catalyst had to be hydrolyzed and
reloaded with titanate after every run. Thus, the power of the
protocol for the catalyst recycling has once more been
demonstrated.

Conclusion
We have presented two possible routes to TADDOLs,
immobilized on hydrophilic silica gel (CPG) and the derived
titanates perform well in two standard Ti-TADDOLate-
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Figure 7. 1,3-Dipolar cycloaddition (18+19) (Scheme 6) mediated by the
heterogeneous (Tos),Ti-TADDOLate 17. A vertical bar between two runs
indicates a HCI/H,O/acetone washing step, with subsequent reloading with
titanate between these two runs.

mediated reactions. Reuse of the catalyst is possible and we
were able to find a cleansing protocol that could reliably
restore the catalyst’s performance after accumulation of by-
products, or after “accidents”. The CPG-immobilized cata-
lysts described here and in a previous paperP” have great
potential for multiple applications and are in many ways
superior to polymer-bound or polymer-incorporated ana-
logues. Multiple applications for the type of reactions requir-
ing Lewis acid catalysis is an essential feature, because such
reactions notoriously require rather high catalyst-to-substrate
ratios, and cannot be compared with transition metal cata-
lyzed transformations, such as hydrogenations, isomerizations,
polymerizations, in which record substrate-to-catalyst ratios
of 10° or more can be realized, and are actually necessary to
achieve (catalysts can normally not be separated or recovered
from a polymer, they are often inherent constituents of the
resulting material!).

Experimental Section

General: For more detailed descriptions of some of the procedures see A.
Heckel, Dissertation No. 14310, ETH Ziirich, 2001.

Starting materials and reagents: The phenyl analogue of compounds 8,
used for the preparation of silica gel 5 and of compound 14, the compounds
6,7 18 "1 and 1952 and TMSImP?! were prepared according to literature
procedures. The solution of Et,Zn in toluene was also prepared following a
reported procedure.’! CPG was donated by the Grace Company and had
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the following specifications: a) “Type 332”7, batch nr. SP 2-8319.01, pore
diameter 200 A, spec. surface 280—355 m2g~!, pore volume 1.55 mLg"!,
particle size 35—70 um; b) batch nr. SP 18-9042, pore diameter 500 A, spec.
surface 70-90 m?>g~!, pore volume 1.10 mLg™!, particle size 35-70 pm;
¢) batch nr. SP 2-8696.01, pore size 1000 A, spec. surface 30— 55 m?>g~!, pore
volume 1.05 mL g%, particle size 3570 um. All other reagents and solvents
used were purchased at the usual suppliers.

Techniques: For the filtration of the CPG sinter filters of pore size 2
(=P100, 40— 100 um) were used. Whenever vacuum was applied to a flask
containing CPG, a sinter filter, preferably of large diameter, was fitted
between the vessel and the pump. Silica gel suspensions must not be stirred
with a magnetic stirring bar because this causes abrasion. Thus, the reaction
flasks containing the suspensions were either shaken (with a regular
shaker) or rotated by a motor (for example in a Biichi Kugelrohr oven).
Washing of silica gel under argon can for example be done by adding the
washing solvent with a syringe, waiting until the silica gel has completely
sedimentated (1-2 min) and withdrawing the supernatant liquid with a
syringe. If done carefully, this leads to little loss of material.

Equipment: Thin-layer chromatography (TLC): precoated glass plates,
silica gel 60 Fs4, 20 x 20 cm, Merck; visualization by UV (254 nm) or by
staining with phosphomolybdic acid solution (phosphomolybdic acid
(25 g), CeSO,-H,0 (10 g), conc. H,SO, (60 mL), H,O (940 mL)). Flash
chromatography (FC): silica gel 60 (Fluka), 230-400 mesh ASTM), 0.2 bar
N, pressure. M.p.: open glass capillaries, Biichi 510, uncorrected. [a]}: at
20°C, Perkin — Elmer polarimeter 241, cell length: 1 dm, c in g per 100 mL.
Gas chromatography (GC): Carlo Erba GC 8000 top; column: Supelco a-
DEX or -DEX (30 m, 0.25 mm), injector temperature: 200 °C, detector
temperature: 225°C (FID), carrier gas: H,. High pressure liquid chroma-
tography (HPLC): Waters 515 HPLC pump, Waters 484 tunable absorb-
ance detector, Waters automated gradient controller, column: Daicel
Chiracel OD, UV detection at 254 nm. Nuclear magnetic resonance
(NMR): liquid-phase spectra: Bruker AMX-II-500, AMX-400, Varian
Mercury-300, Gemini-300; solid-phase spectra: Bruker AMX 400, Avance
400, rotor: 4 mm or 7 mm; ¢ in ppm. Infrared spectroscopy (IR): Perkin —
Elmer 1600 FT-IR, values in cm™!, s=strong, m =medium, w=weak.
Diffuse reflection infrared fourier transform spectroscopy (DRIFT):
Perkin-Elmer 2000 FT-IR, argon stream, 50 °C, background KBr. Mass
spectroscopy (MS): VG ZAB2-SEQ (FAB), Finnigan MAT TSQ 7000
(ESI), Bruker Reflex spectrometer with N, laser (337 nm), positive ion
mode (MALDI), Ion Spec Ultima 4.7 FT ion cyclotron resonance mass
spectrometer (HR-MALDI), MALDI matrices: 2,5-dihydroxybenzoic acid
(DHB), 2-(4-hydroxyphenylazo)benzoic acid (HABA); fragment ions in
mlz with relative intensities (%) (for peaks >10%, except for molecular
ion peak) in parenthesis. Elemental analyses were performed by the
Microanalytical Laboratory of the Laboratory for Organic Chemistry
(ETH Ziirich), except for the silica gel analyses (Analytische Laboratorien,
Prof. Dr. H. Malissa und G. Reuter GmbH, Industriepark Kaiserau, Haus
Heidbruch, 51789 Lindlar, Germany). Syringe filters: Infochroma AG,
25 mm Titan HPLC filter, PTFE, pore size 0.45 pm (identical to prod. nr.
44525-NP, SRi Company).

Determination of the SH content of a (hydrophobic) silica gel. General
procedure I (GPI): In a modification of Ellman’s procedurel? the
following solutions were needed: phosphate buffer (0.04 M, pH 8), “Kom-
plexon III” solution (dihydrate of the disodium salt of EDTA, 0.2M in
buffer), 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) solution (50 mg in
50 mL buffer). These solutions can be stored in the refrigerator. For the
determination a sample of the silica gel (1-4 mg) was suspended in buffer
(8.6 mL) and EDTA solution (1 mL) was added. For hydrophobic silica gel
samples EtOH (2-3 mL) or acetone (2-3 mL) were added. After addition
of DTNB solution (0.4 mL) the reaction flask was closed and shaken for 4 h
at r.t. Then the silica gel was allowed to sedimentate (5 min) and the
absorbance of the supernatant solution was determined at 412 nm. (e =
13597 Lmol~'em™ for aqueous solutions or in case of addition of acetone;
£=12915Lmol'cm™! in case of addition of EtOH; N-acetyl cysteine as
reference substance).

Determination of the DMTr content of a silica gel. General procedure 11
(GP II): According to a procedure described in the literature®! a sample of
the silica gel (1 -4 mg) was suspended in a mixture (25 mL) of HCIO, and
EtOH (3:2). The closed reaction flask was shaken for 30 min at r.t. Then the
silica gel was allowed to sedimentate (5 min) and the absorbance of the
supernatant solution was determined at 495 nm (¢ =71.7 Lmol ! cm~'Pl).
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Silica gel 1: The CPG to be functionalized (50 g) was first suspended in H,O
(210 mL) and HCI (conc., 40 mL) was added. The suspension was then
heated to 90°C for 5h. Then the silica gel was filtered off, washed
thoroughly with H,O (5L) and acetone (1 L) and dried in vacuo at 50°C.
Then, following a literature procedure,™! part of the silica gel (10 g) was
suspended under argon in DMF (50 mL) and imidazole (0.73 g, 10 mmol)
and 3-(mercaptopropyl)trimethoxysilane (1 mL, 5.4 mmol) were added.
The suspension was heated at 100°C for 20 h. Then the silica gel was
filtered off, washed with acetone (500 mL), toluene (100 mL), CH,CI,
(100 mL) and dried in vacuo (1 h at 50°C and 2 h at 150°C). Thus, silica
gel 1 was isolated as colorless powder (10.43 g, ¢(SH)=0.46 mmolg™'
(GP)).

Silica gel 2: Silica gel 1 (10.2 g, 4.7 mmol, ¢(SH)=0.46 mmolg™') was
suspended under argon in toluene (75 mL). Then Et;N (3.3 mL, 23.5 mmol,
5 equiv) and DMTrCl (6.4 g, 18.6 mmol, 4 equiv) were added and the
reaction flask was rotated for 4 h at r.t. Then the silica gel was filtered off,
washed with acetone, toluene, CH,Cl, (100 mL each), MeOH (50 mL) and
again CH,Cl, (100 mL) and dried in vacuo at 50°C. Thus, silica gel 2 was
isolated as vyellowish powder (12g, ¢(SH)=0.01 mmolg™ (GPI),
¢(DMTr) =0.46 mmol g~! (GP II)).

Silica gel 3: Following a literature procedure,?” prior to the reaction silica
gel 2 (11.24 g, loading 0.46 mmol) was heated at 90°C in vacuo for 1h
(without sinter filter between flask and vacuum pump). Then the flask was
flushed with argon, TMSIm!® (60 mL) was added and the resulting
suspension was rotated at 60°C for 1 h and at r.t. for another 3 h. After
washing with toluene (100 mL), CH,Cl, (100 mL), MeOH (50 mL) and
CH,Cl, (100 mL) and drying in vacuo at 60 °C, silica gel 3 was isolated as
colorless powder (11.4 g).

Silica gel 4: Silica gel 3 (114 g, loading 0.46 mmolg™!) was treated
alternatingly with 1% TFA in CH,Cl,, MeOH and CH,Cl, in portions
until 1L of the TFA solution, 500 mL MeOH and 1L of CH,CI, were
consumed. Then the silica gel was again suspended in 1 % TFA solution in
CH,Cl, (50 mL) and Et;SiH was added in portions with a delay of 30 min
until the suspension became light red (for example after 9 mL of Et;SiH).
Then the silica gel was washed with CH,Cl,, MeOH and again CH,Cl,
(100 mL each), and dried in vacuo at 50°C. Thus, silica gel 4 was isolated as
colorless powder (10.6 g, ¢(SH)=0.46 mmolg~! (GPI, 3mL EtOH),
¢(DMTr) =0.02 mmol g~ (GP I)). Sometimes this procedure had to be
repeated to obtain a better deprotection.

Grafting of TADDOLs on silica gel 4. General procedure III (GP III):
Detailed example for the preparation of silica gel 5: Silica gel 4 (9.9 g,
3.1 mmol SH, 1 equiv, ¢(SH) =0.31 mmolg~') was suspended under argon
in toluene (30 mL). Then (4R,5R)-2-[4-(bromomethyl)phenyl]-a,a,a’,a'-
tetraphenyl-1,3-dioxolane-4,5-dimethanol®® (15 g, 24.8 mmol, 8 equiv) and
DIEA (42 mL, 248 mL, 8 equiv) were added and the suspension was
heated for 12 h at 70°C. After washing with toluene, acetone and CH,Cl,
(100 mL each), silica gel 5 was isolated as colorless powder (11.1 g, ¢(SH) =
0.02 mmolg~' (GP I, 2 mL acetone), calculated loading with TADDOL:
0.29 mmol g™"). From the filtrate, unreacted TADDOL could be recovered
and purified by FC (300g silica gel, hexane/acetone 3:2) (13.1g,
21.5 mmol).

Grignard addition to the immobilized tartrate ester 12. General procedure
IV (GP IV): Detailed example for the preparation of silica gel 5: Silica gel
12 (800 mg, 0.274 mmol, 1 equiv, loading 0.34 mmolg~!) was suspended in
toluene (4 mL) and dried again in vacuo to azeotropically remove H,O.
Then the silica gel was suspended in THF (5 mL) and an aliquot of a freshly
prepared solution of PhMgBr in THF (1.5 mL, 2.2 mmol, 8 equiv) was
added through a syringe filter. The mixture was heated for 2 h at 50°C.
Then the silica gel was filtered off, washed with THF, acetone, acetone/H,O
1:1, acetone, hexane and CH,Cl, (100 mL each) and dried in vacuo. Thus,
silica gel 5 was isolated as colorless powder (863 mg).

Compound 7a: From Mg (3.69 g, 152 mmol, 8 equiv) and 1-naphthylbro-
mide (31.47 g, 152 mmol, 8 equiv) a solution of 1-NphMgBr in THF
(250 mL) was prepared in the usual way. Within 75 min a solution of
compound 68! (8.12 g, 19 mmol, 1 equiv) in THF (120 mL) was added and
the resulting mixture was heated under reflux for 4 h. After cooling to r.t.
the mixture was carefully hydrolyzed with an aqueous NH,Cl solution and
extracted three times with Et,O. The combined organic phases were dried
with MgSO, and the solvent was evaporated. The residue was triturated
over night with pentane (100 mL). After filtration a yellow powder was
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obtained which was further purified by FC (1 kg silica gel, CH,Cl, —
CH,Cl,+1.5% acetone), affording compound 7a as colorless foam (9.8 g,
13.2 mmol, 69%). M.p. 217°C; R; (hexane/acetone 3:2)=0.34; [a]¥ =
4756 (c=1 in CHCL); 'H NMR (500 MHz, [D4]DMSO, 160°C, TMS):
0=4.36 (s), 4.85 (brs), 5.88 (s), 5.95 (d), 6.20 (brs), 6.51 (s), 6.78 —8.23 (m)
(all signals very broad); *C NMR (125 MHz, [D¢]DMSO, 160°C): 6 =
62.10, 80.05, 81.14, 81.77, 103.46, 123.22, 12.37, 123.66, 123.71, 123.86,
123.90, 124.28, 125.02, 125.30, 125.55, 125.70, 126.02, 126.18, 126.77, 126.89,
12729, 12743, 127.54, 127.67, 127.76, 128.01, 130.58, 130.72, 131.37, 131.58,
133.62, 133.68, 133.74, 133.78, 134.11, 139.08, 139.34, 140.78, 140.99, 142.62;
IR (CHCL,): 7 = 3569 (m), 3385 (), 3046 (m), 2995 (m), 2933 (w), 2882 (W),
1949 (w), 1841 (w), 1815 (w), 1621 (w), 1595 (m), 1503 (m), 1431 (w), 1390
(m), 1349 (m), 1297 (m), 1113 (m), 1082 (s), 1051 (m), 1010 (s), 959 (m), 892
(m), 862 (w); MS (HR-MALDI, DHB): m/z: 784.2496 (3), 783.2474 (6),
770.2853 (4), 769.2827 (17), 768.2801 (58), 7672767 (100) [M+Na]* (caled
for: 767.2768), 410.0283 (26), 393.0239 (11), 392.0174 (32), 374.0068 (19),
361.9728 (42), 333.0201 (18), 318.1030 (13), 273.0407 (53), 267.1181 (30),
255.7798 (10); elemental analysis calcd (% ) for Cs,H,O5 (744.89): C 83.82,
H 5.41; found: C 83.30, H 6.11.

Compound 7b: From Mg (9.9 g, 408 mmol, 7 equiv) and 2-naphthylbro-
mide (84.5g, 408 mmol, 7equiv) a solution of 2-NphMgBr in THF
(380 mL) was prepared in the usual way. Within 30 min a solution of
compound 6P (25 g, 58.3 mmol, 1 equiv) in THF (100 mL) was added and
the resulting mixture was heated for 4 h under reflux. After cooling to r.t.
the mixture was carefully hydrolyzed with an aqueous NH,Cl solution and
extracted three times with Et,0. The combined organic phases were
extracted with brine, dried with MgSO, and the solvent was evaporated.
The crude product was purified by FC (1 kg silica gel, hexane/acetone 2:1
and then 350 g silica gel, CH,Cl,), thus affording compound 7b as colorless
foam (279 g, 39.8 mmol, 68%). M.p. 184-185°C; R; (hexane/acetone
2:1)=021; [a]f=+176.7 (¢=0.73 in CHCl;); 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6 =1.59 (t, *J(H,H) =6.0 Hz, 1H; CH,0OH), 2.87 (s,
1H; OH), 3.44 (s, 1H; OH), 4.57 (d, */(H,H) =5.7 Hz, 2H; CH,0OH), 5.59
(d, %J(HH)=43Hz, 1H; OCHCHO), 5.76 (d, *J(H,H)=43Hz, 1H;
OCHCHO), 5.9 (s, 1H; OCH(Arl)O), 6.78-8.29 (m, 28H; arom. H);
3C NMR (100 MHz, CDCl;, 25°C, TMS): 6 =64.93, 79.27, 80.27, 81.36,
81.59, 105.54, 124.54, 124.77, 124.89, 125.06, 125.94, 125.98, 126.05, 126.19,
126.28, 126.37, 126.46, 126.55, 126.73, 126.89, 127.33, 127.35, 127.45, 12752,
127.66, 127.80, 127.90, 128.33, 128.36, 128.49, 128.57, 132.18, 132.31, 132.50,
132.58, 132.72, 132.76, 132.89, 136.93, 140.51, 141.29, 141.67, 141.99, 142.06;
IR (CHCLy): 7= 3570 (m), 3374 (m), 3059 (m), 3008 (m), 2930 (w), 2882 (w),
1954 (w), 1920 (w), 1836 (w), 1800 (w), 1631 (w), 1600 (m), 1506 (m), 1433
(m), 1360 (m), 1301 (m), 1272 (m), 1156 (m), 1122 (s), 1092 (s), 1018 (s), 901
(m), 859 (m); MS (HR-MALDI, DHB): m/z (%): 769.2848 (19), 768.2803
(55), 767.2767 (100) [M+Na]* (calcd for: 767.2768), 335.1039 (18), 273.0390
(25), 267.1164 (26); elemental analysis calcd (%) for Cs,H,,O5 (744.89): C
83.85, H 5.41; found: C 83.80, H 5.52.

Compound 8a: Compound 7a (5.0 g, 6.7 mmol, 1equiv) was dissolved
under argon in THF (20 mL). Then CBr, (2.78 g, 8.38 mmol, 1.25 equiv)
and PPh; (2.20 g, 8.38 mmol, 1.25 equiv) were added and the reaction
mixture was stirred at r.t. After 4h more CBr, (1.32g, 4.02 mmol,
0.6 equiv) and PPh; (1.06 g, 4.02 mmol, 0.6 equiv) were added. When no
starting material could be detected any more by TLC, the solvent was
evaporated and the crude product was purified by FC (500 g silica gel,
CH,Cly/acetone 3:1). Thus, compound 8a could be isolated as colorless
powder (4.18 g, 5.2 mmol, 77 %), which was stored under exclusion of light
and in a refrigerator. M.p. 201°C (decomp); R; (hexane/acetone 3:2) =
0.49; [a]f=+855 (c=1 in CHCL); due to line broadening (steric
hindrance), even at 160 °C no appropriate NMR spectra could be obtained;
IR (CHCl;): 7#=3575 (s), 3383 (m), 3051 (s), 3008 (s), 2959 (m), 1949 (w),
1841 (w), 1810 (w), 1723 (w), 1599 (m), 1509 (s), 1435 (s), 1395 (s), 1349 (m),
1299 (m), 1161 (m), 1085 (s), 1020 (s), 964 (m), 896 (m), 862 (w); MS (ESI,
neg. mode): m/z (%): 810.4 (4), 809.4 (16), 808.4 (50), 807.4 (100), 806.4
(50), 805.4 (85) [M —H]~ (calcd for: 805.2); elemental analysis calcd (%)
for Cs,H;0O,Br: C 77.32, H 4.87; found: C 77.42, H 4.99.

Compound 8b: Compound 7b (5.0 g, 6.7 mmol, 1 equiv) was dissolved
under argon in THF (20 mL). Then CBr, (2.78 g, 8.38 mmol, 1.25 equiv)
and PPh; (2.20 g, 8.38 mmol, 1.25 equiv) were added and the reaction
mixture was stirred for 4 h at r.t. Then more CBr, (1.32 g, 4.02 mmol,
0.6 equiv) and PPh; (1.06 g, 4.02 mmol, 0.6 equiv) were added. When no
starting material could be detected any more by TLC, the solvent was
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evaporated and the crude product was purified by FC (500 g silica gel,
CH,Cl,/acetone 3:1). Thus, compound 8b could be isolated as colorless
powder (4.18 g, 5.2 mmol, 77 %), which was stored under exclusion of light
and in a refrigerator. M.p. 174-176°C (decomp); R; (hexane/acetone
3:1)=0.28; [¢]¥ =+154.3 (c=1 in CHCl;); 'H NMR (400 MHz, CDCl,,
25°C, TMS): 6 =2.77 (s, 1H; OH), 3.35 (s, 1H; OH), 4.40 (s, 2H; CH,Br),
5.58 (d, *J(H,H) =4.3 Hz, 1H; OCHCHO), 5.76 (d, *J(H,H) =4.3 Hz, 1H;
OCHCHO), 5.87 (s, 1H; OCH(A1l)O), 6.80-8.28 (m, 28H; arom. H);
13C NMR (100 MHz, CDCl;, 25°C, TMS): 6 =32.87, 79.27, 80.24, 81.39,
81.61, 105.30, 124.56, 124.78, 124.89, 125.05, 125.98, 126.00, 126.08, 126.23,
126.30, 126.41, 126.54, 126.98, 127.34, 127.37, 127.46, 127.48, 127.54, 127.70,
127.83, 12795, 128.34, 128.38, 128.51, 128.58, 129.09, 132.20, 132.34, 132.52,
132.59, 132.72, 132.75, 132.76, 132.90, 137.67, 138.82, 140.52, 141.19, 141.68,
141.92; IR (CHCL,): #=3570 (m), 3378 (m), 3059 (s), 3008 (s), 2961 (w),
1921 (w), 1805 (w), 1631 (w), 1600 (s), 1506 (s), 1434 (m), 1359 (s), 1298 (m),
1272 (m), 1156 (m), 1123 (s), 1020 (s), 950 (m), 901(m), 859 (m); MS (FAB):
miz (%): 807.09 (5) [M]*, 791.09 (13), 789.07 (12), 591.11 (13), 478.98 (17),
476.98 (17), 391.17 (13), 325.02 (10), 309.02 (19), 308.03 (31), 307.00 (29),
297.03 (12), 296.03 (18), 295.02 (34), 289.01 (12), 284.03 (28), 283.03 (83),
279.04 (21), 268.05 (29), 267.04 (100), 265.04 (15), 252.04 (10); elemental
analysis calcd (%) for Cs,H3BrO, (807.78): C 7732, H 4.87; found 77.29, H
5.04.

Silica gel 9a

“Grafting route”: According to GP III, using silica gel 4 (6.02 g, 2.05 mmol,
1 equiv, ¢(SH) =0.34 mmolg~! (GP I, 2 mL EtOH)), compound 8a (9.73 g,
12.05 mmol, 6 equiv) and EtNiPr, (2.06 mL, 12.05 mmol, 6 equiv), silica gel
9a was obtained as ochre powder (6.62 g, ¢(SH)=0.09 mmolg™" (GP I,
2 mL EtOH), calculated loading with TADDOL: 0.25 mmolg™').

“Grignard route”: According to GP IV, using silica gel 12 (800 mg,
0.274 mmol, 1 equiv, loading: 0.34 mmolg!) and an aliquot of a freshly
prepared solution of 1-NphMgBr in THF (2.5 mL, 2.2 mmol, 8 equiv) and
heating for 24 h at 50°C, silica gel 9a was isolated as colorless powder
(879 mg).

Silica gel 9b

“Grafting route”: According to GP III, using silica gel 4 (4.46 g, 1.3 mmol,
1 equiv, ¢(SH)=0.29 mmolg™' (GPI, 3mL acetone)), compound 8b
(8.38 g, 10.4 mmol, 8 equiv) and EtNiPr, (1.78 mL, 10.4 mmol, 8 equiv),
silica gel 9b was obtained as ochre powder (4.95 g, ¢(SH) =0.0 mmolg™!
(GP 1, 3 mL acetone), calculated loading with TADDOL: 0.29 mmolg™!).

“Grignard route”: According to GP IV, using silica gel 12 (800 mg,
0.274 mmol, 1 equiv, loading 0.34 mmolg™!) and an aliquot of a freshly
prepared solution of 2-NphMgBr in THF (2.5 mL, 2.2 mmol, 8 equiv) and
heating for 28 h at 50°C, silica gel 9b was isolated as colorless powder
(874 mg).

Compound 10: Following a general literature procedurel® compound 6!
(1 g,2.33 mmol, 1 equiv) was dissolved under argon in EtOH (20 mL) and
Ti(OEt), (318 pL, 1.52 mmol, 0.65 equiv) was added. After heating the
mixture under reflux for 5 h, dilute aqueous HCI (0.5M, 20 mL) and Et,0
were added, the phases were separated and the aqueous phase was
extracted two more times with Et,0. The combined organic phases were
extracted with an aqueous NaHCO; solution and dried with MgSO,. After
evaporation of the solvent the crude product was purified by FC (100 g
silica gel, hexane/acetone 2:1). Thus, compound 10 was isolated as colorless
oil (0.575 g, 1.77 mmol, 76 % ). R; (hexane/acetone 3:2) =0.4; [a]} = —22.1
(c=1in CHCL); '"H NMR (300 MHz, CDCl;, 25°C, CHCl;): 0 =131 (t,
3J(H,H) =72 Hz,3H; CH,), 1.35 (t, */(H,H) =72 Hz, 3H; CHj;), 1.74 (brs,
1H; OH), 4.28 (q, *J(H,H) =727 Hz, 2H; CH,CHj;), 432 (q, *J(H.H) =
72 Hz,2H; CH,CH,),4.71 (s,2H; CH,0OH), 4.82 (d,*J(H,H) = 4.0 Hz, 1H;
OCHCHO), 4.93 (d, *J(H,H)=42Hz, 1H; OCHCHO), 6.15 (s, 1H;
OCH(AT11)0O), 7.38 (d, *J(H,H) = 8.4 Hz, 2H; arom. H), 7.57 (d, *J(H.H) =
8.1 Hz, 2H; arom. H); BC NMR (75 MHz, CDCl;, 25°C, CDCl;): 6 =13.95,
14.01, 62.02, 64.95, 77.34, 77.62, 106.56, 126.87, 127.56, 135.00, 142.87, 169.22,
169.82; IR (CHCl;): 7#=3607 (m), 3434 (w), 2985 (m), 1449 (s), 1442 (m),
1374 (m), 1103 (s), 1024 (s); MS (FAB): m/z (%): 327.08 (4), 326.09 (20),
325.11 (100) [M+H]*, 324.06 (12), 323.09 (40), 307.08 (13), 251.07 (31);
elemental analysis calcd (% ) for C;¢H,,0; (324.33): C 59.25, H 6.22; found:
C59.22, H 6.02.

Compound 11: Compound 10 (521 mg, 1.61 mmol, 1 equiv) was diluted
under argon with THF (2 mL). After cooling the solution with an ice bath,
CBr, (666 mg, 2.01 mmol, 1.25equiv) and PPh; (527 mg, 2.01 mmol,
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1.25 equiv) were slowly added. After stirring for 45 min at r.t. the solvent
was evaporated and the crude product was purified by FC (50 g silica gel,
hexane/acetone 4:1). Thus, compound 11 was isolated as colorless oil
(669 mg, 1.73 mmol, quant). R, (hexane/acetone 3:2) =0.46; [a]3d = —8.2
(c=1 in CHCL); 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =1.30 (t,
3J(H,H) =72 Hz, 3H; CH,), 1.35 (t, 3/(H,H) =72 Hz, 3H; CH,), 427 (q,
3J(H,H) =72 Hz, 2H; CH,CH,), 4.32 (q, *J(H,H) =72 Hz, 2H; CH,CHS,),
4.49 (s, 2H; CH,Br), 4.82 (d, 3J/(H,H) =4.1 Hz, 1H; OCHCHO), 4.93 (d,
3J(HH) =4.1 Hz, 1H; OCHCHO), 6.16 (s, 1H; OCH(Arl)O), 7.41 (m, 2 H;
arom. H), 7.56 (m, 2H; arom. H); BC NMR (75 MHz, CDCl;, 25°C,
CDCly): 6 =14.03, 14.11, 32.80, 62.04, 77.30, 77.59, 106.14, 127.61, 129.02,
135.76, 139.42, 168.94, 169.49; IR (CHCl;): #=2984 (m), 2907 (m),
1749 (s), 1467 (m), 1436 (m), 1374 (m), 1109 (s), 1024 (s), 962 (m);
MS (FAB): m/z (%): 392.07 (2), 391.07 (8), 389.88 (14), 388.90 (72),
387.88 (23), 386.89 (100), 385.86 (9), 384.87 (33), 314.84 (29), 312.84 (28),
307.97 (19), 306.97 (26), 305.95 (14), 217.02 (18), 198.93 (13); elemental
analysis caled (%) for C,sH,;yBrOg (387.23): C49.63, H 4.95; found: C 49.74,
H 5.10.

Silica gel 12: According to GP III, using silica gel 4 (4.2 g, 1.6 mmol,
1 equiv, ¢(SH) =0.37 mmolg~! (GP 1, 2 mL EtOH)), compound 11 (4.0 g,
10.3 mmol, 6.4 equiv) and EtNiPr, (2.2 mL, 12.5 mmol, 8 equiv), silica gel
12 was obtained as ochre powder (¢(SH)=0.15mmolg! (GPI1, 2mL
EtOH). To increase the loading the procedure was repeated, this time with
DMF as solvent, affording silica gel 12 as ochre powder (4.4 g, ¢(SH) =
0.03 mmolg~' (GP I, 2 mL EtOH), calculated loading with tartaric acid
ester: 0.34 mmolg™!).

Solid-phase reagent 13: Following a literature procedurel®’ Amberlyst
A 26 (OH- form, 3.75 g, 16.46 mmol NMe™, 1 equiv) was washed with
MeOH (during the whole procedure the beads should never run dry). Then
(3-mercaptopropyl)trimethoxysilane (3 mL, 16.46 mmol, 1equiv) was
added to the MeOH suspension and this mixture was allowed to stand
for 5 min at r.t. Then the beads were washed with MeOH and the loading
procedure was repeated two more times. After thorough washing the beads
were immediately used for the synthesis.

Compound 14: Following a literature procedure,® (4R,5R)-2-[4-(bromo-
methyl)phenyl]-a,a,a,a-tetraphenyl-1,3-dioxolane-4,5-dimethanol®! (1 g,
1.65 mmol, 1equiv) was dissolved under argon in MeOH (30 mL), a
suspension of the solid-phase reagent 13 (16.46 mmol, 10 equiv) was added
and the resulting mixture was shaken at r.t. for 17 h. Then the beads were
filtered off and thoroughly washed with MeOH. The filtrate contained only
few impurities (no starting material or free thiol could be detected) and was
used without further purification. In another batch, for the character-
ization, the solvent was evaporated, affording compound 14 as colorless
foam (813 mg, 1.12 mmol, 68 % ). [a]¥ = +34.8 ° (c=1in CHCl;); '"H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =0.66-0.77 (m, 2H; SiCH,), 1.51-1.69
(m, 2H; SiCH,CH,), 2.34-2.45 (m, 2H; SiCH,CH,CH,), 3.45-3.70 (m,
11H, Si(OCH;);, SCH,ATrl), 5.12 (d, */(H,H) =52 Hz, 1H; OCHCHO),
5.13 (s, 1H; OCH(ATrl)O), 530 (d, 3/(H,H)=5.0 Hz, 1H; OCHCHO),
7.10-7.57 (m, 24H; arom. H); *C NMR (100 MHz, CDCl;, 25°C, TMS):
0 =8.54,22.49, 34.27, 35.75, 50.52, 78.42, 78.51, 80.74, 81.51, 104.76, 126.89,
126.98, 127.06, 127.12, 127.21, 127.28, 127.39, 127.51, 127.66, 127.73, 127.89,
127.93, 127.99, 128.01, 128.08, 128.17, 128.24, 128.32, 128.55, 128.59, 128.71,
130.01, 135.61, 139.97, 140.01, 142.97, 144.21, 144.32, 146.13; MS (FAB): m/z
(%): 1398.07 (3) [2M —Et, O], 722.23 (4) [M]*, 721.24 (7), 602.32 (5),
601.31 (14), 600.30 (35), 587.30 (28), 586.31 (70), 551.14 (16), 527.23 (11),
526.22 (23), 391.17 (12), 373.17 (11), 329.11 (12), 297.15 (20), 285.11 (10),
284.10 (12), 283.10 (52), 269.15 (16), 209.15(11), 207.14 (13), 197.16 (40),
196.15 (19), 195.15 (45), 183.15 (47), 179.16(36), 178.14 (19), 168.15 (24),
167.15 (100), 165.12 (17), 121.00 (20), 120.01 (15), 119.00 (14), 104.93
(56); MS (MALDI, HABA): m/z (%): 2102.2 (<1) [3M —2Et,0+Na]*,
14227 (2) [2M —Et,0+Nal*, 7449 (8) [M-+Na]*, 585.5 (100)
[HSCH,Arl+Na]*.

Silica gels 15a—c: Detailed example for the preparation of silica gel 15a:
Silica gel 5 (627 mg, 0.2mmol, 1equiv, loading 0.32 mmolg~') was
suspended in toluene (5mL) and the solvent was evaporated under
vacuum to azeotropically remove H,O. After flushing with argon, toluene
(10 mL) was added again, followed by Ti(OiPr), (60 uL, 0.2 mmol, 1 equiv).
After shaking for 10 h at r.t. the silica gel was again dried in vacuo,
affording a slightly yellowish powder which was immediately used for
catalysis.
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Addition of Et,Zn to PhCHO with immobilized Ti-TADDOLates: Freshly
prepared silica gel 15 (0.2 mmol, 0.2 equiv, loading 0.32 mmolg~') was
suspended under argon in toluene (10 mL) and Ti(OiPr), (443 uL,
1.5 mmol, 1.5 equiv) and PhCHO (102 uL, 1 mmol, 1 equiv) were added.
After cooling the reaction mixture to —20°C a solution of Et,Zn (0.9 mL,
1.8 mmol, 1.8 equiv, 2M in toluene) was added and the suspension was
further shaken at —20°C. To monitor the reaction a sample of the liquid
phase (ca. 50 uL) was carefully withdrawn with a syringe and Et,O
(0.5mL), H,O (0.5mL) and dilute HCI (1M, three drops) were added.
After shaking, the organic layer was analyzed with GC (8-DEX, 1.3 bar,
110°C, 1.5°Cmin™!, g (PhCHO) = 2.9 min, tz ((R)-1-phenyl-1-propanol) =
10.1 min, tz ((S)-1-phenyl-1-propanol) = 10.4 min). After 1 h the silica gel
was allowed to sedimentate. Then the supernatant solution was carefully
withdrawn with a syringe. After washing of the silica gel (see “Techniques”)
an aqueous solution of NH,Cl was added to the combined organic phases
and the mixture was filtrated through Celite. The phases of the filtrate were
separated and the aqueous phase was extracted once more with Et,0. The
combined organic layers were then extracted with brine, dried with MgSO,
and the solvent was evaporated, thus affording (S)-1-phenyl-1-propanol as
colorless oil (121 mg, 0.89 mmol, 89%). The spectroscopic data were in
accord with the ones found in the literature.[”! For the next run with the
catalyst, the solvent level was adjusted to the one of the previous run and
the starting materials were added again. Alternatively, the catalyst was
hydrolyzed (GP V) and reloaded with titanate for the next run. Thus, after
10 runs and one hydrolysis 600 mg (96%) and after 20 runs and two
hydrolyses 582 mg (93 %) of silica gel 5 were recovered.

Hydrolysis of the immobilized Ti-TADDOLates 15a—c, 16, and 17.
General procedure V (GP V): On a sinter filter the used catalysts 15a—
¢, 16 or 17 were washed with a mixture of aqueous HCI (1M, 100 mL) and
acetone (100 mL), then with acetone (200 mL) and finally with CH,Cl, (in
portions of 50 mL each). After drying in vacuo at 50°C colorless powders
were obtained, which could be reloaded with titanate (see preparation of
15a-c¢, 16 and 17).

Addition of in situ-generated Bu,Zn to PhCHO with the immobilized Ti-
TADDOLates 15a—c: A solution of ZnCl, (1M in Et,0, 3 mL, 3 mmol,
3 equiv) was diluted under argon with toluene (2 mL) and slowly BuLi
(1.6M in hexane, 3.75mL, 6 mmol, 6 equiv) was added. The resulting
mixture was stirred for 1h at r.t. Then freshly prepared silica gel 15
(0.2 mmol, 0.2 equiv, loading 0.3 mmolg') was suspended in Et,O (3 mL)
and Ti(OiPr), (443 pL, 1.5 mmol, 1.5 equiv) and PhCHO (102 pL, 1 mmol,
1 equiv) were added. After cooling the reaction mixture to —20°C the
Bu,Zn solution was added through a syringe filter and the suspension was
further shaken at —20°C. To monitor the reaction, a sample of the liquid
phase (ca. 20 pL) was carefully withdrawn with a syringe. Et,0 (0.5 mL)
and dilute HCI (1m, 0.5 mL) were added, the mixture was shaken and then
the organic phase was directly analyzed with GC (a-DEX, 1.0 bar, 105°C, tx
(PhCHO) =3.8 min, fz ((S)-1-phenyl-1-pentanol) =39.9 min, #; ((R)-1-
phenyl-1-pentanol) = 41.7 min). After 12 h the silica gel was allowed to
sedimentate and then the yellow supernatant was carefully withdrawn with
a syringe. After washing of the silica gel (see “Techniques”) the solvent
level was adjusted to the one of the previous run and the starting materials
were added once more. Alternatively the catalyst was hydrolyzed (GP V),
reloaded with titanate and use for the next run. Thus, after six runs and two
hydrolyses silica gel 5 (623 mg, 93 %) was reisolated.

Silica gel 16: A stock solution (0.1m) of TiCl,(OiPr), was prepared by
diluting Ti(OiPr), (1.48 mL, 5 mmol) with toluene (100 mL) and adding
TiCl, (0.55 mL, 0.5 mmol). After stirring for 5 min, this solution was stored
in the refrigerator. Then silica gel 5 (862 mg, 0.275 mmol, 0.55 equiv,
loading: 0.32 mmolg™') was suspended in toluene (5mL) and dried in
vacuo to azeotropically remove water. After flushing with argon toluene
(6 mL) was added again and part of the TiCl,(OiPr), solution (2.5 mL,
0.25 mmol, 0.5 equiv) was added. The suspension was shaken at r.t. over
night and then dried in vacuo.

Silica gel 17: AgOTos (210 mg, 0.75 mmol) was added to a TiCl,(OiPr),
solution (see above) (2.5 mL, 0.25 mmol) and the reaction mixture was
stirred at r.t. over night under exclusion of light. Then silica gel 5 (862 mg,
0.275 mmol, loading: 0.32 mmol g~!) was suspended in toluene (5 mL) and
dried in vacuo to azeotropically remove water. After flushing with argon,
toluene (3 mL) was added again and the Ti(OTos),(OiPr), solution was
added through a syringe filter. The silica gel became slightly red. The
suspension was shaken at r.t. for 7 h and dried in vacuo.
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1,3-Dipolar cycloaddition of compounds 18 and 19 with silica gel 16 to give
the compound exo-20: Inspired by a literature procedure, % freshly
prepared silica gel 16 (0.275 mmol, 0.55 equiv, loading: 0.32 mmol g~') was
suspended in toluene (3mL). Then compound 18 (78 mg, 0.5 mmol,
1 equiv) and compound 19 (119 mg, 0.6 mmol, 1.2 equiv) were added,
dissolved in toluene (4 mL). The mixture was shaken at r.t. for 2 d. After
sedimentation of the silica gel, the supernatant was carefully withdrawn
with a syringe and the silica gel was washed three times with toluene (see
“Techniques™; the silica gel remained dark). The organic phases were
combined and the solvent was evaporated. From the crude product
(171 mg) conversion and diastereoselectivity were determined by 'H NMR
spectroscopy. Then the crude product was purified by FC (20 g silica gel,
pentane/Et,O 1:1). The diastereomers could be separated and the
enantiopurity of exo-20 was determined by 'H NMR spectroscopy using
Eu(hfc); as chiral shift reagent. The spectroscopic data of the isomers
isolated were in accord with the ones found in the literature.s! For the next
run the catalyst was hydrolyzed (GP V). After 11 runs and nine hydrolyses
silica gel 5 (769 mg, 89 %) was be reisolated.

1,3-Dipolar cycloaddition of compounds 18 and 19 with silica gel 17 to give
the compound endo-20: Inspired by a literature procedure,* freshly
prepared silica gel 17 (0.275 mmol, 0.55 equiv, loading: 0.32 mmolg~') was
suspended in toluene (4 mL) and the suspension was cooled to 0°C. Then
an ice cold solution of compound 18 (78 mg, 0.5 mmol, 1equiv) and
compound 19 (119 mg, 0.6 mmol, 1.2 equiv) in toluene (3 mL) was added.
After the addition, the cooling bath was removed and the mixture was
shaken at r.t. for 2 d. Then the silica gel was allowed to sedimentate and the
supernatant was carefully withdrawn with a syringe. The silica gel was
washed three more times with toluene (see “Techniques”; the silica gel
remained dark). Then the organic phases were combined and the solvent
was evaporated. From the crude product (175 mg) conversion and
diastereoselectivity were determined by 'H NMR spectroscopy. Then the
diastereomers were separated by FC (20 g silica gel, pentane/Et,O 1:1),
affording endo-20 (80 mg, 0.23mmol, 45%) and exo-20 (27 mg,
0.077 mmol, 15%) as colorless foams. The enantiopurity of endo-20 was
then determined by HPLC (Daicel Chiracel OD, hexane/iPrOH 9:1,
1 mLmin™!, t; (ent-endo-20) =53 min, t; (endo-20)=63 min). The spec-
troscopic data were in accord with the ones found in the literature.[*]
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v%-, ¥*-, and y***-Amino Acids, Coupling to y-Hexapeptides:
CD Spectra, NMR Solution and X-ray Crystal Structures of y-Peptides

Dieter Seebach,* Meinrad Brenner, Magnus Rueping, and Bernhard Jaun'*!

Abstract: There are numerous possible
y-amino acids with different degrees of
substitution and with various constitu-
tions and configurations. Of these the y*-
and the like- and unlike-y**-amino acids
have been previously used as building
blocks in y-peptides. The synthesis of y>-,
y3-, and y***-peptides is now described.
The corresponding amino acids have
been prepared by Michael addition of
chiral N-acyl-oxazolidinone enolates to
nitro-olefins, with subsequent reduction
of the NO, to NH, groups. Such addi-
tions to E-2-methyl-nitropropene pro-
vide (2R,3R 4R)-2-alkyl-3-methyl-4-
amino-pentanoic acid derivatives (9,

coupling lead to y-di-, tri-, and hexapep-
tides (12-23), which were fully charac-
terized. The crystal structures of one of
the y-amino acids (2,3-dimethyl-4-ami-
no-pentanoic acid-HCI, 9a), of a y>34-
di- and a y***-tetrapeptide (20, 22) are
described, and the NMR solution struc-
ture in MeOH of a y>3*“-hexapeptide (3)
has been determined (using TOCSY,
COSY, HSQC, HMBC and ROESY
measurements and a molecular dynam-
ics simulated-annealing protocol). A

Keywords: amino acids - circular
dichroism - helical structures - pep-
tides

linear conformation (sheet-like), a novel
(M) helix built of nine-membered hy-
drogen-bonded rings, and (M) 2.6,, heli-
ces have thus been identified. NMR
measurements at different temperatures
(298-393 K) and H/D-exchange rates
obtained for the y?34-hexapeptide are
interpreted as evidence for the stability
of the 2.6, helix (no “melting”) and for
its non-cooperative folding mechanism.
CD Spectra of the y-peptides have been
measured in MeOH and CH;CN, indi-
cating that only the protected and un-
protected y?>3*-hexapeptide is present as
the 2.6,, helix in solution. The structures
of the y?- and 73-hexapeptides (1, 2)

10, 11). Stepwise coupling and fragment

Introduction

The biological functions of proteins are based on the property
of the peptide chain to fold into definite three-dimensional
structures.’l Different secondary structural motifs such as
helices, sheets, and turns are found in these biomacromole-
cules, although they all consist of only L-a-amino acid
residues. Among synthetic oligomers investigated so far, only
a few show a similar diversity of secondary structures. An
outstanding position in this regard occupy oligomers consist-
ing entirely of B-amino acids.!! These so-called SB-peptides
have been extensively investigated over the last few years.
Most interestingly, they do not only form secondary structures
similar to those found in proteins, but these structures are also
more stable, and they are adopted with short chain lengths.
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could not be determined.

This feature, together with the possibility of designing the
folding by employing appropriate $-amino acid residues, will
allow for the rational construction of novel, complex protein-
like structures.

Introduction of a further carbon atom into the backbone of
each residue of S-peptides leads to y-peptides. This kind of
molecules has not been studied as intensively as 3-peptides, so
far. Still, various secondary structures of y-peptidic chains
have already been identified. Schreiber and co-workers have
reported on oligomers consisting of a,3-unsaturated y-amino
acids, so-called vinylogous polypeptides.! They have ob-
served parallel sheet structures for y-peptides of type A
(Figure 1) and antiparallel sheet structures for y-peptides of
type B in the crystalline state.’! Hanessian’s and our group!”]
have found that oligomers of type C form stable 2.6,, helices
in solution, at chain lengths as short as four residues.®! This
finding was rather unexpected, since the propylene unit of
each residue is a conformationally flexible element, which
makes the formation of a specific conformer entropically
unfavorable. On the other hand, 2,4-disubstituted y-amino
acid residues are known to have pronounced conformational
preferences.l”) Thus, these building blocks can be used to
stabilize or destabilize certain secondary structures of y-
peptides. In fact, oligomers of type D form even more stable
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Figure 1. Types of y-peptides investigated so far (A —G) and described in
this paper (H-1J). For details and references, see text.

2.6,4-helical structures than those of type C, while y-peptides
of type E cannot form such helices at all.[% 1% Hanessian has
described a turn structure for a y-tetrapeptide of type E,[']
and we have recently reported on a stable turn structure of an
N-acyl-y-dipeptide amide consisting of two residues of type E
with opposite chirality.'!l] In order to investigate the influence
of heteroatom substituents on the conformation of y-peptides,
we have also prepared oligomers of type F and G.'

Here, we report on the synthesis and structural character-
ization of y-peptides with the substitution pattern H, I, and J.
To facilitate comparisons between the different y-peptides, we
chose compounds 1 and 2, which are isomers of the known
helix forming y-peptide C’, and 3 for this study (Figure 2).[%
The substitution patterns of these y-peptides tolerate the

CF4CO;~

: i

O, )@f oy

(0] (e] o
H H
H3N+\/\)]\N N\/\)J\N NMN/\ OH
=N
P (o] Y (o] = (o]
CF3CO,

OH

(o]

: o
CF3CO,~ 3

Figure 2. Formulae of the known helix-forming y-peptide C'"l and of y-
peptides 1-3 described herein.

formation of 2.6,,-helical structures without massive van der
Waals interactions. While y-peptide C' forms an (M) 2.6,4
helix, y-peptides 2 and 3 would fit into a (P) 2.6,, helix and y-
peptide 1 into both, an (M)- and a (P)- 2.6,4 helix.

Results and Discussion

Synthesis of y-amino acids: The y-amino acid derivatives 4a—
¢ and 5a—c, which are required for the preparation of the y-
peptides 1 and 2, respectively, were prepared as previously
described by us (Figure 3).'Y1 The building blocks for y-
peptide 3 were obtained following a related route (see
Scheme 1). Since we originally envisaged the introduction of
a residue with an iPr side chain into y-peptide 3, we also
prepared the corresponding y-amino acid derivatives.

)\ BocNH\/\)]\

BocNH \j\)kOH BochH

io g %

OH
4b 5b
N o
H o BocNH\/\)I\
BocNH \/\)KOH { OH
AN
4c 5c

Figure 3. y-Amino acid derivatives!'"¥l used for the preparation of peptides
1 and 2.

Addition of the Ti-enolates of the chiral acyloxazolidinones
6a-c to (E)-2-nitro-but-2-ene yielded mixtures of nitro
compounds 7a—c and their respective diastereoisomers
(4-epi-7a—c¢) in ratios ranging from 4:1 to 6:1.11 After
separation by column chromatography or crystallization, the
major stereoisomers 7a—c¢ were obtained in 50-60% yield.
The nitro compounds were then subjected to catalytic hydro-
genation over neutral Raney-Ni, a reaction, which was
accompanied by some epimerization, and mixtures of pyrro-
lidinones 8a—c¢ and 5-epi-8a—c¢ (dr=91:9-86:14) were iso-
lated.'®) These mixtures were used in the next step without
separation of the diastereoisomers. Treatment of the N-Boc
derivatives of 8a and 5-epi-8a with LiOH, following a
procedure by Grieco,l”'¥1 did not furnish 10a. Rather,
hydrochlorides 9a and 9¢ (of dr > 98:2) had to be prepared
in a first step, by heating the corresponding pyrrolidinones in
refluxing 6N HCI and recrystallizing the crude products.']
Even under these strongly acidic conditions we observed an
equilibrium between the pyrrolidinones and the y-amino acid
hydrochlorides, depending on the substituent R in the
3-position of the y-lactam. Thus, while hydrolysis of 8a/5-
epi-8a went almost to completion, the equilibrium was
reached at 80% conversion for 8c¢/5-epi-8¢ and at 65%
conversion for 8b/5-epi-8b. N-Boc Protection finally furnish-
ed acids 10a and 10¢. Compound 10b was obtained in only
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moderate yield from 8b/5-epi-8b without isolation of the
intermediate 9b. Finally, 10c¢c was converted to the benzyl
ester 11.

Synthesis of the y-peptides: y-Peptides 1 and 2 were prepared
from the corresponding y-amino acids in solution by using
EDC (1-[3-dimethylamino]propyl-3-ethylcarbodiimide hy-
drochloride) and HOBt (1-hydroxy-1H-benzotriazole) as
coupling reagents. For the synthesis of y-peptide 1, a methyl
ester was used as C-terminal protecting group. Thus, com-
pound 4a was coupled with acid 4b to yield y-dipeptide 12,
which was coupled with acid 4¢ to y-tripeptide 13 (Figure 4).
Methyl ester hydrolysis yielded acid 14. It turned out that the
basic conditions used for methyl ester hydrolysis also led to
cyclization of the C-terminal y-amino acid, resulting in an N-
acyl pyrrolidinone. Coupling of vy-tripeptides 13 and 14
furnished the fully protected y-hexapeptide 15, from which

12

13n=1,R=Me
14n=1,R=H
15n=2,R=Me

18n=1,R=H
19n=2,R=Bn

(e}
H - _
BOCHN\\/\:)I\N N\/\)L\OR 17n=1,R=Bn

20n=1,R=Bn
21n=1,R=H

22n=2,R=Bn
23n=3,R=Bn

BocHN |

Figure 4. y-Peptide intermediates in the syntheses of 1-3.
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Scheme 1. Preparation of 2,3-disubstiuted-4-amino-pentanoic acid derivatives.
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the free y-peptide 1 was ob-
tained by deprotection and pu-
rification by HPLC. Again, pyr-
rolidinone formation was ob-
served as a side reaction during
hydrolysis of the methyl ester.
o Thus, we decided to use a
benzyl ester as C-terminal pro-
tecting group for the prepara-
tion of the other y-peptides.

For the synthesis of 2 with the
side chains in 3-position of the
amino acids, we first coupled
compound 5a with acid 5b to
the y-dipeptide derivative 16,
which was then coupled with
acid Sc to y-tripeptide 17. Hy-
drogenolysis of 17 furnished acid 18 in quantitative yield. y-
Hexapeptide 19 was obtained by coupling of y-tripeptide 17
with acid 18. Deprotection of 19 and purification by HPLC
finally yielded y-peptide 2.

The coupling of y-amino acids having side chains in the 2-,
3-, and 4-position, turned out to be more difficult than
coupling of mono-substituted y-amino acids. Aminoester 11
was coupled with acid 10 a to the y-dipeptide 20, using HATU
(1-[bis-(dimethylamino)methyliumyl]-1H-1,2,3-triazolo[4,5-b]-
pyridin-3-oxide hexafluorophosphate) as coupling reagent,
since this gave better yields than EDC/HOBt. All our
attempts to couple acid 10b with y-dipeptide 20 were
unsuccessful. On the other hand, acid 21 could by coupled
with 20 in good yield, using EDC/DMAP as reagents. Finally,
the protected y-tetrapeptide 22 and y-dipeptide 21 were used,
by appropriate deprotection and coupling steps, to prepare
the fully protected y-hexapeptide 23, from which compound 3
was obtained.

10a-c

X-ray Crystal structures: The X-ray crystal structure of
hydrochloride 9a shows an extended conformation of the y-
amino acid backbone (Figure 5). Each Cl ion forms three
hydrogen bonds to NH;* groups (Cl .-+ N distances: 3.18, 3.31
and 322 A), and one hydrogen bond to a COOH group
(Cl+--O distance: 3.06 A). Despite the absence of hydrogen
bonds between the amino acids, the crystal structure resem-
bles that of a parallel pleated sheet.

In the crystal structure of y-dipeptide 20 a different
backbone conformation of the residues is found. Rather than
forming a sheet-like structure, left-handed helices with nine-
membered H-bonded rings are observed (Figure 6). Dado and
Gellman have previously identified such intramolecular
hydrogen bonds of y-amino acid derivatives in CH,Cl,
solution.””l The crystal packing of 20 shows stacks of helices,
connected by hydrogen bonds between the ester CO and the
carbamate NH of neighboring molecules.

We also obtained crystals suitable for single-crystal X-ray
structure analysis of the y-tetrapeptide 22. Again, a helical
structure was found, but with two 14-membered H-bonded
rings (Figure 7). The formation of such a ring is not possible
for y-dipeptide 20. Nevertheless, the backbone conformation
of residues 1-3 in the crystal structure of the tetrapeptide
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Figure 5. X-ray crystal structure of y-amino acid hydrochloride 9a; C
atoms in gray, H atoms in white, N atoms in blue, O atoms in red, and Cl
ions in green.

Figure 6. X-ray crystal structure of y-dipeptide 20; left: side view of two
molecules showing the formation of stacks; right: view of a molecule along
the helix axis; for color coding (atom specification) see caption of Figure 5.

derivative 22 is very similar to the one found in the crystal
structure of the dipeptide analogue 20, while residue 4 adopts
an extended conformation, similar to the one found in the
crystal structure of hydrochloride 9a. Since the C-terminal
ester group cannot act as a H-bond donor, the formation of a
third 14-membered H-bonded ring is not possible. Thus, the
conformation of residue 4 may mainly be determined by
interactions with neighboring molecules. In fact, the ester CO
is involved in an intermolecular hydrogen bond to the
carbamate NH of the neigboring molecule. A second inter-
molecular hydrogen bond is formed between CO of residue 3

576 — © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Figure 7. X-ray crystal structure of y-tetrapeptide 22; left: side view of the
helical structure; right: view along the helix axis; for color coding (atom
specification) see caption of Figure 5.

and NH of residue 2 of another neighbor. The H-bonding
pattern and the backbone conformation of residues 1-3 fit
perfectly into the pattern of a 2.6, helix, similar to the one
found in solution for y-peptide C’, but—as expected—with
opposite sense of chirality.

Remarkably, in all three crystal structures described here,
only two distinguished conformations of the y-amino acid
residue backbones were observed. In fact, only these two
conformations do not suffer from unfavorable syn-pentane
interactions.?!l

NMR spectroscopy: y-Peptides have been shown to fold into
stable secondary structures in solution.[>” 1% The y-peptides
1-3, soluble in a variety of organic solvents, were investigated
by NMR experiments. Two-dimensional 'H NMR measure-
ments were performed in methanol and pyridine solutions in
order to allow for comparison of these peptides with the
already known structures determined in the same solvents.
Complete proton resonance assignment of the individual
residues was achieved using TOCSY, COSY and HSQC
measurements. Sequence-specific assignment was accom-
plished by HMBC measurements and a combination of
TOCSY and ROESY experiments analyzing short range
NOEs between H(a)i and NH(i+1). To determine the
three-dimensional structure, ROESY spectra at different
mixing times (150 ms, 300 ms) were recorded. However, for
y-peptides 1 and 2, limited dispersion of the chemical shifts
and resonance overlap made the assignment of the NOEs
impossible. This was also true for pyridine solutions, which in
earlier measurements of other y-peptides had shown greater
dispersion.

For y-peptide 3 a complete assignment of the NOEs in
methanol solution was achieved. The NOEs obtained were
classified into three distance categories: strong, medium and
weak based upon their volume. These NOE-derived distances
as well as the dihedral angles derived from coupling constants
and NOEs were used in a restrained molecular dynamics
simulated-annealing protocol, yielding 25 structures that
could be clustered to a left-handed helix. The structures show
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a well-defined 2.6-helical structure with 14-membered hydro-
gen-bonded rings from C=0 of residue i to NH of residue i+3
(Figure 8).

Figure 8. NMR solution structure of y-peptide 3 in methanol. The peptide
forms a left-handed 2.6-helical structure with 14-membered hydrogen-
bonded rings from C=0 of residue i to NH of residue i+3.

In order to probe the stability of the helix, temperature-
dependent NMR measurements in methanol were performed
atintervals of 10 K up to 393 K. The experiments were carried
out in a sealed NMR tube and the solvent was suppressed by
presaturation. Figure 9 shows the temperature dependence of
the chemical shifts of the amide protons.

e N NN N 303k
N NN N s
/\_./uuuh___

The backbone *Jyy uc,-coupling constants listed in Table 1
decrease only slowly upon increase of temperature ;! this is
an indication that the helical structure is still present at
363 K.l The observed temperature coefficients (Table 1)
show a linear relationship of J versus 7 for all residues. As
anticipated for a helical structure, the C-terminal residue has a
high do/dT value (ca. 8 ppbK~!) which is characteristic of
solvent exposed groups. Residues2-5 have a low do/dT
value, suggesting that they are part of a stable secondary
structure, which is in agreement with the H/D exchange
experiment,? carried out by dissolving the peptide in
CD;0D:* the residues 3—5 exchange at lower rates than
the terminal residues (Table 1).

Table 1. Characteristic 'H NMR parameters for y-peptide 3. For further
details see Supporting Information.

Residue of NH anncy do/dT Half life
y-peptide 3 ol [Hz]t [ppb K] values [min]
Ala' 8.20) - - -

Leu? 8.12 9.2 —-6.0 <5

Ala’ 7.41 9.6 —6.0 240

Leu* 6.90 8.9 -1.7 453

Ala’ 7.65 8.2 —-58 197

Leu® 8.18 8.8 -79 35

[a] Solvent: CD;OH, T=298 K. [b] Assigned by COSY measurements.

All of these data indicate that 2,3 4-substituted y-hexapep-
tides with the relative configuration of the residues as in 3
adopt stable secondary structures that are maintained even at
high temperatures. As with S-peptides, there is no cooperative
melting of the helix.”) In contrast to y-peptides 1 and 2,
carrying one substituent only in each residue, and showing
intensive resonance overlap, y-peptide 3 contains three
aliphatic side chains in each residue and shows a much larger
dispersion of signals. This may be a consequence of the helical
secondary structure. The conformational constraint imposed
by the three substituents sets the conformation of the
individual amino acid residue in the backbone® 'l towards
helix formation.

CD Spectroscopy: Circular di-
chroism (CD) spectroscopy is a
widely used method for the
373K structural characterization of

oligopeptides consisting of a-
363 K

M N

amino acids.’”? This technique

353 K has also proven to be useful for

the investigation of unnatural

A J\Lﬁk
e A
I

oligomers forming secondary

333K structures.?!

J M

M
J
J\L 343K
|
i

The CD spectra of y-peptides
393 K p Y-pep

M J L

C’, 1, and 2 in methanol solution
313K show only weak intensities at

| S W

wavelengths longer then 210 nm

298 K

83 82 81 80 7.9 7.8 7.7 76 7.5 74 73 72 71 7.0 69 68 6.7 66 5
Figure 9. Temperature-dependent 'H NMR spectra (NH region) of y-peptide 3 in methanol. Measurements

(Figure 10, left). It is obvious,
that such uncharacteristic spec-
tra are not useful for structural

were performed at intervals of 10 K up to 393 K. The J values remain large, the dispersion of the chemical shifts is

maintained, the temperature coefficients are linear (Table 1) and the NH signals are not disappearing by

exchange with the solvent. See also Supporting Information.

Chem. Eur. J. 2002, 8, No. 3

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

assignments. The y-peptides C’
and 2 have very similar CD
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spectra. The CD spectrum of the y-peptide 1 shows a weak
minimum around 212 nm. In contrast, the CD spectrum of y-
peptide 3 has a pronounced maximum near 213 nm, but,
interestingly, it has no resemblance to the CD spectrum of the
y-peptide C', despite the fact that we know from NMR
investigations that both peptides form a 2.6,, helix in solution
(see above).

Even though it turned out to be difficult to gain structural
information by comparing CD spectra of different y-peptides,
comparisons of CD spectra within one type of y-peptides may
be useful. Thus, we measured the CD spectra of the fully
protected y-peptides 20, 22 and 23, as well as of the
deprotected y-peptide 3 in methanol solution (Figure 10,
middle). All of these y-peptides consist of the same two
residues. The spectra of y-dipeptide 20 and y-tetrapeptide 22
are almost superimposable. Both have a maximum near
215nm and a zero-crossing at 208 nm (the more intensive
Cotton effect of 22 reflects the larger number of residues, as
compared to 20). Upon going from y-tetrapeptide 22 to y-
hexapeptide 23, a drastic change of the CD pattern occurs.
The maximum at 215 nm becomes much more intense and the
7t — 7v* transition is split into a couplet, leading to a shoulder
at 203 nm—caused by the low-energy component of the
couplet—and a zero-crossing at 197 nm. The CD spectrum of
the unprotected y-peptide 3 is similar to the one of its
protected precursor 23, but the intensity is reduced.

With due care, we draw the following conclusions from
these CD spectra: i) both, the protected (23) and the
unprotected (3) y-hexapeptides are present as 2.6,,-helical
structures in methanol solutions (unambiguously proven by
NMR analysis of 3); ii) the y-tetrapeptide 22, which was found
as a 2.6y, helix in crystals does not appear to fold to such a
helix to a any larger extend in methanol solution; iii) rather,
the y-tetra- (22) and the y-dipeptides (20) might have similar
structures in methanol, which can not be 2.6, ,-helical, because
the latter can not possibly from a single turn of such a helix (it
adopts a nine-membered ring with a next-neighbor hydrogen
bond in the crystal).

In aprotic solvents, such as acetonitrile, secondary struc-
tures with intramolecular hydrogen bonds are stabilized,
relative to methanol, which competes strongly for hydrogen
bonding. Nevertheless, the CD spectra in acetonitrile indicate
that only a minor population of a 2.6,,-helical structure for y-

tetrapeptide 22 is present (Figure 10, right). Again, the CD
spectra of the y-hexapeptides 3 and 23 show a couplet for the
7t — ¥ transition, but with higher intensities than in methanol
solution, while the intensities for the maxima at 215 nm are
similar in both solvents. In the spectrum of 3, the long
wavelength component of the & — n* band at ~200 nm is
most intense.

Conclusion

We have shown, that a y-hexapeptide consisting of residues
with side chains in the 2, 3, and 4-position form stable 2.6,4-
helical structures in methanol solution. A y-tetrapeptide
consisting of the same residues forms a 2.6,4 helix in the solid
state, but probably not to a larger extend in methanol or
acetonitrile solution. A new kind of helical structure with a
nine-membered H-bonded ring was found in the crystalline
state for a y-dipeptide.

Structural assignments of y-peptides consisting of mono
substituted residues with the side chains in the 2- or in the
3-positions were hampered by strong overlap of the NMR
signals and uncharacteristic CD spectra.

Experimental Section

General: Starting materials and reagents: Acyl-oxazolidinones 6a—¢,*)
(E)-2-nitro-but-2-enel® and y-amino acids 4a—-c and Sa-cl'¥) were
prepared according to literature procedures. THF was distilled from Na
under an Ar atmosphere prior to use. Solvents for chromatography and
workup procedures were distilled from Sikkon (anhydrous CaSO,; Fluka
Chemie AG) or KOH (Et,0). All other solvents and reagents were used as
received from Fluka. Acronyms: Boc,O =di(tert-butyl) dicarbonate,
DMAP = dimethyl-pyridin-4-yl-amine, dr=diastereoisomer ratio (deter-
mined by '"H NMR), EDC = 1-[3-(dimethylamino)propyl]-3-ethylcarbodi-
imide hydrochloride, HATU = (1-[bis-(dimethylamino)methyliumyl]-1H-
1,2,3-triazolo[4,5-b]pyridin-3-oxide hexafluorophosphate), HOBt = 1-hy-
droxy-1H-benzotriazole, NMM = 4-methylmorpholine.

Equipment: Thin-layer chromatography (tlc): silica gel 60 F,s, glass plates
(Merck); visualization by UV, light and development with KMnO,
solution (NaOH (12 g), KMnO, (1.5 g), H,O (300 mL)) or anisaldehyde
solution (anisaldehyde (9.2 mL), AcOH (3.75 mL), H,SO, conc. (12.5 mL),
EtOH (340 mL)). Flash column chromatography: silica gel 60 (40—63 pm,
Fluka), pressure 0.2-0.3 bar. Preparative HPLC: Knauer HPLC system
(pump type 64, programmer 50, UV detection (variable-wavelength

] i
20

_ 14 _ 54 MaCH ~
a3 29 F. d 4 1;-
25 B4l =
t t
s 0 2
| g g
= -1 4 = 14 =
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L2 a 8
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180 200 290 23 Z3r &0 G0 190 200 210 20 @0 a0 250 180 203 0 23D M 20 250
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Figure 10. CD Spectra of y-peptides; left: fully deprotected y-hexapeptides C' and 1-3 in methanol; middle: protected y-di-, y-tetra-, and y-hexapeptides
(20, 22, and 23), as well as deprotected y-hexapeptide 3 in methanol; right: y-peptides 20, 22, 23, and 3 in acetonitrile. The spectra were recorded with 0.2m

peptide solutions and are not normalized to the number of residues.
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monitor)); column: Nucleosil 100-7 Cg (250 x 21 mm, Macherey — Nagel).
M.p.: Biichi-510 apparatus, uncorrected. Optical rotations: Perkin-Elmer
241 polarimeter (10 cm, 1 mL cell) at rt. Circular dichroism (CD) spectra:
Jasco J-710 recording from 190 to 250 nm at 20°C; 1 mm cell; average of
five scans, corrected for the baseline; peptide concentration 0.2mw;
smoothing by Jasco software. IR Spectra: Perkin—Elmer-782 spectropho-
tometer. NMR Spectra: Bruker AMX 500 (*H 500 MHz, *C 125 MHz),
AMX 400 (*H 400 MHz, '*C 100 MHz); 6 in ppm downfield from internal
TMS (6=0); MS: VG Tribrid (EI), VG ZAB2-SEQ (FAB, in a 3-nitro-
benzyl alcohol matrix), Finnigan-MAT-TSQ 7000 (ESI) and InoSpec
Ultima (MALDI FT-MS, high resolution MS (HRMS)), in a 2,5-dihydroxy-
benzoic acid matrix). Elemental analyses were performed by the Micro-
analytical Laboratory of the Laboratorium fiir Organische Chemie, ETH-
Ziirich.

Addition of 3-acyl-4-isopropyl-5,5-diphenyl-oxazolidin-2-ones to (E)-2-
nitro-but-2-ene—General procedure 1 (GP 1): TiCl, (1.1 equiv) was added
at —78°C to a solution of the respective 3-acyl-4-isopropyl-5,5-diphenyl-
oxazolidin-2-one in CH,Cl, (0.25m). After stirring for 5 min, (iPr),NEt
(1.2 equiv) was added at —78°C and the resulting dark red solution was
stirred at 0°C for 30 min. A solution of (E)-2-nitro-but-2-ene in CH,Cl,
(1.1 equiv, 1.5M) and TiCl, (1.1 equiv) were successively added at —78°C.
The mixture was stirred for Sh at —78°C and treated with aq. NH,F
solution (20%). The organic layer was separated and washed with aq.
NH,F solution (1 x ). To the resulting yellow solution was added 1Nx NaOH
(5 equiv). After stirring the emulsion for 10 min, sat. NaHCOj; solution
(10 mL per 1 mmol oxazolidinone) was slowly added under vigorous
stirring over a period of 2 h. The organic layer was separated, washed with
H,0, dried over MgSO, and concentrated under reduced pressure. The
resulting crude product was purified by flash column chromatography.

Reduction of the nitro compounds to pyrrolidin-2-ones—General proce-
dure 2 (GP 2): The respective nitro compound was added to a suspension of
W2 Raney/nickel (freshly prepared from 600 mg Al/Ni alloy per 1 mmol
nitro compound®') in EtOH/AcOEt 1:2 (15 mL1 mmol~'). The mixture
was stirred in an autoclave for 3d at 50°C under H, (30 bar). The
precipitated oxazolidinone auxiliary was dissolved by adding CH,Cl,. The
catalyst was removed by filtration through Celite and the filtrate was
evaporated to yield a white solid residue. Trituration in boiling Et,0O
followed by filtration yielded pure recovered oxazolidinone auxiliary as a
white solid. The filtrate was concentrated under reduced pressure and the
resulting crude product was purified by flash column chromatography.

Boc Deprotection of y-amino acids and y-peptides—General procedure 3
(GP 3): To a solution of the respective y-amino acid (or y-peptide) in
CH,Cl, (0.5M) was added an equal volume of CF;CO,H at 0°C. The
mixture was allowed to warm to rt and stirred for further 1.5h.
Concentration under reduced pressure yielded the crude CF;CO,H salt,
which was used without further purification.

Peptide coupling with EDC/HOBt—General procedure 4 (GP 4): The
respective CF;CO,H salt (1 equiv) was dissolved in THF, CH,Cl, or CHCl,
(0.5Mm) and cooled to 0°C. To the resulting solution was added successively
NMM (5 equiv), HOBt (1.2 equiv), a solution of the Boc-protected
fragment (1 equiv) in THF, CH,Cl, or CHCl; (0.5M) and EDC (1.2 equiv).
The mixture was allowed to warm to rt and stirred until TLC indicated
complete reaction. After dilution with AcOEt the mixture was washed with
1M HCI (3 x ), sat. aq. NaHCOj solution (3 x ) and sat. aq. NaCl solution
(3 x ). The organic layer was dried over MgSO, and concentrated under
reduced pressure. The resulting crude product was purified by flash column
chromatography.

Peptide coupling with EDC/DMAP—General procedure 5 (GP 5): The
respective CF;CO,H salt was dissolved in CH,Cl, (0.3 M) and cooled to 0°C.
The Boc-protected fragment (1 equiv), DMAP (3 equiv) and EDC
(1.2 equiv) were added and the resulting mixture was stirred for 3 h at
0°C. The mixture was allowed to warm to rt and stirring was continued until
TLC indicated complete reaction. The mixture was diluted with AcOEt
and washed with 1M HCI (3 x ), sat. aq. NaHCO; solution (3 x ) and sat. aq.
NaCl solution (3x). The organic layer was dried over MgSO, and
concentrated under reduced pressure. The resulting crude product was
purified by flash column chromatography.

Benzyl ester deprotection—General procedure 6 (GP 6): The respective
benzyl ester was dissolved in MeOH (0.1m) and 10 % (m/m) Pd/C (10%)
was added. The resulting mixture was stirred at rt under an atmosphere of
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H, (1 bar) for 12 h. Subsequent filtration through Celite and concentration
under reduced pressure yielded the crude carboxylic acid which was used
without further purification.

Reversed-phase (RP) HPLC purification of y-peptides—General proce-
dure 7 (GP 7): Crude products were purified by preparative RP-HPLC
using a gradient of A (0.1% CF;CO,H in H,0) and B (CH;CN) at a flow
rate of 20 mLmin~! with UV detection at 220 nm. The products were
isolated and dried by lyophilization.

(S)-4-Isopropyl-3-((2R,3R 4R)-2,3-dimethyl-4-nitro-pentanoyl)-5,5-di-
phenyl-oxazolidin-2-one (7a) and 4'-epi-7a: Reaction of propionyl-oxazo-
lidinone 6a (13.5 g, 40.0 mmol) with (E)-2-nitro-but-2-ene according to
GP 1 yielded after trituration (Et,O) a mixture of 7a and 4"-epi-7a (9.5 g,
54%, dr=92:8) as a white solid (dr of the crude product =4:1). R;=0.38
(pentane/Et,0 3:1); 'H NMR (400 MHz, CDCL): 7a: 6=0.77 (d,
J(H,H)=6.9 Hz, 3H; CH,), 0.82 (d, J(H,H)=6.7 Hz, 3H; CH3;), 0.91 (d,
J(H,H) =70 Hz, 3H; CH;), 0.94 (d, J(H,H)=7.0Hz, 3H; CH,), 1.59 (d,
J(H,H)=6.8 Hz, 3H; CHj;), 1.99 (app sept.d, J(H,H)=6.9, 3.2 Hz, 1H;
CH(CHa),), 2.39-2.47 (m, 1H; CHCHNO,), 3.70-3.77 (m, 1H; CHCO),
4.59-4.65 (m, 1H; CHNO,), 5.41(d, J(H,H)=32Hz, 1H; CHNCO),
726-748 (m, 10H; 2Ph); 4-epi-7a: 0.77 (d, J(H.H) =6.8 Hz, 3H; CH,),
0.77 (d, J(H,H) =6.9 Hz, 3H; CH,;), 0.87 (d, J(H,H) =7.0 Hz, 3H; CH,),
0.90 (d, J(H,H)=70Hz, 3H; CH;), 1.47 (d, J(HH)=6.8 Hz, 3H; CH,),
1.95-2.03 (m, 1H; CH(CH;),), 2.79 (dqd, J(H,H)=8.3, 7.0, 5.3 Hz, 1H;
CHCHNO,), 3.63 (dq, J(HH)=8.3, 6.9Hz, 1H; CHCO), 4.62 (qd,
JHH)=6.8, 53Hz, 1H; CHNO,), 534 (d, JHH)=3.6Hz, 1H;
CHNCO), 725-740 (m, 10H, 2Ph); ¥C NMR (100 MHz, CDCl;): 6 =
10.7,12.8,16.3,17.2,21.8, 29.8, 38.8, 39.1, 64.6, 86.1, 89.5, 125.6, 125.9, 128.0,
128.4,128.7,128.9, 137.9, 142.3, 152.6, 175.1; 4-epi-7a: 10.6, 13.2, 14.4, 16.6,
29.5, 38.7,39.4, 65.0, 84.3, 89.7, 125.6, 125.8, 128.1, 128.5, 128.7, 1377, 142.1,
152.8,175.1; IR (CHCL): 7 =2974 (m), 1781 (s), 1709 (s), 1550 (s), 1494 (w),
1450 (m), 1391 (m), 1363 (s), 1316 (m), 1093 (w), 1052 (w), 990 cm~! (w);
MS (FAB): miz (%): 439 (100) [M+H]*, 392 (47), 348 (32), 238 (43);
elemental analysis calcd (%) for C,sH3N,Os (438.52): C 68.47, H 6.90, N
6.39; found: C 68.39, H 6.98, N 6.42.
(S)-4-Isopropyl-3-((2R,3R,4R)-2-isopropyl-3-methyl-4-nitro-pentanoyl)-
5,5-diphenyl-oxazolidin-2-one (7b): Reaction of acyl-oxazolidinone 6b
(11.0 g, 30.0 mmol) with (E)-2-nitro-but-2-ene according to GP 1 yielded
after purification by flash column chromatography (pentane/Et,O 7:1 —
3:1) compound 7b (6.7 g, 47 %, dr > 97:3) as a white solid (dr of the crude
product=4:1). R;=0.45 (pentane/Et,0 3:1); m.p. 196-167°C; [a]§" =
—146.1 (¢=0.98 in CHCL;); '"H NMR (400 MHz, CDCL): 6=0.37 (d,
J(H,H) =70 Hz, 3H; CH,), 0.48 (d, J(H,H) =6.8 Hz, 3H; CH,), 0.85 (d,
J(H,H)=6.8 Hz, 3H; CHj;), 0.96 (d, J(H,H) =70 Hz, 3H; CHj;), 1.04 (d,
J(H,H) =70 Hz, 3H; CH,), 1.59 (d, J(H.H) = 6.7 Hz, 3H; CH,), 1.77-1.89
(m, 1H; (CH,;),CHCHCO), 2.04 (app sept.d, J(H.H)=6.9, 3.0 Hz, 1H;
(CH;),CHCHN), 2.28-2.34 (m, 1H; CHCHNO,), 3.92 (dd, J(H,H) =8.1,
6.1 Hz, 1H; CHCO), 4.65 (qd, J(H,H) =6.7, 5.0 Hz, 1H; CHNO,), 5.47 (d,
J(H,H)=3.0Hz, 1H; CHNCO), 723-7.56 (m, 10H; 2Ph); C NMR
(100 MHz, CDClL;): 6 =11.9,16.2, 18.0, 18.3, 19.5 21.9, 28.4, 30.0, 38.4, 49.4,
65.4, 85.8, 88.8, 125.4, 125.7, 127.9, 128.4, 128.5, 128.8, 1379, 142.7, 152.7,
174.0; IR (CHCl;): 7 =2970 (m), 1782 (s), 1709 (m), 1549 (s), 1494 (w), 1450
(m), 1395 (m), 1363 (s), 1316 (m), 1103 (w), 1052 (w), 1002 cm~" (w); MS
(FAB): m/z (%): 933 (5) [2M+H]", 467 (100) [M+H]*, 420 (29), 376 (16);
elemental analysis caled (%) for C,;H3,N,O5 (466.58): C 69.51, H 7.34, N
6.00; found: C 69.28, H 7.44, N 6.02.

(5)-3-((2R,3R ,4R)-2-Isobutyl-3-methyl-4-nitro-pentanoyl)-4-isopropyl-
5,5-diphenyl-oxazolidin-2-one (7c¢): Reaction of acyl-oxazolidinone 6¢
(17.5 g, 46.0 mmol) with (E)-2-nitro-but-2-ene according to GP 1 yielded
after purification by flash column chromatography (pentane/Et,0 10:1)
compound 7¢ (11.1 g, 50%, dr > 97:3) as a white solid (dr of the crude
product =4:1). R;=0.44 (pentane/Et,0 5:1); [a]RT=—-102.7 (¢=1.03 in
CHCl;); '"H NMR (400 MHz, CDCl;): 6 =0.38 (d, J(H,H)=6.5 Hz, 3H;
CH;), 0.60 (d, J(HH)=6.6Hz, 3H; CH;), 0.67-0.74 (m, 1H;
CHHCH(CH,),), 0.77-0.89 (m, 1H; CH,CH(CH,),), 0.79 (d, J(HH)=
6.8 Hz, 3H; CH,), 0.85 (d, J(H.H) =7.0 Hz, 3H; CHj;), 0.93 (d, JHH) =
6.9 Hz, 3H; CH,), 1.64 (d, J(H,H) = 6.7 Hz, 3H; CHy;), 1.80 (ddd, J(H,H) =
13.4, 11.8, 4.4 Hz, 1H; CHHCH(CH,),), 2.02 (app sept.d, J(H.H) =6.9,
3.6 Hz, 1H; CHCH(CH;),), 2.49 (dqd, J(HH)=9.6, 6.9, 3.0Hz, 1H;
CHCHNO,), 3.69-3.74 (m, 1H; CHCO), 4.49 (dq, J(H.H)=9.5, 6.7 Hz,
1H; CHNO,), 5.39 (d,J(H,H) =3.6 Hz, 1H; CHNCO), 7.25-7.51 (m, 10H;
2Ph); BCNMR (100 MHz, CDCLy): 6 =11.4,16.5,17.7,21.2,21.7,23.3,26.2,
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29.6,33.4,38.6,41.2, 65.1, 83.0, 89.8, 125.4, 125.8, 128.1, 128.5, 128.6, 128.9,
137.6,142.2,152.8,173.5; IR (CHCl;): # =2961 (m), 1777 (s), 1698 (m), 1553
(s), 1494 (w), 1450 (m), 1390 (m), 1364 (m), 1119 (w), 1053 (w), 1036 (w),
988 (w), 900 cm ™! (w); MS (FAB): m/z (%): 961 (12) [2M+H]*, 481 (100)
[M+H]", 434 (50), 390 (23); elemental analysis calcd (%) for C,sH;3(N,O5
(480.60): C 69.98, H 7.55, N 5.83; found: C 70.16, H 7.52, N 5.66.

(3R, 4R,5R)-3,4,5-Trimethyl-pyrrolidin-2-one (8a) and 5-epi-8a: Com-
pound 7a (9.47 g, 21.6 mmol) was hydrogenated according to GP 2. After
purification by flash column chromatography (Et,0/MeOH 60:1 — 25:1) a
mixture of 8a and 5-epi-8a (2.59 g, 94 %, dr=2_87:13) was obtained as a
white solid. R;=0.34 (AcOEt); '"H NMR (400 MHz, CDCl;, 8a): 6 =1.04
(d,J(H,H) =6.8 Hz, 3H; CH;), 1.07 (d, J(H,H) = 6.6 Hz, 3H; CH};), 1.16 (d,
J(H,H) = 6.8 Hz, 3H; CH3;), 2.00-2.14 (m, 2H; CHCHCO), 3.62-3.67 (m,
1H; CHN), 6.82 (brs, NH); ®*C NMR (100 MHz, CDCl;, 8a): 6 =13.5,13.6,
16.5, 41.0, 41.1, 51.1, 180.1; IR (CHCl;): ¥ = 3431 (m), 3007 (m), 2970 (m),
2932 (w), 2877 (w), 1693 (s), 1457 (m), 1417 (m), 1382 (m), 1343 (w), 1295
(w), 1086 (w), 1056 (w), 1011 (w), 968 cm~! (w); MS (EI): m/z (% ): 127 (16)
[M]*, 112 (93), 84 (6), 69 (100), 56 (47), 55 (16), 44 (79), 42 (16), 41 (36), 28
(16); elemental analysis calcd (%) for C;H;3NO (127.19): C 66.11, H 10.30,
N 11.01; found: C 66.27, H 10.26, N 11.15.

(3R, 4R,5R)-3-Isopropyl-4,5-dimethyl-pyrrolidin-2-one (8b) and 5-epi-8b:
Compound 7b (8.21 g, 17.6 mmol) was hydrogenated according to GP 2.
After purification by flash column chromatography (CH,Cl,/MeOH 50:1
— 35:1) a mixture of 8b and 5-epi 8b (2.58 g, 94%, dr=286:14) was
obtained as a white solid. R;=0.43 (AcOEt); '"H NMR (400 MHz, CDCl;,
8b): 6=0.99 (d, J(H.H) =6.9 Hz, 3H; CH,), 1.03 (d, J(H,H) =70 Hz, 3H;
CH,), 1.03 (d, J(H,H)=71Hz, 3H; CHj;), 1.08 (d, J(H.H) =6.6 Hz, 3H;
CH;), 1.97 (dd, JH.H)=7.6, 3.9 Hz, 1H; CHCO), 2.11-2.22 (m, 1H;
CH(CHs;),), 2.33-2.42 (m, 1H; CHCHN), 3.64-3.71 (m, 1H; CHN), 6.34
(brs, 1H; NH); *C NMR (100 MHz, CDCl;, 8b): 6 =15.8, 16.9, 19.1, 20.2,
278, 33.9, 51.1, 53.8, 179.0; IR (CHCl;): 7 =3426 (m), 3000 (m), 2965 (m),
2933 (m), 2875 (m), 1687 (s), 1465 (m), 1417 (m), 1385 (m), 1279 (w), 1084
(W), 1007 cm™~" (w); MS (EI): m/z (%): 155 (0.6) [M]*+, 113 (32), 98 (100), 69
(35), 55 (21), 44 (23), 42 (14), 41 (37), 39 (19), 28 (43); elemental analysis
caled (%) for CoH;,NO (155.24): C 69.63, H 11.04, N 9.02; found: C 69.76,
H 11.21, N 8.92.

(3R, 4R,5R)-3-Isobutyl-4,5-dimethyl-pyrrolidin-2-one (8c¢) and S-epi-8c:
Compound 7¢ (11.0 g, 22.8 mmol) was hydrogenated according to GP 2.
After purification by flash column chromatography (Et,0/MeOH 100:1 —
30:1) a mixture of 8¢ and 5-epi-8¢ (3.50 g, 91 %, dr =91:9) was obtained as
a white solid. R;=0.36 (Et,0/MeOH 50:1); 'H NMR (400 MHz, CDCl;,
8¢): 0=0.92 (d, J(H,H) =6.6 Hz, 3H; CHj;), 0.93 (d, J(H,H) =6.6 Hz, 3H;
CH,), 1.04 (d, J(H,H)=70Hz, 3H; CH;), 1.09 (d, J(H.H) =6.6 Hz, 3H;
CH,), 1.26-1.33 (m, 1H; CHH), 1.62 (ddd, J(H,H) =13.8, 7.9, 5.8 Hz, 1H;
CHH), 1.83-1.93 (m, 1H; CH(CH,),), 2.04 (app td, J(HH) =79, 5.8 Hz,
1H; CHCO),2.14-2.23 (m, 1H; CHCHN), 3.65-3.72 (m, 1 H; CHN); 7.28
(brs, 1H; NH); *C NMR (100 MHz, CDCl,, 8¢): 6 =14.6, 16.7, 22.3, 23.0,
25.9,39.1,39.4, 45.2, 50.9, 180.3; IR (CHCl;): 7#=3429 (m), 2963 (m), 1691
(s), 1466 (m), 1416 (m), 1384 (m), 1086 cm~' (m); MS (EI): m/z (%): 170
(31) [M+H]*, 154 (13), 126 (23), 113 (65), 112 (25), 98 (100), 69 (8);
elemental analysis calcd (%) for C;H;,NO (169.27): C 70.96, H 11.31, N
8.27; found: C 70.95, H 11.32, N 8.28.

(2R,3R 4R)-4-{| (tert-Butoxy)carbonylJamino}-2,3-dimethyl-pentanoic
acid (10a): Lactam 8a (1.53 g, 12.0 mmol, dr=_87:13,) was dissolved in 6N
HCI (90 mL) and stirred for 2 h under reflux. The solvent was evaporated
and the residue was triturated (acetone). After filtration hydrochloride 9a
(1.55 g, 71%, dr > 98:2) was obtained as a white solid. A solution of
hydrochloride 9a (1.24 g, 6.8 mmol) in 1N NaOH (14 mL) was cooled to
0°C and a solution of Boc,O (1.92 g, 8.8 mmol) in dioxane (5 mL) was
added. The resulting mixture was stirred at rt for 18 h, with pH being
retained at 10—12 by adding small amounts of 1IN NaOH. 1N NaOH was
then added until pH 14 was reached and the reaction mixture was washed
with Et,0 (2 x ). AcOEt was added to the aqueous layer and the resulting
mixture was acidified at 0°C with aq. KHSO, solution (10%) to pH 2-3.
The aqueous layer was separated and extracted with AcOEt (3 x ). The
organic layers were combined, dried over MgSO, and concentrated under
reduced pressure. Purification of the crude product by recrystallisation
(AcOEt/hexane) yielded acid 10a (1.41 g, 84 % from 9a) as a white solid.
M.p. 143-144°C; [a]B" = —8.4 (¢=0.52 in MeOH); '"H NMR (400 MHz,
CD;0D): 6=0.86 (d, J(H,H) =7.0 Hz, 3H; CH3;), 1.06 (d, J(H,H) =7.1 Hz,
3H; CH;), 1.12 (d, J(HH) = 6.7 Hz, 3H; CH;), 1.43 (s, 9H; 1Bu), 1.89 - 1.97
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(m, 1H; CHO), 2.49-2.56 (m, 1H; CHCHN), 3.54-3.61 (m, 1H; CHN);
3C NMR (100 MHz, CD;0D): 6 =11.6, 12.1, 19.6, 28.8, 41.6, 42.3, 50.3,
79.9, 1582, 180.0; IR (CHCL): #=3439 (m), 2980 (s), 1705 (s), 1510 (s),
1454 (m), 1392 (m), 1368 (m), 1083 (m), 1020 (w), 857 cm~! (w); MS (ESI
pos.): miz (%): 513 (48) [2M+Na]*, 268 (100) [M+Na]*; MS (ESI neg.):
mlz (%): 511 (17) [2M+Na —2H] -, 489 (33) [2M — H]~, 280 (6) [M+Cl] ",
244 (100) [M — H]"; elemental analysis calcd (%) for C;;H,;NO, (245.32):
C 58.75, H 9.45, N 5.71; found: C 58.77, H 9.61, N 5.77.

(2R,3R,4R)-4-{[ (tert-Butoxy)carbonyl]Jamino}-2-isopropyl-3-methyl-pen-
tanoic acid (10b): Lactam 8b (1.09 g, 7.0 mmol, dr=_86:14,) was dissolved
in 6N HCl (50 mL) and stirred under reflux for 5h. The solvent was
evaporated and the residue (light yellow oil consisting of a 2:1 mixture of
8b and 9b) was dissolved in H,O (20 mL). The resulting solution was
cooled to 0°C. 1IN NaOH (7 mL) and a solution of Boc,O (1.09 g, 5.0 mmol)
in THF (1 mL) was added. The resulting mixture was stirred at rt for 18 h,
with pH being retained at 10— 12 by adding small amounts of IN NaOH. 1N
NaOH was then added until pH 14 was reached and the reaction mixture
was washed with Et,O (5 x ). The organic layers were combined, dried over
MgSO, and concentrated under reduced pressure to yield recovered lactam
8b (730 mg, 67 %, dr =84:16). AcOEt was added to the aqueous layer and
the resulting mixture was acidified at 0°C with aq. KHSO, solution (10 %)
to pH 2-3. The aqueous layer was separated and extracted with AcOEt
(5 x ). Concentration of the aqueous layer yielded a mixture of 9b and
inorganic salts. The organic layers were combined, dried over MgSO, and
evaporated. Purification by trituration (Et,0) yielded acid 10b (279 mg,
15% from 8b, dr > 98:2) as a white solid. M.p. 171-172°C (decomp);
[@]RT=+12.1 (¢=0.62 in MeOH); '"H NMR (400 MHz, CD;0D): 6 =0.90
(d,J(HH)=71Hz;3H; CHj;),0.91 (d,/J(H,H) = 6.8 Hz, 3H; CHj), 1.01 (d,
J(H,H)=6.9 Hz, 3H; CH;), 1.11 (d, J(H,H) =6.8 Hz, 3H; CH;), 1.43 (s,
9H; Bu), 1.93-2.07 (m, 2H; CH(CH;),, CHCHN), 2.24 (dd, J(HH) =
10.4, 4.6 Hz, 1H; CHCO), 3.72 (qd, J(H.H)=6.8, 3.2 Hz, 1H; CHN);
BCNMR (100 MHz, CD;0D): 6 =11.4,17.4,19.8,22.5,28.0, 28.8,38.7,49.9,
55.2,79.9, 158.1, 180.0; IR (CHCl;): 7= 3442 (m), 2973 (s), 1698 (s), 1504
(m), 1456 (m), 1392 (m), 1368 (s), 1088 (m), 1055 cm~! (w); MS (ESI pos.):
milz (%): 569 (100) [2M +Na]*, 296 (28) [M+Na]*; MS (ESI neg.): m/z
(%): 567 (6) [2M+Na —2H]~, 545 (100) [2M — H]~, 308 (10) [M+Cl]~, 272
(50) [M —H]~; elemental analysis caled (%) for C,;H;,NO, (273.37): C
61.51, H 9.95, N 5.12; found: C 61.27, H 9.80, N 4.97.

(2R,3R 4R)-4-{[ (tert-Butoxy)carbonyl]Jamino}-2-isobutyl-3-methyl-penta-

noic acid (10¢): Lactam 8¢ (2.20 g, 13.0 mmol, dr=91:9,) was dissolved in
6N HCIl (80 mL) and stirred for 24 h under reflux. The solvent was
evaporated and the residue coevaporated with acetone (2 x ) and triturated
in Et,0. The hydrochloride 9¢ (1.76 g, 61 %, dr > 98:2) was obtained as a
white solid. Repeating the same procedure with the residue of the mother
liquid yielded a second amount of 9¢ (462 mg, 16%). To a solution of 9¢
(2.13 g, 9.5 mmol) in 1IN NaOH (20 mL) was added a solution of Boc,O
(3.12 g, 14.3 mmol) in dioxane (8 mL). The resulting mixture was stirred at
1t for 18 h, with pH being retained at 10— 12 by adding small amounts of 1N
NaOH. 1IN NaOH was added until pH 14 was reached and the resulting
reaction mixture was washed with Et,O (2 x ). AcOEt was added to the aq.
layer and the mixture was acidified at 0 °C with aq. KHSO, solution (10 %)
to pH 2-3. The aq. layer was separated and extracted with AcOEt (3 x ).
The organic layers were combined, dried over MgSO, and evaporated. The
residue was purified by recrystallisation (AcOEt/hexane) to yield acid 10¢
(2.34 g, 86 % from 9¢) as a white solid. M.p. 126-127°C; [a]RT=+13.5
(¢=0.81 in MeOH); 'H NMR (400 MHz, CDCl5/CD;0D 4:1): 6 =0.88 (d,
J(H,H) =6.6 Hz, 3H; CHs;), 091 (d, J(H,H) =7.1 Hz, 3H; CH,), 0.91 (d,
J(H,H)=6.5Hz, 3H; CH;), 1.12-1.18 (m, 1H; CHH), 1.14 (d, J(H.H) =
6.7 Hz, 3H; CHj;), 1.44 (s, 9H; tBu), 1.51-1.64 (m, 2H; CHHCH(CH,),),
1.80-1.95 (m, 1H; CHCHN), 2.40-2.50 (m, 1H; CHCO), 3.60-3.70 (m,
1H; CHN); *C NMR (100 MHz, CDCly/CD;0D 4:1): 6 =12.0, 19.0, 21.4,
24.0,26.6,28.4,373,41.0,46.2, 79.7,156.4, 178.7; IR (CHCL,): 7 = 3440 (m),
2959 (m), 1707 (s), 1511 (s), 1455 (m), 1368 (s), 1111 cm™! (m); MS (ESI
pos.): ml/z (%): 597 (4) [2M+Na]*, 310 (100) [M+Na]*; MS (ESI neg.): m/z
(%):595 (8) [2M+Na — 2H]~, 286 (100) [M — H]~; elemental analysis calcd
(%) for C;sH,)NO, (287.4): C 62.69, H 10.17, N 4.87; found: C 62.90, H
10.18, N 4.58.

(2R,3R 4R)-4-{[ (tert-Butoxy)carbonylJamino}-2-isobutyl-3-methyl-penta-

noic acid benzyl ester (11): Similar to a reported procedure,*” amino acid
10c¢ (1.44 g, 5.00 mmol) was dissolved in MeOH (50 mL). Aq. Cs,CO;
solution (20 % ) was added until a pH of 7—-8 was reached. The solvent was
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evaporated and the residue coevaporated with DMF (2 x ) and dissolved in
DMF (50 mL). To the resulting solution BnBr (0.65 mL, 5.5 mmol) was
added. After stirring for 1 h at rt the solvent was evaporated and the
residue purified by flash column chromatography (pentane/Et,0 5:1).
Ester 11 (1.80 g, 95% ) was obtained as a colorless oil. R;=0.32 (pentane/
Et,0 4:1); [a]8' =£0.0 (¢=0.98 in CHCl;); 'H NMR (400 MHz, CDCl,):
0=0.85 (d, JHH)=6.5Hz, 3H; CH;), 0.86 (d, J(H,H)=6.6 Hz, 3H;
CHs;), 0.88 (d, J(H,H)=7.1Hz, 3H; CH;), 1.11 (d, J(H,H)=6.8 Hz, 3H;
CHs;), 1.17 (ddd, J(H,H) =13.4, 10.1, 3.3 Hz, 1H; CHHCH), 1.41 (s, 9H;
tBu), 1.38-1.48 (m, 1H; CH(CH,),), 1.61-1.68 (m, 1H; CHHCH), 1.67—
1.95 (m, 1H; CHCHN), 2.49 (ddd, J(H,H) =11.6, 7.4, 3.3 Hz, 1H; CHO),
3.63-3.73 (m, 1H; CHN), 4.28-4.38 (brd, 1H; NH), 5.11 (d, J(HH) =
12.5 Hz, 1H; CHHPh), 5.14 (d, J(H,H) = 12.5 Hz, 1 H; CHHPh), 7.28 - 7.37
(m, 5H; Ph); BC NMR (100 MHz, CDCl;): 6 =12.5, 18.6, 21.4, 23.8, 26.4,
28.4,37.5, 40.6, 45.6, 49.3, 66.1, 79.1, 128.0, 128.1, 128.4, 136.1, 155.3, 175.8;
IR (CHCl,): 7=3620 (m), 3445 (w), 3008 (m), 2975 (s), 1709 (s), 1499 (m),
1454 (m), 1391 (m), 1368 (m), 1046 (s), 877 cm~' (m); MS (MALDI): m/z
(%): 400 (100) [M+Na]*, 344 (78), 300 (44), 278 (31), 273 (28), 192 (39);
elemental analysis caled (%) for C,,H3sNO, (377.52): C 69.99, H 9.34, N
3.71; found: C 69.93, H 9.50, N 3.69.

Dipeptide 12: Compound 4a (1.23 g, 4.50 mmol) was Boc-deprotected
according to GP 3 and coupled with acid 4b (0.98 g, 4.50 mmol) in THF
according to GP 4. After purification by flash column chromatography
(AcOEt/pentane 5:2) dipeptide 12 (1.57 g, 94 %) was obtained as a white
solid. R;=0.50 (AcOEt/pentane 5:1); m.p. 53-54°C; [a]R'=+3.6 (c=
0.61 in CHCl;); 'TH NMR (500 MHz, CDCl;): 6 =0.88 (d, J(H,H) = 6.6 Hz,
3H; CHs;), 0.90 (d, J(H,H) =6.6 Hz, 3H; CHj;), 0.95 (d, J(H.H) =6.7 Hz,
3H; CH;), 1.08-1.16 (m, 1H; CHHCH(CH;),), 120-1.27 (m, 1H;
CHHCH(CH,),), 1.44 (s, 9H; tBu), 1.62-1.70 (m, 1H; CH(CHy;),), 2.02—
2.22 (m, 4H, CH,CO, 2CHCH,CO), 2.25-2.35 (m, 2H, CH,CO), 3.00-
3.35 (m, 4H, 2CH,N), 3.68 (s, 3H; OCHy;), 4.90 (brt, 1H; NHBoc), 6.72
(brt, 1H; NH); ¥*C NMR (125 MHz, CDCL;): 6 =18.0, 22.6,22.7,25.2, 28.4,
319, 33.1, 374, 41.1, 41.6, 43.1, 45.5, 51.6, 79.5, 156.8, 172.6, 173.8; IR
(CHCL,): 7=3452 (w), 2959 (m), 1704 (s), 1660 (m), 1513 (s), 1438 (w), 1368
(m), 1171 cm~' (m); MS (FAB): m/z (%): 395 (27) [M+Na]*, 373 (97)
[M+H]*, 371 (16), 317 (17), 273 (100), 256 (31), 142 (29); elemental
analysis calcd (%) for C;yH;3N,O5 (372.50): C 61.26, H 9.74, N 7.52; found:
C 61.39, H 9.74, N 7.49.

Tripeptide 13: Dipeptide 12 (1.44 g, 3.86 mmol) was Boc-deprotected
according to GP 3 and coupled with acid 4¢ (947 mg, 3.86 mmol) in THF
according to GP 4. After purification by flash column chromatography
(CH,Cl,/MeOH 20:1) tripeptide 13 (1.61 g, 83%) was obtained as a
colorless glass. R;=0.51 (CH,Cl,/MeOH 10:1); m.p. 64-65°C; [a]RT =
—1.4 (¢=0.60 in CHCL;); "H NMR (500 MHz, CDCl;): 6 =0.87-1.00 (m,
15H; 5CH;), 1.10-1.16 (m, 1H; CHHCH(CH,),), 1.18-1.24 (m, 1H;
CHHCH(CHy,),), 143 (s, 9H; Bu), 1.63— 1.71 (m, 2H), 1.80—1.90 (m, 1 H),
2.04-2.36 (m, 8H), 3.07-3.35 (m, 6 H; 3CH,N), 3.67 (s, 3H; OCH,), 4.99
(brt, 1H; NHBoc), 6.72 (brt, 1H, NH), 6.77 (brt, 1H; NH); *C NMR
(125 MHz, CDCl,): 6 =184, 19.5, 20.0, 22.7, 22.7,25.2, 28.5,29.3, 31.2, 33.2,
36.7,37.5,41.4,41.7,42.0,42.2,43.1,44.7,51.6,79.3,156.7,172.4,173.4,173.8;
IR (CHCLy): 7=3449 (w), 2962 (m), 1702 (s), 1657 (s), 1514 (s), 1438 (w),
1368 (m), 1171 cm ~! (m); MS (FAB): m/z (%): 500 (100) [M+H]*, 400
(42); elemental analysis caled (%) for C,H,N3O4 (499.69): C 62.50, H 9.88,
N 8.41; found: C 62.56, H 9.77, N 8.36.

Tripetide (14): A solution of tripeptide 13 (375 mg, 0.750 mmol) in MeOH
(1 mL) was treated with 0.75N NaOH (1 mL). After stirring for 5.5 h at rt
the mixture was diluted with H,O and AcOEt and acidified to pH 2 with 1IN
HCI. The aq. layer was separated and extracted with AcOEt (2 x ). The
organic layers were combined, dried over MgSO, and concentrated under
reduced pressure. After purification by flash column chromatography
(CH,Cl,/MeOH 10:1) peptide 14 (345 mg, 95 %) was obtained as a white
solid. R;=0.40 (CH,Cl,/MeOH 7:1); m.p. 173-174°C (decomp); [a]R" =
+9.9 (¢=0.98 in MeOH); 'H NMR (500 MHz, CD;0D): 6 =0.88-0.97
(m, 15H; 5CHj;), 1.10-1.30 (m, 2H; CH,CH(CH,),), 1.43 (s, 9H; rBu),
1.63-1.80 (m, 2H; 2CH(CH;),), 1.89-1.97 (m, 1H; CHCH,N), 2.04-2.26
(m, 8H; 3CH,CO, 2CHCH,N), 2.97-3.07 (m, 3H; CH,N, CHHN), 3.10-
3.14 (m, 1H; CHHN), 3.21-3.26 (m, 2H; 2CHHN); 3C NMR (125 MHz,
CD;OD): =182, 19.0, 19.9, 23.0, 23.5, 26.4, 28.9, 29.6, 32.4, 35.0, 36.5,
40.2, 41.7, 42.7, 42.9, 43.1, 44.3, 46.1, 80.2, 158.7, 175.2, 176.0, 180.8; IR
(KBr): #=3333 (m), 2976 (s), 1686 (s), 1654 (s), 1541 (s), 1458 (m), 1389
(m), 1367 (m), 1249 (m), 1170 (s), 1076 (w), 1021 (w), 668 cm~(w); MS
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(MALDI): m/z (%): 508 (10) [M+Na]*, 408 (21), 390 (22), 231 (100); HR-
MS: caled for [C,sHy;N3OgNa]*: 508.3357; found: 508.3356 [M+Na]*.
Hexapeptide (15): Tripeptide 13 (225 mg, 0.450 mmol) was Boc-depro-
tected according to GP 3 and coupled with 14 (219 mg, 0.450 mmol) in THF
according to GP 4. After purification by flash column chromatography
(CH,Cl,/MeOH 15:1) hexapeptide 15 (221 mg, 57 %) was obtained as a
colorless glass. R;=0.47 (CH,Cl,/MeOH 10:1); m.p. 122-123°C; [«]§T =
—1.9 (¢=0.52 in MeOH); '"H NMR (500 MHz, CDCl;): 6 =0.86-1.01 (m,
30H;10CH;), 1.09-1.26 (m, 4H, 2 CH,CH(CHj;),), 1.43 (s, 9H; tBu), 1.63 -
1.72 (m, 4H), 1.75-1.90 (m, 2H), 2.03-2.37 (m, 16 H), 3.12-3.39 (m, 12H;
6CH,N), 3.66 (s, 3H; OCHs;), 4.98 (brt, 1 H; NHBoc), 6.95 (brt, 1H; NH),
7.03 (brt, 1H; NH), 7.37 (brt, 1H; NH), 7.49 (brt, 1H; NH), 7.70 (brt, 1H;
NH); *CNMR (125 MHz, CDCl;): 6 =18.2,18.3,18.4,19.4,19.7,19.9, 20.1,
20.2,22.6, 22.7,22.8, 25.1, 25.2, 28.4, 29.1, 29.3, 31.3, 31.4, 31.5, 33.3, 34.0,
36.4,36.9,37.0,37.5,39.3,40.8,41.4,41.6,41.7,41.9,42.1,42.3,43.1, 44 .2, 44.6,
44.7,51.6,79.6, 156.8, 172.5,173.1, 173.6, 173.7, 173.8; IR (CHCl;): 7 = 3448
(w), 3321 (m), 2961 (s), 1699 (m), 1654 (s), 1518 (m), 1466 (m), 1387 (w),
1368 (m), 1100 (m), 1016 cm~' (m); MS (FAB): m/z (%): 890 (11)
[M+Na]*, 868 (100) [M+H]*, 768 (40); HR-MS: caled for
[CysHgsNgOgNa]*: 889.6349; found: 889.6344 [M+Na]*.

Dipeptide 16: Compound 5a (1.22 g, 3.50 mmol) was Boc-deprotected
according to GP 3 and coupled with acid 5b (760 mg, 3.50 mmol) in CH,Cl,
according to GP 4. After purification by flash column chromatography
(Et,Ofpentane 3:1 — 5:1) dipeptide 16 (1.47 g, 94 %) was obtained as a
colorless oil. R;=0.29 (Et,O/pentane 5:1); [a]RT=-26.7 (¢=0.93 in
CHCl;); '"H NMR (400 MHz, CDCl;): 6 =0.85 (d, J(H,H) =6.5 Hz, 3H;
CHs;), 0.87 (d, J(H.H) =6.5 Hz, 3H; CH;), 1.11 (d, J(H.H) =6.9 Hz, 3H;
CH;), 1.24-1.31 (m, 1H; CHHCH(CHj;),), 1.43 (s, 9H; rBu), 1.43-1.57 (m,
1H; CH(CHs;),), 1.59-1.66 (m, 1H; CHHCH(CH;),), 1.68-1.83 (m, 4H;
2CH,CH,N), 2.14-229 (m, 1H; CH(CH;)CO); 2.53-2.60 (m, 1H;
CHiBu), 2.96-3.03 (m, 1H; CHHN), 3.18-3.50 (m, 3H; 3CHHN), 4.71
(brt,1H; NHBoc), 5.12 (app s, 2H; CH,Ph), 6.35 (brt, 1H; NH), 7.30-7.39
(m, 5H; Ph); BC NMR (100 MHz, CDCl;): d =18.1, 22.0, 22.9, 26.1, 28.4,
323, 35.2, 375, 38.3, 38.6, 41.4, 41.5, 66.3, 79.4, 128.2, 128.3, 128.6, 136.0,
156.6, 175.8,176.1; IR (CHCL;): 7= 3452 (w), 2961 (m), 1706 (s), 1665 (m),
1512 (s), 1455 (w), 1368 (m), 1167 cm™! (m); MS (FAB): m/z (%): 471 (91)
[M+Na]*, 449 (100) [M+H]*, 349 (81); elemental analysis calcd (%) for
C,sH,N,O5 (448.60): C 66.94, H 8.99, N 6.24; found: C 66.93, H 8.78, N 6.27.

Tripeptide 17: Dipeptide 16 (1.30 g, 2.90 mmol) was Boc-deprotected
according to GP 3 and coupled with acid 5¢ (711 mg, 2.90 mmol) in CHCl,
according to GP 4. After purification by flash column chromatography
(AcOEt/hexane 2:1 — AcOE?) tripeptide 17 (1.05 g, 63 % ) was obtained as
a white solid. R;=0.35 (CH,Cl,/MeOH 20:1); m.p. 129-130°C; [a]RT =
—235 (¢=1.04 in CHCL); 'H NMR (500 MHz, CDCl;): 6=0.85 (d,
J(H,H) =6.6 Hz, 3H; CH,), 0.87 (d, J(H,H)=6.5 Hz, 3H; CH,), 0.90 (d,
J(H,H) =6.4 Hz, 3H; CH,), 0.92 (d, J(H,H)=6.5 Hz, 3H; CHj;), 1.11 (d,
J(H.H)=6.7 Hz, 3H; CHj;), 1.26-1.31 (m, 1H; CHHCH(CHy;),), 1.43 (s,
9H;Bu), 1.47-1.55 (m, 2H), 1.55-1.64 (m, 2H), 1.68 - 1.86 (m, 6 H), 2.28 -
2.53 (m, 1H; CH(CH;)CO), 2.54-2.59 (m, 1H; CHiBu), 2.98-3.08 (m,
1H; CHHN), 3.08-3.19 (m, 2H; 2CHHN), 3.19-3.30 (m, 2H; 2CHHN),
3.32-3.42 (m, 1H; CHHN), 4.74 (brt, 1H; NHBoc), 5.09-5.14 (m, 2H;
CH,Ph), 6.34 (brt, 1H; NH), 6.80 (brt, 1H; NH), 7.30-7.43 (m, 5H; Ph);
BCNMR (125 MHz, CDClL;): 6 =18.0, 20.3, 21.0, 22.0, 23.0, 26.1, 28.4, 30.4,
30.8, 32.4, 34.4,374, 375, 38.2, 38.9, 41.4, 41.5, 51.9, 66.2, 79.5, 128.2, 128.6,
136.0, 156.7, 175.3, 175.9, 176.0; IR (CHCL;): 7= 3448 (w), 2962 (m), 1703
(s), 1662 (s), 1514 (s), 1454 (m), 1391 (w), 1368 (m), 1166 cm~' (m); MS
(FAB): m/z (%): 598 (24) [M+Na]*, 576 (100) [M+H]", 476 (76);
elemental analysis calcd (%) for C;,H5;N;O¢ (575.79): C 66.75, H 9.28, N
7.30; found: C 66.87, H 9.39, N 7.38.

Tripeptide 18: Debenzylation of tripeptide 17 (461 mg, 0.800 mmol)
according to GP 6 yielded tripeptide 18 (387 mg, 99 %) as a white solid.
M.p. 108-110°C; [a]B"=+0.2 (¢=1.00 in CHCL); '"H NMR (400 MHz,
CD;0D): 0 =0.89 (d, J(H,H) = 6.6 Hz, 3H; CHj;), 0.90 (d, J(H,H) = 6.3 Hz,
3H; CHj;), 091 (d, J(H,H) =6.4 Hz, 3H; CH,), 0.94 (d, J(H,H) =6.7 Hz,
3H; CH,), 1.11 (d, J(H.H) = 6.9 Hz, 3H; CHj;), 1.23-1.31 (m, 1 H), 1.43 (s,
9H; rBu), 1.50-1.94 (m, 10H), 2.36 -2.50 (m, 2H; 2 CHCO), 2.71 -3.08 (m,
3H; 3CHHN), 3.14-328 (m, 3H; 3CHHN); C NMR (100 MHz,
CD;OD): 6 =184, 20.7, 21.3, 22.5, 23.5, 274, 28.9, 31.0, 31.8, 33.5, 34.6,
38.4, 38.6, 39.5, 40.0, 42.7, 42.9, 52.7, 80.0, 158.5, 177.7, 178.7, 180.0; IR
(CHCL,): 7= 3447 (w), 2963 (m), 1699 (s), 1660 (s), 1516 (s), 1453 (m), 1392
(m), 1368 (m), 1168 cm~!' (m); MS (FAB): m/z (%): 508 (100) [M+Na]*,

0947-6539/02/0803-0581 $ 17.50+.50/0 — 581





FULL PAPER

D. Seebach et al.

486 (15) [M+H]", 386 (22); HR-MS: calcd for [CysHyN;O4Na]*: 508.3357;
found: 508.3349 [M+Na]*.

Hexapeptide 19: Tripeptide 17 (288 mg, 0.500 mmol) was Boc-deprotected
according to GP 3 and coupled with 18 (243 mg, 0.500 mmol) in CH,Cl,
according to GP 4. After purification by flash column chromatography
(CH,Cl,/MeOH 30:1 — 7:1) hexapeptide 19 (401 mg, 85 %) was obtained
as a white solid. R;=0.56 (CH,Cl,/MeOH 7:1); m.p. 199-201°C; [a]RT =
— 473 (¢=0.81 in CF,CH,0H); 'H NMR (500 MHz, CDCL/CD,OD 1:1):
5=0.86 (d, J(H,H)=6.6 Hz, 3H; CH,), 0.87 (d, J(H,H)=6.5 Hz, 3H;
CHS,), 0.88 (d, J(H,H) = 6.5 Hz, 3H; CHy), 0.90 (d, J(H,H) =6.7 Hz, 9H;
3CHS,), 0.92 (d, J(H,H) = 6.7 Hz, 3H; CH,), 0.94 (d, J(H,H) = 6.6 Hz, 3H;
CH,), 1.09 (d, J(H,H) =69 Hz, 3H; CH,), 1.11-1.19 (m, 1H), 1.13 (d,
J(H,H) =6.9 Hz, 3H; CH;), 126-1.32 (m, 1H; CHHCH(CHS,),), 145 (s,
9H; /Bu), 145-1.63 (m, 16H), 1.68—1.86 (m, 12H), 1.96-2.02 (m, 1H),
2.30-2.39 (m, 3H; 3CHCO), 2.55-2.61 (m, 1H; CHCO), 2.97-3.40 (m,
12H; 6 CH,N), 5.10 (d, J(H,H) = 12.3 Hz, 1 H; CHHPh), 5.15 (d, J(H,H) =
123 Hz, 1H; CHHPh), 728-738 (m, SH; Ph); 3C NMR (125 MHz,
CDCLy/CD;0D 1:1): 6 =17.7,18.4,20.3,20.4,20.8,21.0,22.1,22.5,23.1,23.4,
26.4,26.4,28.6,29.6,30.3,30.8,30.9,32.6, 33.1,34.0, 34.1,37.4, 37.5, 37.7, 37.9,
38.2,39.3,41.8,41.9,42.3,42.4,51.3,52.1,66.7,79.7,128.5, 128.6, 128.8, 136.3,
157.3,176.5,176.5,176.7,177.0,177.6,177.7; IR (KBr): 7 = 3298 (s), 3089 (W),
2960 (s), 1734 (m), 1685 (s), 1639 (s), 1552 (s), 1451 (m), 1388 (m), 1367 (m),
1248 (m), 1208 (m), 1171 (m), 991 (w), 872 (), 698 cm~! (m); MS (FAB):
miz (%): 965 (100) [M-+Na]*, 943 (92) [M+H]*, 843 (70); HR-MS: calced
for [C5,HygNgOoNa]*: 965.6662; found: 965.6657 [M+Na]*.

Dipeptide 20: Amino acid 11 (1.09 g, 2.90 mmol) was Boc-deprotected
according to GP 3. The resulting CF;CO,H salt was dissolved in CH,Cl,
(28 mL). The solution was cooled to 0°C and amino acid 10a (711 mg,
2.90 mmol), NMM (1.6 mL, 14.5 mmol) and HATU (1.33 g, 3.50 mmol)
were added. The mixture was stirred for 2 h at 0°C and for 16 h at rt. After
dilution with AcOEt the mixture was washed with 1m HCI (3 x ), sat. aq.
NaHCOj solution (3 x ) and sat. aq. NaCl solution (3 x ). The organic layer
was dried over MgSO, and concentrated under reduced pressure.
Purification by flash column chromatography (pentane/Et,O 2:1) yielded
peptide 20 (1.23 g, 84 %) as a white solid. R;= 0.44 (pentane/Et,0 2:3); m.p.
133-134°C; [a]f"=-0.86 (c=1.01 in CHCL); 'H NMR (400 MHz,
CDCL): 6=0.75 (d, J(HH)=70Hz, 3H; CH;), 0.81-0.86 (m, 9H;
3CH,), 1.01 (d, J(H,H) =71 Hz, 3H; CH,), 1.05 (d, J(H,H) = 6.9 Hz, 3H;
CHs;), 1.13 (d, J(H,H) =6.6 Hz, 3H; CH;), 1.19-1.29 (m, 1H; CHHCH),
1.36-1.46 (m, 1H; CH(CHs),), 142 (s, 9H; (Bu), 1.55-1.69 (m, 2H;
CHHCH(CH,),, CHCHN), 1.83-192 (m, 1H; CHCHN), 2.05 (dq,
J(H,H)=10.3, 6.8 Hz, 1H; CH(CH;)CO), 2.73-2.79 (m, 1H; CHiBu),
3.89-3.96 (m, 1H, CHN), 4.00-4.08 (m, 1H; CHN), 427 (d, J(HH)=
9.2 Hz, 1H; NHBoc); 5.00 (d, J(H,H)=12.3 Hz, 1H; CHHPh), 5.24 (d,
J(H,H) =12.3 Hz, 1H; CHHPh), 7.05 (d, J(H,H) = 8.0 Hz, 1H; NH), 7.27 -
737 (m, 5H; Ph); *C NMR (100 MHz, CDCL): 6 =9.9, 10.3, 15.3, 19.8,
20.0, 21.1, 24.0, 26.5, 28.4, 38.7, 40.5, 41.1, 43.8, 46.6, 47.1, 48.2, 66.2, 79.3,
128.0, 128.4, 128.6, 136.3, 156.2, 175.9, 176.3; IR (CHCL;): #=3619 (m),
3443 (w), 2976 (s), 1701 (s), 1654 (m), 1506 (m), 1454 (m), 1391 (m), 1368
(m), 1166 (m), 1046 (s), 877 cm~' (m); MS (MALDI): m/z (%): 543 (10)
[M+K]*, 527 (15) [M+Na]*, 427 (100); elemental analysis calcd (%)
for C,oH,sN,O5 (504.71): C 69.01, H 9.59, N 5.55; found: C 68.89, H 9.52, N
5.46.

Dipeptide 21: Debenzylation of dipeptide 20 (606 mg, 1.20 mmol) accord-
ing to GP 6 yielded dipeptide 21 (498 mg, quantitative) as a white solid.
M.p. 77-81°C; [a]B"=—11.4 (¢=0.95 in MeOH); 'H NMR (400 MHz,
CD;0D): 6 =0.84 (d, J(H,H) =7.0 Hz, 3H; CH3), 0.89 (d, J(H,H) = 6.8 Hz,
3H; CH;), 091 (d, J(H,H) =6.9 Hz, 3H; CH,), 1.01 (d, J(H,H) =6.9 Hz,
3H; CH;), 1.01 (d, J(H,H)=7.0 Hz, 3H; CH,;), 1.09 (d, J(H.H) =6.8 Hz,
3H; CH;), 114 (d, J(HH)=6.7Hz, 3H; CH;), 1.18-1.28 (m, 1H;
CH(CHs),), 1.44 (s, 9H; 1Bu), 1.49-1.60 (m, 2H; CH,), 1.67-175 (m,
1H; CHCHO), 1.80-188 (m, 1H; CHCHO), 222-230 (m, 1H;
CH(CH;)CO), 2.66-2.71 (m, 1H; CHiBu), 3.81-3.91 (m, 1H; CHN),
3.91-3.98 (m, 1H; CHN), 6.29 (d, J(H,H) =9.0 Hz, 1H; NHBoc), 7.87 (d,
J(H,H) =76 Hz, 1H; NH); C NMR (100 MHz, CD;0D): 6 =10.8, 11.4,
15.0,19.5,20.1,21.9,24.4,27.8,28.9,39.1,41.7,42.4,44.7,47.5,48.8,49.7,79.8,
158.4,178.9,179.9; IR (KBr): #=3316 (m), 2963 (s), 1686 (s), 1654 (s), 1560
(s), 1458 (m), 1368 (m), 1254 (w), 1183 (m), 1141 (m), 836 (w), 722 cm™!
(w); MS (MALDI): m/z (%): 437 (28) [M+Na]*, 337 (100), 301 (60), 298
(56), 210 (80); HR-MS: calcd for [C,H,,N,OsNa]*: 437.2986; found:
4372985 [M+Na]*.
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Tetrapeptide 22: Dipeptide 20 (298 mg, 0.590 mmol) was Boc-deprotected
according to GP 3 and coupled with dipeptide 21 (245 mg, 0.590 mmol)
according to GP 5. After purification by flash column chromatography
(hexane/AcOEt 3:2) tetrapeptide 22 (404 mg, 85%) was obtained as a
white solid. R;=0.31 (hexane/AcOEt 1:1); m.p. 160-161°C; [a]B" =+3.8
(¢=0.53 in CHCl;); CD (0.2m in MeOH): +1.2 x 10*degem?dmol™!
(215 nm); 'H NMR (400 MHz, CDCL;): 6 =0.82 (d, J(H,H) =6.6 Hz, 6H;
2CH,), 0.82 (d, J(H,H) =6.5 Hz, 3H; CH3), 0.85 (d, J(H,H) =7.2 Hz, 3H;
CHs;), 0.85 (d, J(H,H) =6.6 Hz, 6H; 2CH,), 0.88 (d, J(H,H) =7.1 Hz, 3H;
CH;), 0.98 (d, J(H,H) =6.8 Hz, 3H; CH,), 1.01 (d, J(H,H)=7.0 Hz, 3H;
CH,;), 1.04 (d, J(H,H) =7.0 Hz, 3H; CH,), 1.05 (d, J(H,H) =6.9 Hz, 3H;
CH;), 106 (d, J(HH)=68Hz, 3H; CH,), 1.08-122 (m, 2H;
2CHHCH(CHz;),), 1.10 (d, J(H,H) =6.9 Hz, 3H; CHj;), 1.14 (d, J(H,H) =
6.6 Hz, 3H; CH;), 1.27-1.49 (m, 2H; 2 CH(CHs),), 1.42 (s, 9H; Bu), 1.52 -
1.59 (m, 1H; CHHCH(CH,),), 1.61-1.90 (m, 5H; CHHCH(CH,),,
4CHCHN), 2.01-2.09 (m, 1H; CHCO), 2.17-2.29 (m, 2H; 2CHCO),
2.60-2.66 (m, 1H; CHCO), 3.75-3.85 (m, 1H; CHN), 4.00-4.10 (m, 2H;
2CHN), 4.15-4.21 (m, 1H; CHN), 4.30 (d, J(H,H) =9.6 Hz, 1H; NHBoc),
5.00 (d, J(H,H)=12.3 Hz, 1H; CHHPh), 5.21 (d, J(H,H)=12.3 Hz, 1H;
CHHPh), 6.13 (d, J(H,H)=8.5Hz, 1H; NH), 6.83 (d, J(H,H) =84 Hz,
1H; NH); 725-7.36 (m, 5H; Ph), 7.83 (d, J(H,H)=8.7 Hz, 1H; NH);
BC NMR (100 MHz, CDCl;):  =9.7, 10.0, 10.1, 11.2, 15.5, 16.3, 19.7, 19.7,
19.9, 20.7, 21.3, 21.9, 23.9, 24.3, 26.0, 26.6, 28.4, 36.9, 39.4, 40.4, 40.5, 40.6,
40.9,43.4,44.5,46.4,47.1, 474, 477, 479, 48.1, 66.2, 79.3, 1279, 128.4, 128.5,
136.4, 156.0, 175.6, 175.9, 176.1, 176.7; IR (CHCl;): 7=3306 (m), 2974 (s),
1702 (s), 1659 (s), 1506 (s), 1454 (m), 1368 (m), 1166 (s), 1129 (w), 1077 cm™!
(w); MS (MALDI): m/z (%): 824 (34) [M+Na]*, 724 (100); elemental
analysis caled (%) for C,sHgN,O; (801.16): C 68.96, H 10.06, N 6.99; found:
C 68.87, H 10.24, N 7.03.

Hexapeptide 23: Tetrapeptide 22 (160 mg, 0.200 mmol) was Boc-depro-
tected according to GP3 and coupled with dipeptide 21 (91 mg,
0.220 mmol) according to GP 5. After flash column chromatography
(CH,Cl, — CH,Cl,/MeOH 20:1) hexapeptide 23 (181 mg, 82%) was
obtained as a white solid. R;=0.55 (CH,Cl,/MeOH 20:1); m.p. 95-115°C;
[a]f'=+22.1 (c=0.56 in CHCL); CD (02m in MeOH): +4.9x
10*degem?dmol~!  (215nm); CD  (02m in  CH3;CN):  49x
10* degem?dmol™! (205 nm), —5.6 x 10*degem®dmol~! (193 nm);
'"H NMR (500 MHz, CDCl;): 6 =0.82-0.92 (m, 33H; 11 CHj;), 0.99-1.02
(m, 9H; 3CH,), 1.05-1.20 (m, 24H; 7CH,, 3CHH), 1.44 (s, 9H; Bu),
1.44-1.56 (m, 5H;3 CHMe,,2CHH), 1.66-1.73 (m, 1 H; CHH), 1.75-1.92
(m, 6H; 6CHCHN), 2.00-2.06 (m, 1H; CHCO), 2.18-2.36 (m, 4H;
4CHCO), 2.62-2.66 (m, 1H; CHCO), 3.70-3.85 (m, 1H; CHN), 3.94—
4.07 (m, 3H; 3CHN), 4.15-4.23 (m, 2H; 2 CHN), 4.30 (d, J(H,H) = 9.9 Hz,
1H; NHBoc), 5.00 (d, J(H,H) = 12.3 Hz, 1 H; CHHPh), 5.18 (d, J(H,H) =
123 Hz, 1H; CHHPh), 589 (d, J(H,H)=86Hz, 1H; NH), 634 (d,
J(H,H) =84 Hz, 1H; NH), 6.43 (d, J(H,H) = 9.4 Hz, 1 H; NH), 7.26-7.36
(m, 5H; Ph), 7.39 (d, J(H,H) =8.1 Hz, 1 H; NH), 8.01 (d, J(H,H) =8.7 Hz,
1H; NH); BC NMR (125 MHz, CDCl;): 9.2, 9.5, 9.5, 9.8, 10.0, 11.6, 16.1,
16.6, 17.1, 19.4, 19.5, 19.8, 20.5, 20.9, 21.0, 21.4, 21.8, 22.0, 23.9, 24.3, 24.5,
25.8, 25.9, 26.6, 28.4, 35.8, 39.3, 39.7, 40.1, 40.2, 40.3, 40.4, 40.9, 43.5, 43.7,
44.7,46.0, 46.5, 46.9, 472, 47.3, 474, 477, 47.9, 48.4, 66.1, 79.3, 127.9, 128.4,
128.5, 136.4, 155.9, 175.1, 175.6, 175.8, 176.4, 176.6, 177.0; IR (CHCL,): 7=
3311 (w), 2972 (m), 1710 (s), 1650 (s), 1506 (m), 1452 (m), 1366 (m), 1166
(m); MS (MALDI): m/z (%): 1120 (93) [M+Na]*, 1098 (19) [M+H]", 1020
(100); HR-MS: calcd for [CgH;1,NqOoNa]™: 1119.8383; found: 1119.8385
[M+Na]*.

Hexapeptide 1: 5N NaOH (1.5 mL) was added to a solution of hexapeptid
15 (70 mg, 0.081 mmol) in CF;CH,OH (0.6 mL). After stirring at rt for 12 h
the mixture was acidified with 1N HCI to pH 2 and extracted with AcOEt
(3x). The organic layers were combined, dried over MgSO, and
concentrated under reduced pressure. The resulting crude product was
Boc-deprotected according to GP 3. After purification by preparative
HPLC (30 — 40% B in 15 min, #z = 13.0 min) according to GP 7, peptide 1
(37 mg, 53 %) was obtained as a white solid. CD (0.2m in MeOH) = —7 x
10° degem?dmol~! (212 nm); 'H NMR (500 MHz, CD;0D): 6 =0.87-1.00
(m, 30H; 10CH;), 1.08-1.25 (m, 4H; 2CH,CH(CH};),), 1.63-1.85 (m, 4H;
4CH(CHj;),), 1.93-2.34 (m, 17H), 2.45-2.51 (m, 1H), 2.90-2.94 (m, 1H),
3.00-3.03 (m, 1H), 3.09-3.15 (m, 7H), 3.19-3.27 (m, 3H); 3C NMR
(125 MHz, CD;0D): =181, 182, 18.7, 19.1, 19.7, 19.9, 23.1, 23.2, 23.3,
26.4,26.4,29.8,31.1,32.5,32.7,34.7,35.2,36.8, 37.3, 38.4,40.7,41.1, 41.7, 42.1,
422,427,428, 42.9, 43.3, 44.0, 46.1, 46.3, 175.1, 175.2, 175.2, 175.3, 175.8,
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176.7; MS (FAB): m/z (%): 791 (27) [M+K]*, 775 (42) [M+Na]*, 753 (100)
[M+H]"; HR-MS: caled for [C,H/NO;]*: 753.5848; found: 753.5837
[M+H]".

Hexapeptide 2: Hexapeptide 18 (132 mg, 0.140 mmol) was debenzylated
according to GP 6. The resulting carboxylic acid was Boc-deprodected
according to GP 3. After purification by preparative HPLC (25 — 35% B
in 35 min, fz =15.8 min) according to GP 7 hexapeptide 2 (98 mg, 81 %)
was obtained as a white solid. [«¢]§" = —17.6 (¢ =0.68 in MeOH); 'H NMR
(500 MHz, CD;OD): 6 =0.88-0.95 (m, 21H; 7CH,), 0.97 (d, J(H.H) =
6.7 Hz, 3H; CH;), 1.10 (d, J(H,H) = 6.9 Hz, 3H; CH3;), 1.12 (d, J(H,H) =
6.9 Hz, 3H; CH3;), 1.16-1.19 (m, 1 H; CHHCH(CH,),), 1.20-1.30 (m, 1 H;
CHHCH(CHj;),), 1.48-2.00 (m, 20H), 2.29-2.50 (m, 4H; 4 CHCO), 2.77 -
2.89 (m, 2H; CH,N), 3.03-3.29 (m, 10H; 5CH,N); C NMR (125 MHz,
CD;0D): 6 =18.3,18.4,20.4,20.8,21.2,21.2,22.5,22.6,23.5,23.7,272, 274,
28.4, 30.6, 31.6, 31.9, 33.5, 33.6, 34.1, 34.6, 34.9, 38.4, 38.6, 38.7, 38.8, 39.2,
39.5, 40.0, 42.6, 42.9, 43.3, 43.8, 52.4, 52.6, 176.4, 1774, 178.0, 178.5, 178.8,
179.7; IR (KBr): #=3303 (s), 3085 (m), 2963 (s), 1646 (s), 1559 (s), 1458
(m), 1388 (m), 1202 (s), 1139 (m), 836 (w), 799 (w), 721 cm~! (w); MS
(FAB): m/z (%): 791 (15) [M+K]*, 775 (30) [M+Na]*, 753 (100) [M+H]*;
HR-MS: calcd for [CyH;N4O,Na]*: 775.5679; found: 775.5672 [M+Na]*.

Hexapeptide 3: Hexapeptide 22 (60 mg, 0.055 mmol) was debenzylated
according to GP 6. The resulting carboxylic acid was Boc-deprodected
according to GP 3. Purification by preparative HPLC (35 — 75% B in
30 min, fr =12.7 min) according to GP 7 yielded hexapeptide 3 (47 mg,
84%) as a white solid. [a]fT=+8.5 (¢=0.42 in MeOH); CD (0.2M™ in
MeOH): +3.0 x 10* degcm?dmol~' (213 nm); CD (0.2m in CH;CN): 5.8 x
10* degecm?dmol~! (202 nm); 'H NMR (500 MHz, CD;0D): 6 =0.87-1.24
(m, 63H; 20CH;, 3CHH), 1.34 (d, J(H,H) = 6.8 Hz, 3H; CH3;), 1.42-1.57
(m, 4H; CHH, 3 CH(CH,;),), 1.60-1.66 (m, 1H; CHH), 1.71-1.96 (m, 7H;
6 CHCHN, CHH), 2.15-221 (m, 1H; CHCO), 2.39-2.46 (m, 2H;
2CHCO), 2.49-2.54 (m, 1H; CHCO), 2.56-2.64 (m, 1H; CHCO), 2.64—
2.69 (m, 1H; CHCO), 3.52-3.54 (m, 1H; CHN), 3.91-3.98 (m, 3H;
3CHN), 4.05-4.10 (m, 1H; CHN), 4.22-4.26 (m, 1H; CHN); *C NMR
(125 MHz, CD;0D): 6=10.7, 10.9, 11.0, 11.9, 12.5, 13.1, 16.0, 16.3, 16.8,
18.4,19.6,19.9,20.0,20.3,21.2,22.0,22.1,22.9,24.3,24.4,24.9, 273,277,279,
37.3,37.5,40.5,40.8,41.4,41.4,41.7,42.0,42.8,44.6,45.1,45.9, 471, 475, 479,
176.5, 178.0, 178.3, 178.9, 179.0, 179.4; IR (KBr): 7=2969 (m), 1645 (s),
1541 (s), 1458 (m), 1388 (m), 1203 (m), 1136 cm~! (m); MS (ESI pos.): m/z
(%): 930 (6) [M-+Na]*, 908 (38) [M+H]*, 466 (100) [M+Na+H]**; MS
(ESIneg.): m/z (%): 1020 (66) [M+CF;CO,], 942 (33) [M+Cl]~, 906 (100)
[M —H]~; HR-MS: calcd for [C5;Hy;N;O;Na,|*: 951.7209; found: 951.7163
[M — H+2Nal".

X-ray crystal structure analysis of 9a, 20, and 22: The reflections were
measured on an Enraf Nonius CAD-4 Diffractometer with CuKa radiation
(graphite monochromator, 1=1.54184 A). Structures of 9a and 20 was
solved by direct method with SIR97.1*l The non-H atoms were refined
anisotropically with SHELXL-9754 (full-matrix last-squares on F2). Part of
the structure of 22 was solved by direct methods with SIR97, the remaining
non hydrogen atoms were found from a difference Fourier map. The non-H
atoms were refined isotropically with SHELXL-97. The number of
observed reflections did not allow anisotropic refinement. Hydrogen
atoms were calculated at idealised positions and included in the structure
factor calculation with fixed isotropic displacement parameters.

Crystal data for 9a (C;H;4,CINO,): M =181.66, T=293(2) K, orthorhom-
bic, space group P2,2.2,, a=6.318(2), b=11.889(4), c=13.944(4) A, V=
1047.4(6) A3, Z=4, poea=1.152 gem=3, 4 =2.926mm™", crystal size 0.40 x
0.40 x 0.25 mm. A total of 1805 reflections were collected (4.89 <26 <
66.92°) of which 1529 were independent and 1336 were considered
significant with 7., > 30(/,.). Final residuals were R =0.0486 and wR2 =
0.1358 (GOF=1.270) for 105 parameters. Ap (max, min)=0.316,
—0.199 e A3

Crystal data for 20 (C,,H,;sN,O5): M =504.71, T=293(2) K, monoclinic,
space group P2, a=9.320(2), b=12.176(5), c = 13.426(4) A, 5 =93.93(2)°,
V=1521.6(6) A3, Z=2, peea=1.102 gecm=3, 4 =0.592mm™", crystal size
0.30 X 0.10 x 0.10 mm. A total of 2590 unique reflections (3.30 <20 <
64.82°) were processed of which 2006 were considered significant with 7,
> 30(l,.). Final residuals were R=0.0398 and wR2=0.1119 (GOF=
1.036) for 326 parameters. Ap (max, min)=0.175, —0.124e A=3. Crystal
data for 22 (C,HgN,O,): M =801.14, T=293(2) K, monoclinic, space
group P2,, a=9.462(2), b=20.472(6), c=13.866(4) A, B=106.14(2)°,
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V=2580.1(12) A3, Z=2, peyea=1.031 gem=3, u=0.543mm"", crystal size
0.30 x 0.20 x 0.02 mm. A total of 4479 unique reflections (3.32<20<
66.23°) were processed of which 1140 were considered significant with I,
> 30(1,,,). Final residuals were R =0.0898 and wR, =0.1961 (GOF = 1.525)
for 243 parameters. Ap (max, min) =0.242, —0.256 e A=3.

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-167172 (9b),
CCDC-167171 (20) and CCDC-182/1874 (22). 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).
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Supramolecular Self-Assembling Properties of Membrane-Spanning Archaeal
Tetraether Glycolipid Analogues

Grégory Lecollinet,!”! Annette Gulik,'™ Grahame Mackenzie,'*! John W. Goodbyj,!*!
Thierry Benvegnu,**! and Daniel Plusquellec!?!

Abstract: The self-assembling proper-
ties of a new series of archaeal tetraether
glycolipid analogues 1-6 that are char-
acterized by a bipolar architecture with
two similar or different glycosidic and/or
phosphate polar heads and a lipid core
possessing a cyclopentane unit and/or
branched chains were studied by means
of differential scanning calorimetry, op-
tical microscopy, X-ray scattering,
freeze-fracture electron microscopy
and dynamic light scattering. Unsym-

spontaneously formed thermostable
multilamellar and unilamellar vesicles
in which most of the bipolar lipids
adopted a trans-membrane conforma-
tion, as revealed by freeze-fracture elec-
tron microscopy. Supramolecular aggre-
gates of neutral glycolipids 3-6 were
found to depend on both the saccharidic

Keywords: amphiphiles - archaea -
monolayers self-assembly
vesicles

polar heads and the chain composition.
The presence of one glycosidic residue
with rather marked hydrophilic proper-
ties, such as the lactosyl moiety, was
required to allow the formation of
multilamellar vesicles. Surprisingly, the
introduction of a cyclopentane unit in
the bridging chain was able to induce an
apparent two-by-two membrane associ-
ation: this unusual behaviour might be
the result of unsymmetrical interfacial
properties of the lipid layer caused by

metrical phosphate derivatives 1 and 2

Introduction

Archaeal membranes are composed of a variety of unusual
lipids that include phospholipids and glycolipids derived from
diphytanylglycerol diether or dibiphytanyldiglycerol tetra-
ethers, which are well-adapted to the extreme environmental
conditions of archaebacteria, for example, halophiles, metha-
nogens and thermoacidophiles (Figure 1). The ether link-
ages are more stable than esters over a wide range of pH, and
the branching methyl groups in the isoprenoid chains help to
reduce crystallisation. Furthermore, tetraether-based lipids
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the presence of the cyclopentane unit.
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Figure 1. Typical basic structures of methanogenic and thermoacidophilic
archaeal membrane lipids.

found in methanogenic and thermophilic species possess
aliphatic chains that form bipolar monolayers in which the
lipids span the membrane.”) Another important point con-
cerns the presence of cyclopentane rings in the isoprenoid
chains of thermoacidophilic lipids that may correspond to an
adaptive response to the change in temperature of the local
environment.?4 The relationship between the chemical
structure and the physicochemical behaviour has been
established for several natural lipids derived from extrem-
ophilic thermoacidophiles.’) However, given the difficulty in
obtaining significant amounts of a large variety of chemically
pure lipids from natural sources, the functional role of
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complex bipolar amphiphiles is difficult to assess. The
evaluation of well-defined synthetic analogues capable of
reproducing the self-organization of archaeal bolaamphi-
philes represents an interesting alternative, since it allows for
the establishment of relationships between the molecular
structures of the lipids and the architectures and thermal
stabilities of their self-organising supramolecular assemblies.

Although some investigations pertaining to the self-assem-
bling properties of synthetic phosphate-type tetraethers have
been undertaken,l® studies on the effects of 1)the sym-
metrical or unsymmetrical structure of the lipids, 2) the
presence of anionic phosphate and/or neutral saccharidic
moieties and 3) the structure and composition of the bola-
philic bridging chain are less common.

Within this context, we have developed and optimised the
synthesis of novel symmetrical and unsymmetrical hemi-
macrocyclic bipolar glycolipids 1-6 (Figure 2), characterized

OH
A/\/\/*o ~0-p-0;2Nd

OH 2 trans
OH

(R)

AJA  —oOH
0P Y Mo

HO OH
vav\/w ]( R) Hob
H

by the presence of: 1) a hexadecamethylene spacer or a spacer
of similar length that also contains a 1,3-disubstituted cyclo-
pentane ring, linked as an ether to two glycerol units at the sn-
3 and sn-3' positions, 2) two branched (R)-dihydrocitronellyl
chains attached to glycerol moieties at the sn-2 and sn-2’'
positions and 3) phosphate and/or glycosidic polar head-
groups derived from either lactose or D-galactose (in a
furanoid cyclic form, as found in some natural methanogenic
lipids)."™ For example, compounds 2 and 6 are 4:1 diastereo-
meric mixtures of cis—trans isomers of the 1,3-disubstituted
cyclopentane ring. The presence of this diastereoisomeric
mixture results from the synthetic pathway used from the
preparation of the aliphatic linker.’?l Therefore, our efforts
have been directed towards evaluating the influence of the
precise molecular architecture, such as the nature of the two
polar moieties and the incorporation of a cyclopentane ring
into the bridging chain, on the self-organising properties,
namely, on the formation of
liquid-crystalline thermotropic
and lyotropic phases.

The results on the prepara-
tion of tetraethers 1, 4 and 5,
which possess a linear aliphatic
bridging group, were recently
published."*< We now report
on the synthesis of glycolipids 2
and 6, which have a cyclopen-
tane ring incorporated into the
middle of the bridging chain,
and also a monoglycosylated
analogue 3. The physicochem-
ical behaviour of all the glyco-
lipids 1-6 are presented. These
studies clearly reveal striking
differences in the supramolecu-
lar self-organising properties of
the materials depending on the

OHOH
OH 3 (R) hydrophilicity of the head-
o -0
0 og[ «YVY*/\()R})/\ 035 groups and the introduction of
0. j a cyclopentyl moiety into the
o . ST .
OHOH 4 aliphatic bridging unit.
HO] OH
o] OH Holn
(R) o
HO o/ﬁ O: NN -0 Results
Fo?:Ho o oS Y M o] ©
OH o ANANANS .
Syntheses: The novel amphi-
5 Hg philes 2, 3 and 6 were synthe-

H
ol OH o
HO O Q O¢(\?VY A/\/'\/‘ 0. -’ o
0 Hom 0s) ® ] Q)
OH OH O./\/\/\&O»f\/\/\, (o)

6 cis

/K/v'v-
F/gmo © OW ](s)

6 trans

Figure 2. Synthetic symmetrical and unsymmetrical hemi-macrocyclic lipid analogues 1-6 of natural methano-
genic or thermoacidophilic lipids. Compounds 2 and 6 are a 4:1 diastereomeric mixture of cis — trans isomers of the

1,3-disubstituted cyclopentane ring.
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sized according to the strategy
described for the preparation of
compounds 1, 4 and 50
(Scheme 1). The synthesis of
the unsymmetrical glycolipids
2 and 6 involved the monoben-
zylation of the quasi-macrocy-
clic diol 77 followed by the
introduction of the two differ-
ent polar groups at opposite
ends of the lipophilic core. Gly-
cosylation of the monoprotect-

HO OH
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Tetraether glycolipids that pos-
sess a phosphate head-group (1
and 2): The determination of
8 the thermotropic liquid-crystal-
line behaviour of the phos-
phorylated compounds 1 and 2
by POM or DSC was not pos-
sible because of their strong
hydroscopic properties. How-
ever, without added water,
6 compounds 1 and 2 appeared
to exhibit columnar mesophas-

10

n es. Small-angle X-ray scattering

o O.\(O«YVY A/\/‘\/‘O)_-- OPO(0Bn), (SAXS) for compound 1 gave

10 i OAC O~ I AN O six reflections at s =20.0, 35.1

(80%) oad"® (strong), 403, 53.3, 60.4, 71..1 %

OAc 12 10~3 A-! that were compatible

o with a P-centred rectangular

O structure (hk=11, 20, 02, 22,

o 0 N YY AnA- 0]"‘0'2'_0’”‘2‘ 13, 31, 04, 40, 33, 24, 06 reflec-

OH O~~~ A AAA O tions) of lattice dimensions

(60%) E;Z" 285%x49.8 A. In the case of

OH 2 tetraether 2, two small-angle

X-ray reflections were ob-

served with a spacing ratio

O o"[o"Y\’Y*’J" o].-"'OBn ik 1.:\/3 that cgrresponded most

f—? RV VS (BT%)’ 3 likely to the first two reflections

oaPhre (h=10, 11) of a hexagonal
OAc 13

Scheme 1. Reagents: a) Ag,O, BnBr, CH,Cl,; b) NIS, Et;SiOTf, CH,Cl,; ¢) H,,Pd/C,EtOH; d) NIS, Et;SiOTf,
CH,Cl,; ¢) CH;0Na, CH;OH; f) 1H-tetrazole, (BnO),PN(iPr),, CH,Cl,; g) m-CPBA, CH,Cl,, —40°C to 0°C;

phase with a lattice dimension

of 342 A.
As soon as water comes into
contact with the columnar

h) CH;ONa, CH;0H; i) 1) H,, Pd/C, CH;OH, acetate buffer (pHS) (3:1 v/v), 2) Amberlite IR-120 (Na™),

CH,OH, 3) gel-filtration on Sephadex LH-20; j) CH;ONa, CH,OH; k) H,, Pd/C, EtOH.

ed diol 8 with n-pentenyl D-galactofuranoside 9,7l by means
of standard n-pentenyl glycoside chemistry (NIS-Et;SiOTf),
stereospecifically provided the corresponding S-glycoside.
Removal of the benzyl group afforded the monoglycosylated
lipid 10 in 95% yield. The phosphate or the f-lactosyl
moieties were then introduced, as described for the prepara-
tion of derivatives 1 and 5.7l Monoglycosylated lipid 3, which
possesses a free hydroxyl group, was obtained by the removal
of the acetate and benzyl groups of intermediate 13, which
was employed in the preparation of bolaamphiphiles 1 and 5.

Thermotropic and lyotropic properties: The thermotropic-
and lyotropic-phase behaviour of anionic and neutral tet-
raether glycolipids 1-6, as well as the characterization of their
supramolecular aggregates in dilute aqueous media, were
studied by means of differential scanning calorimetry (DSC),
polarized optical microscopy (POM), X-ray scattering (XRS),
freeze-fracture electron microscopy (FFEM) and dynamic
light scattering (DLS). It is important to note that for all of the
materials, a diffuse band characteristic of fluid chains was
observed in the wide-angle X-ray scattering (WAXS) region;
the band was centred around 4.8 A-!, a value slightly higher
than the usual value of 4.5 A~! found for aliphatic chains, as
already observed for isoprenoid lipids obtained from Sulfo-
lobus solfataricus.’™ "l In some cases, an additional band was
also observed around 8 A",
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phases of 1 and 2, fluid rod
myelin-type structures were observed between crossed polar-
izers. The structures produced typical irregular foldings, and
helical and coiled forms (Figure 3a,b). The observation of
Maltese crosses (Figure 3b) was also indicative of the
presence of large multilamellar vesicles.®l The contact prep-
arations between compounds 1 and 2 and water revealed
similar bands of lamellar mesophase and also an optically
isotropic (possibly cubic) phase was present (Figure 3c). The
X-ray scattering of hydrated glycolipid 1 was rather complex
and depended on the amount of water present. Compound 1
tended to exhibit a lamellar phase as the amount of water was
increased; for 80 % added water, three reflections (h =1, 2, 3)
were observed, with a repeat dimension of 102 A. The X-ray
diffraction pattern of hydrated compound 2 consisted
of four reflections (h=1, 2, 3, 4) corresponding to a lamellar
La phase: with 50 % added water, the lattice dimension was
S8 A.

In more dilute aqueous media, dispersions of 1 and 2
produced vesicles without sonication, as shown by freeze-
fracture electron microscopy (Figure 4a,b); the vesicles were
cross-fractured indicating the absence of a fracture plane
along the mid-plane of the membrane. This result suggests
that the lipid molecules do not have a U-shaped conformation
but instead are trans-membrane. Therefore, the membrane is
composed of a lipid monolayer. It is interesting to note that
the vesicles were still stable at 60°C, as shown by FFEM and
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Figure 3. Optical textures of phosphorylated compounds 1 and 2 in the
presence of water (crossed polarizers). a,b) Myelins and Maltese crosses
(enlargement 200 x ). ¢) Contact obtained between compound 2 and water
(enlargement 100 x ); top: La mesophase; middle: isotropic cubic-type
mesophase; bottom: thermotropic columnar mesophase.

by the size distribution obtained from dynamic light scattering
measurements.

Tetraether glycolipids possessing one or two saccharidic
moieties (3—6): Self-assembling properties of neutral tet-
raether glycolipids 3—-6 were examined in order to establish
the influence of the presence of one or two sugar residues at
opposite ends of the bridging group, as well as to investigate
the effects of the incorporation of a cyclopentane unit into the
lipophilic spacer with respect to the trans-membrane organ-
ization of the lipids. Compound 3, which possesses a
galactofuranosyl unit at one end and a free hydroxyl group
at the other end of the bridging chain, was liquid at room
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Figure 4. Freeze-fracture electron microscopy (FFEM) of glycolipids 1, 2
and 5. a) Compound 1. b) Compound 2. ¢) Compound 5. In b and c, the
fractured samples were etched before shadowing in order to visualize the
propagation path much more clearly. In c, the vesicles consisted of very
closely packed multilayers. In all cases, the vesicles were cross-fractured:
the lipid molecules spanning the membrane and forming a monolayer
prevent the fracture as a result of propagation along the mid-plane of the
membrane. The size of the bar is 250 nm.

temperature and did not display any amphiphilic properties: it
behaved as a non-miscible oil with respect to water, even at
0°C.

The presence of a sugar unit at each end of the bridging
group engendered the materials with liquid-crystalline prop-
erties. The symmetrical tetraether 4, which contains two
similar galactofuranosyl residues, was transparent and opti-
cally isotropic at 20 °C in the absence of water. Upon heating,
a birefringent texture slowly appeared at ~70°C. Identifica-
tion of the resulting mesophase by POM proved to be
impossible because of the formation of numerous paramor-
photic defects leading to a highly mosaic texture with small
grain sizes. However, on cooling from the isotropic liquid, the
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material produced a fanlike defect texture that resulted from
the formation of a columnar phase (Figure 5a)." %l At room
temperature, X-ray scattering gave six reflections with the
spacing ratios ,/6:y/8:4/14:,/16:1/20:,/22. This corresponds
to the reflections hkl =211, 220, 321, 400, 420, 332 of a cubic
phase, space group no. 230 (Q230) with a lattice dimension of
73.8 A. The cubic phase Q230 has been often observed in lipid
systems; it consists of two three-dimensional networks of one
polarity separated by a continuous medium of opposite
polarity. In the wide-angle region, a broad band characteristic
of fluid chains was observed at 4.8 A, as well as an additional
band centred around 8 A-'. A thermotropic and reversible
transition took place at 70°C. The corresponding XRS

Figure 5. Optical textures of bis-glycosylated compounds 5 and 6 (crossed
polarizers). a) Fan defect texture associated with the thermotropic
columnar mesophase (enlargement 100 x ). b) Myelins formed after
addition of water (enlargement 200 x ). c) Contact obtained between
compound 5 and water (enlargement 100 x); top: birefringent La
mesophase; middle: isotropic cubic-type mesophase; bottom: thermotropic
columnar mesophase.
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displayed only one slightly broad scattering reflection at
30 A-1. No detectable band was present in the WAXS.

In the presence of water and at room temperature, three
SAXS reflections were observed (h =1, 2, 3) corresponding to
a lamellar Lo phase. However, glycolipid 4 did not take up
much water and the lamellar phase coexisted with an excess
water; the maximum dimension was 39.8 A. Consequently,
this compound, which possesses two similar monosaccharidic
moieties, did not disperse easily in water; the amount of water
within the phase was so small that the sample was very
viscous, almost solid, and required a spatula to be spread onto
the freezing planchett. During this preparation, the water
partly evaporated, and some rarely observed vesicles and
lamellae were identified by FFEM (not shown).

The physicochemical behaviour of the unsymmetrical bis-
glycosylated lipids 5 and 6 was examined; these lipids contain
polar sugar head-groups of different sizes, namely lactosyl and
galactofuranosyl units, along with different lipophilic linkers.
In the absence of water, tetraether 5, which contains a
hexadecamethylene spacer, appeared to be optically isotropic.
On cooling the sample from its clearing point, the material
gave a fanlike defect texture associated with a disordered
hexagonal columnar phase (Figure 5a).*f1 When water was
added to this hexagonal mesophase, two lyotropic mesophases
were formed: an isotropic phase (possibly a cubic phase) at
low concentrations of water, and a birefringent lamellar phase
at higher concentrations of water (Figure 5¢). At the interface
between the lamellar phase and water, myelin structures were
formed; these are indicative of the possible formation of
vesicles in dilute solutions (Figure 5b).

Prior to heating, and in the absence of water, the SAXS
spectrum of compound 5 gave six reflections in the spacing
ratio /6:/8:y/14:,/16:,/20:,/22, which corresponds to a
cubic phase Q230 with a lattice parameter of 90 A. An
irreversible transition took place on heating to the clearing
point: SAXS displayed three reflections (hk=10, 11, 20)
which correspond to the formation of a hexagonal phase with
a lattice parameter of 44 A.

After mixing 5 with water and without preheating, the
diffraction pattern displayed two SAXS reflections (h=1,2)
that correspond to the formation of a lamellar La phase. The
lamellar spacing was found to be 45.8 A with 20% added
water; in the presence 40 % added water, the dimension was
slightly larger, 47.6 A. This means that the maximal amount of
water within the lamellar phase is much lower than 40%. In
the presence of 50% water/glycerol (2:1), the lamellar
dimension was slightly larger, namely 50.2 A. Therefore,
tetraether 5 could not be homogeneously dispersed in water,
even under dilute conditions. However, by hydrating the lipid
film,[1%%1 it was possible to obtain multilamellar vesicles
which were cross-fractured (Figure 4c).

The thermotropic behaviour as well as the lyotropic liquid
crystal properties in concentrated media of glycolipid 6, which
possesses a cyclopentane unit, were found to be rather similar
to those observed for the bis-glycosylated analogue 5. In the
absence of water, the tetraether 6 was found to exhibit an
optically isotropic phase. SAXS showed two reflections at s =
25.6, 29.6 A-! in the spacing ratio ,/6:\/8 which probably
correspond to the first two reflections of a Q230 cubic
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structure with a lattice parameter of 96 A. In the contact
preparation between compound 6 and water, isotropic and
birefringent phases were observed. A lamellar La phase was
found to be present and was characterized by the presence of
three reflections in SAXS and by a lattice dimension that did
not exceed 48.7 A with less than 40% water added. This
parameter was slightly higher (53 A) in the presence of the
water/glycerol (2:1) system. In dilute conditions, FFEM
revealed a rather complex behaviour: multilayer onionlike
vesicles, dispersed multilamellar or bilamellar vesicles and
also highly curved unilamellae were observed (Figure 6a,c).
No cross-fractures along the mid-planes of the membranes
were found, and only fractures across the membranes were
observed. A particularly striking feature appeared in the
vesicle organization displaying a two-by-two membrane
association. We checked that in the absence of glycerol,
which was used as a cryoprotectant, the same association of
two layers could be observed. Furthermore, many curved
structures seemed to stick and fuse together. Consequently,
the introduction of a cyclopentane unit into the hydrocarbon
chain appears to play an important role in the organization of
the molecules within the membranes.

Discussion

The main objective of this study was to relate the molecular
architectures of the various archaeal hemi-macrocyclic ana-

Figure 6. FFEM of compound 6. Vesicles and lamellae were cross-fractured. For a better visualization, the
fractured samples were etched prior to shadowing. Remarkable and unusual features were observed: association

logues to their influence on the nature and the properties of
their self-organised supramolecular assemblies. All of the
compounds investigated, except for the monosaccharidic
derivative 3, formed lyotropic lamellar phases. Tetraethers 1
and 2, which contain one highly hydrophilic anionic phos-
phate group, were able to spontaneously give rise to swelled
multilamellar and unilamellar vesicles in dilute systems. Most
likely, the phosphate groups are distributed on both sides of
the membrane. It is noteworthy that the presence of the
cyclopentane ring within the bridging chain did not modify the
behaviour in dilute conditions. FFEM did not reveal the
presence of convex and concave surfaces characteristic of
bilayered vesicular aggregates. In all cases, the vesicles were
cross-fractured. Therefore, the lipid molecules span the
membrane and consequently they prevent the fracture from
propagating along the mid-plane of the monolayer.
Self-organizing properties of neutral glycolipids 3-6 were
found to depend on both the polar and the hydrophobic parts
of the molecules. Compound 3 behaved as an oil; the two
glycosylated and unsubstituted glycerol head-groups are not
able to segregate from the hydrocarbon region. Such a
situation has been already observed for archaeal tetraether
lipids above the transition temperature (7¢c) of the hydro-
carbon chain.”) Glycerol dialkyl-glycerol tetraether (GDGT),
which contains two unsubstituted glycerol units, can form a
lamellar phase below its 7c; however, it behaves as an oil
above Tc. In glycerol dialkyl-nonitol tetraether (GDNT),
which contains one nonitol and one glycerol unit, and in
other tetraether lipids contain-
ing one polar head-group and
one unsubstituted glycerol, the
glycerol end tends to segregate
from the polar interface and to
mix within the disordered hy-
drocarbon chains.[5 %! Here, we
were dealing with lipids with
liquid chains, as shown by
WAXS. Because of the weak
hydrophilicity of the galactofu-
ranosyl moiety, the presence of
such a sugar residue at both
terminal ends was required to
bring amphiphilic character to
the molecule. However, com-
pound 4 could not be dispersed
in aqueous medium. The re-
placement of one galactofura-
nosyl residue by one lactosyl
unit in 5§ and 6 provided the
molecules with a higher affinity
to water and allowed the for-
mation of multilamellar vesi-
cles. Glycolipid 5 exhibited
multilamellar ~ onions  with
closely packed lamellae which
resulted from the limited
amount of water it could incor-

of two membranes, highly curved membranes and fused membranes (see arrows). In b, vesicles with two

membrane layers; on the left, the morphology seems to result from a fusion process (M =48000). In ¢ (M =
45000), enlargement of the selected area in a. The size of the bar is 500 nm.
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porate, as shown by SAXS. The
presence of a cyclopentane unit
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in the hydrocarbon chain of 6 revealed some significant
differences in dilute conditions, although SAXS provided the
same type of results as for compound 5. Here again, the
vesicles and lamellae were cross-fractured. The origin of the
unusual association of two layers as well the presence of
highly curved lamellae and fused lamellae, as shown by
FFEM, should result from the presence of both cis and trans
isomers of the 1,3-disubstituted cyclopentane. According to
molecular modeling,'l the cyclopentane unit may play a role
in the orientation of the polar moiety of GDNT, a neutral
tetraether lipid molecule derived from extremely thermoaci-
dophilic lipids. Consequently, one might expect distinct
interfacial properties, depending on the stereochemistry of
the 1,3-disubstituted cyclopentane. The unusual association of
two layers for compound 6 as well as the presence of highly
curved lamellae may be the consequence of several features:
1) a dissymetry of the membrane characterized by two distinct
polar interfaces, 2) a non-homogenous distribution of the two
cis and trans isomers, either within the same type or in
different types of supramolecular assemblies (vesicles and/or
highly curved lamellae) and 3) a possible folding of the non-
symmetrical membrane with distinct polar interfaces, and
some sticking and fusing of membrane domains.

Conclusion

The results obtained from this study clearly demonstrate that
both head-groups and chain composition of tetraether-type
lipids influence their ability to form trans-membrane systems.
The introduction of one highly hydrophilic moiety, such as an
anionic phosphate group, into the second terminal side of a
monoglycosidic lipid leads to the spontaneous formation of
stable monolayer vesicles. Conversely, the self-organization of
less polar bis-glycosylated compounds was found to depend
more strongly on the lipophilic core of the molecules and
particularly the nature of the linker. Thus, we have observed,
for the first time to our knowledge, that the presence of a
cyclopentane ring in the middle of the bridging chain may
affect both the arrangement of the unsymmetrical bis-
glycosidic lipids in the membranes as well as the dissymmetric
distribution of the polar heads on each side of the monolayers.
Consequently, studies that are now in progress are aimed at
examining more precisely, from additional synthetic ana-
logues, the influence of the stereochemistry, the position and
the number of 1,3-disubstituted cyclopentane on supramolec-
ular properties.

Experimental Section

Materials: 'H and “C NMR spectra were recorded at 400 MHz and
100 MHz, respectively. Fast-atom bombardment (FAB) mass spectra were
acquired on a MS/MS ZabSpec TOF Micromass spectrometer with m-
nitrobenzylic alcohol as the matrix. Merck 60H (5-40 um) silica gel was
used for column chromatography. Analytical TLC was performed on
Merck 60F,s, silica-gel non-activated plates. A solution of 5% H,SO, in
EtOH was used to develop the plates. Pent-4-enyl-2,3,5,6-tetra-O-a,(-D-
galactofuranoside (9), diol 7, monoglycosylated compound 13 and lipids 1, 4
and 5 were prepared as previously described.l’”l Chemicals were purchased
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from Acros or Fluka Chemika Co. Solvents were of reagent grade and were
distilled under N, before use: THF from sodium/benzophenone, CH,Cl,
from P,0s. Unless otherwise noted, non-aqueous reactions were carried
out under a nitrogen atmosphere.

Methods: Phase identifications by optical microscopy were carried out with
either a Zeiss Universal or a Leika DMLS polarizing transmitted light
microscope equipped with a Mettler FP82 microfurnace in conjunction with
a FP80 Central Processor. Photomicrographs were obtained from the Leika
microscope equipped with a digital SSc-DC38P camera. Typically, inves-
tigations into the lyotropic phases were carried out by simply running a
small amount of water onto a dry sample sandwiched between a cover slip
and a slide. X-ray scattering experiments were performed with a focusing
Guinier temperature-controlled camera with monochromatic Cuy,, radi-
ation (2 =1.54 A) and linear collimation. The samples, prepared by mixing
controlled amounts of lipid and water, were placed between two mica
windows in vacuum-tight cells. Positions in reciprocal space are specified by
the parameter s = 2sinf A~' A~L, where 2 0 is the scattering angle and / is the
wavelength. In the small-angle scattering (SAXS) region, the position of
the scattering reflections allows the determination of the type of
organization at large distances. The wide-angle (WAXS) region provides
information at small distances and particularly on the chain state. For
freeze-fracture electron microscopy, a small drop of the preparation,
containing glycerol as a cryoprotectant (30/70, glycerol/water), was
deposited on a thin copper planchett, which was then rapidly frozen in
liquid propane. The samples were frozen from various temperatures,
according to specific requirements. Freeze fracture was performed with a
Balzers301 freeze etch unit. The samples were fractured at —125°C in a
vacuum of <107°Torr and subsequently shadowed with PtC; when
necessary the samples were heated to —105°C, etched for 2 min and
cooled to —125°C prior to shadowing. The replicas were washed with a
sodium dodecyl sulfate (SDS) solution, rinsed with water and examined in a
Philips 410 electron microscope. Particle size distributions were measured
with a 3000 Zetasizer Malvern Instrument. Tensiometry measurements
were performed by means of the ring method with a tensiometer
Kruss K10T.

3,3'-0-[1,18-Octadecan-(8,11-methylidene)methylene]-2,2'-di-O-[ (R)-3,7-
dimethyloctyl]-1’-O-benzyl-sn-diglycerol (8): Ag,O (539 mg, 2.33 mmol)
and benzyl bromide (237 pL, 2.02 mmol) was added to a stirred solution of
diol 7 (1.13 g, 1.55 mmol) in CH,Cl, (30 mL). The reaction was refluxed for
7 h in the dark and filtered through a silica gel pad. Evaporation of the
solvent followed by flash chromatography (eluted with a mixture of
petroleum ether and EtOAc, the volume ratio was changed from 9:1 to 3:1)
gave the monobenzylated product 8 as a colorless oil (760 mg, 50 %), in
addition to the starting material 7 (43 %) and the diprotected diol (6% ).
R;=0.54 (petroleum ether/EtOAc 4:1); [a] =+79 (c=1.04 in CHCl,);
'HNMR (400 MHz, CDCl;, 25°C, TMS): 6 =0.61 (m, 1 H; cyclopentyl ring
CHH), 0.79-0.90 (m, 18H; 6 CH;), 1.01-1.41 and 1.45-1.92 (2m, 51H;
12 CH,, cyclopentyl ring 2 CH, 2 CH,, 1 CHH, 2 (CH,CH(CH,);CH)), 2.19
(m, 1H; OH), 3.38-3.76 (m, 18H; CH,OH, CH,OBn, 2CH,0CH,,
2CHOCH,, 40CH,), 4.54 (s, 2H; CH,Ph), 722-735 (m, 5H; Ph);
3C NMR (100 MHz, CDCl;, 25°C): 6 =19.73, 19.74, 22.68, 22.79, 22.80
(6 CHs;), 24.74,26.18, 26.21, 28.03, 28.75, 28.77,29.58, 29.62, 29.70, 29.74, 29.
85, 29.88, 29.95, 29.98, 31.70, 33.10, 36.77, 36.78, 36.85, 37.17, 37.19, 37.43,
37.46, 39.35, 39.38 (12CH,, 1cyclopentyl ring CH,, 2CH,CH(CH,),CH),
38.84 (cyclopentyl ring 2CH, 1CH,), 40.19 (cyclopentyl ring 2CH), 40.79
(cyclopentyl ring CH,), 63.18 (CH,0OH), 68.71, 68.95, 70.37, 70.83, 71.02,
71.75, 71.94 (CH,OBn, 2 CH,0CH,, 4 OCH,), 73.43 (CH,Ph), 78.00, 78.34
(2CHOCH,), 127.57, 127.66, 128.38, 138.51 (Ph); elemental analysis calcd
(%) for C5,HyO4 (817.2): C 76.42, H 11.84; found: C 76.69, H 11.86.

3,3'-0-[1,18-Octadecan-(8,11-methylidene)methylene]-2,2'-di-O-[ (R)-3,7-
dimethyloctyl]-1-0-(2,3,5,6-tetra-O-acetyl-f-D-galactofuranosyl)-sn-diglyc-
erol (10): Compound 8 (620 mg, 0.76 mmol) and pent-4-enyl 2,3,5,6-tetra-
O-acetyl-a,f-p-galactofuranoside 9 (505 mg, 1.21 mmol) were combined,
rotoevaporated twice with toluene and then dried for 2 h under vacuum. A
solution of this mixture in dry CH,Cl, (30 mL) at RT was treated under
nitrogen with N-iodosuccinimide (342 mg, 1.52 mmol) followed by drop-
wise addition of triethysilyl trifluoromethanesulfonate (83 uL,
0.342 mmol). The mixture was stirred until TLC analysis indicated
complete disappearance of the starting acceptor 9 (10-15 min). Several
drops of triethylamine were added to the reaction mixture until it turned
into a yellow solution. The resulting solution was diluted with CH,Cl,,
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washed successively with 10 % aqueous sodium thiosulfate, 0.5% aqueous
HCI and brine, dried over MgSO, and rotoevaporated. The crude product
was purified by silica gel chromatography with petroleum ether/EtOAc
(4:1) to yield 3,3'-O-[1,18-octadecan-(8,11-methylidene)methylene]-2,2’-di-
O-[(R)-3,7-dimethyloctyl]-1-O-(2,3,5,6-tetra-O-acetyl-f-p-galactofurano-
syl)-1-O-benzyl-sn-diglycerol as a colorless oil (665 mg, 76 %). R;=0.54
(petroleum ether/EtOAc 4:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS):
0 =0.62 (m, 1 H; cyclopentyl ring CHH), 0.82-0.90 (m, 18 H; 6 CH;), 1.02 -
1.41 and 1.44-1.93 (2m, 51 H; 12 CH,, cyclopentyl ring 2CH, 2 CH,, CHH,
2(CH,CH(CH,);CH ), 2.02-2.14 (4s,12H; 4 CH;CO), 3.37-3.66 (m, 17H;
CHHOCH, CH,OBn, 2CH,0CH,, 2CHOCH,, 40CH,), 3.75 (dd, J=
4.58, 10.17 Hz, 1H; CHHOCH), 4.21 (dd, 3/(H,H) =7.63, 12.21 Hz, 1H;
Galf H6), 4.25 (dd, 3/(HH)=4.07, 6.10 Hz, 1H; Galf H4), 4.33 (dd,
3J(HH)=4.07Hz, 1H; Galf H6'), 454 (s, 2H; CH,Ph), 4.98 (dd,
3J(H,H) =1.35 Hz, 1H; Galf H3), 5.04-5.09 (m, 2H; Galf H1 and H2),
5.39 (m, 1H; Galf H5), 7.22-735 (m, 5H; Ph); “C NMR (100 MHz,
CDCl;, 25°C): =19.68, 19.73, 19.74, 22.68, 22.78 (6 CH;), 20.75, 20.78,
20.83, 20.90 (4 CH;CO), 24.22, 24.73, 25.77, 26.20, 28.02, 28.48, 28.71,
29.19-29.97, 31.68, 32.82, 33.08, 36.77, 36.86, 37.14, 37.17, 37.43, 37.46, 39.36
(12CH,, 1cyclopentyl ring CH,, 2 CH,CH(CH,);CH), 38.83 (cyclopentyl
ring 2CH, 1CH,), 40.19 (cyclopentyl ring 2CH), 40.79 (cyclopentyl ring
CH,), 62.81 (Galf C6), 67.51 (CH,CHOCH), 69.02 (Galf C5), 68.93, 69.36,
70.34, 70.49, 70.81, 71.73, 71.85 (CH,OBn, 2 CH,0CH,, 4OCH,), 73.41
(CH,Ph), 76.65 (Galf C3), 77.66, 77.99 (2CHOCH,), 79.94 (Galf C4), 81.29
(Galf C2), 105.81 (Galf C1), 127.57, 127.65, 128.37, 138.48 (Ph), 169.62,
170.05, 170.13, 170.60 (4 C=0); elemental analysis calcd (%) for CeH;1,0;5
(1146.6): C 69.07, H 10.01; found: C 69.16, H 9.84.

A solution of this compound (880 mg, 0.76 mmol) in EtOH (20 mL) was
stirred in the presence of 10% palladium on activated charcoal (100 mg)
and under an atmosphere of hydrogen gas at RT until TLC analysis
indicated complete disappearance of the starting material. The catalyst was
removed by filtration, and the filtrate was concentrated to dryness under
vacuum to give the deprotected monoglycosylated lipid 10 as a colorless oil
(783 mg, 95%). R;=0.33 (petroleum ether/EtOAc 7:3); [a]d = —14.7 (c=
2.9 in CHCl;); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =0.63 (m, 1H;
cyclopentyl ring CHH), 0.82-0.90 (m, 18H; 6 CH;), 1.01-1.41 and 1.44-
192 (2m, 51H; 12CH,, cyclopentyl ring 2CH, 2CH,, CHH,
2(CH,CH(CH,);CH ), 2.02-2.15 (4s, 12H; 4CH,CO), 3.39-3.67 (m,
17H; CHHOCH, CH,0Bn, 2CH,0CH,, 2CHOCH,, 40CH,), 3.73 (dd,
J=4.56,10.17 Hz, 1H; CHHOCH), 4.22 (dd, *J(H,H) = 7.61,12.21 Hz, 1 H;
Galf H6), 425 (dd, 3J(HH)=4.08, 6.10 Hz, 1H; Galf H4), 4.33 (dd,
3J(H,H) =4.07 Hz, 1H; Galf H6'), 4.97 (dd, 3/(H,H) =1.39 Hz, 1H; Galf
H3), 5.04-5.09 (m, 2H; Galf H1, H2), 5.39 (m, 1H; Galf H5); *C NMR
(100 MHz, CDCl;, 25°C): 6 =19.62, 19.65, 22.61, 22.71 (6CHj;), 20.68,
20.72, 20.77,20.84 (4 CH;CO), 24.43, 24.66, 26.10, 26.14, 27.95, 28.68, 28.71,
29.50-29.91, 31.61, 33.02, 36.69, 36.77, 37.08, 37.35, 37.36, 39.26, 39.30
(12CH,, 1cyclopentyl ring CH,, 2 CH,CH(CH,);CH), 38.76 (cyclopentyl
ring 2CH, 1CH,), 40.11 (cyclopentyl ring 2CH), 40.72 (cyclopentyl ring
CH,), 62.74 (Galf C6), 63.08 (CH,OH), 67.44 (CH,0OCH), 69.28 (Galf C5),
68.63, 68.95, 70.42, 70.93, 71.78, 71.86, (2 CH,OCH,, 4 OCH,), 76.58 (Galf
C3), 7759, 7827 (2CHOCH,), 79.87 (Galf C4), 81.22 (Galf C2), 105.75
(Galf C1), 169.55, 169.98, 170.07, 170.53 (4 C=0); elemental analysis calcd
(%) for CsH,03045 (1056.6): C 67.01, H 10.29; found: C 67.01, H 10.37.

3,3-0-[1,18-Octadecan-(8,11-methylidene)methylene]-2,2'-di-O-[ (R)-3,7-

dimethyloctyl]-1-O-(f-D-galactofuranosyl)-1'-O-(f-lactosyl)-sn-diglycerol

(6): Alcohol 10 (200 mg, 0.19 mmol) and lactosyl thioglycoside 11 (206 mg,
0.306 mmol) were dissolved in CH,Cl, (2mL) and 4 A molecular sieves
(150 mg) were added. The mixture was treated under nitrogen in the dark
with N-iodosuccinimide (86 mg, 0.38 mmol) followed by dropwise addition
of triethylsilyl trifluoromethanesulfonate (10 puL, 0.038 mmol). The reac-
tion was quenched with a few drops of triethylamine after 5 min at RT. The
resulting solution was diluted with CH,Cl,, washed successively with 10 %
aqueous sodium thiosulfate, water and brine, dried over MgSO, and
rotoevaporated. The crude product was purified by silica gel chromatog-
raphy with petroleum ether/EtOAc (11:9) to give the acetylated diglycosy-
lated lipid as a colorless oil (178 mg, 56 %). R;=0.21 (petroleum ether/
EtOAc 1:1). A solution of sodium methoxide in CH;0H (0.1m, 4 mL) was
added to a solution of this compound (178 mg, 0.11 mmol) in CH;OH
(5 mL). The mixture was stirred for 10 h at RT, neutralized with an acidic
resin (Amberlite IR 120), filtered and concentrated. The crude product was
purified by silica gel chromatography (CH,Cl,/CH;OH 4:1) to yield 6 as a
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pasty solid (90 mg, 67%). R;=0.33 (CH,Cl,/CH;0H 4:1); [a]® =—279
(c=12in CH;OH); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6 = 0.59 (m,
1H; cyclopentyl ring CHH), 0.75-0.87 (m, 18 H; 6 CH3), 0.98-1.36, 1.40—
1.58 and 1.62- 1.90 (3m, 51 H; 12 CH,, cyclopentyl ring 2 CH, 2CH,, CHH,
2(CH,CH(CH,);CH ), 3.15-3.26 and 3.30-3.95 (2m, 36H; 4 CH,0OCH,
2CHOCH,, 40CH,, Galf H2, Galf H3, Galf H4, Galf H5, Galf H6, Lac
H2, Lac H3, Lac H4, Lac H4, Lac HS, Lac H6, Lac H2', Lac H3', Lac H4',
Lac HY', Lac H6'), 4.22-4.31 (2d, 3 (H,H) = 7.6 Hz, 2H; Lac H1, Lac H1"),
479 (m, 1H; Galf H1); BC NMR (100 MHz, CDCl;, 25°C): 6 =20.21,
20.24, 23.13, 23.23 (6 CH3;), 25.86, 27.29, 29.14, 29.77, 29.83, 30.64, 30.78,
30.83, 30.86, 31.07, 32.68, 34.11, 37.91, 37.98, 38.21, 38.44, 40.51 (12CH,,
1cyclopentyl ring CH,, 2 CH,CH(CH,);CH), 39.87, 40.04 (cyclopentyl ring
2CH, 1CH,), 41.39 (cyclopentyl ring 2CH), 41.89 (cyclopentyl ring CH,),
61.87 (Lac C6), 62.44 (Lac C6'), 64.51 (Galf C6), 68.38 (CH,OCH), 69.58,
69.70 (2CH,0OCH,), 70.23 (CH,OCH, Lac C4), 71.85, 72.02, 72.56
(40CH,), 72.38 (Galf C5), 72.47 (Lac C2'), 74.60, 74.72 (Lac C2, Lac
C3'), 76.24 (Lac C5), 76.41 (Lac C3), 7700 (Lac C5'), 78.86, 79.16
(2CHOCH,), 79.21 (Galf C3), 80.54 (Lac C4), 83.10 (Galf C2), 84.59 (Galf
C4), 104.55 (Lac C1’), 105.02 (Lac C1), 109.63 (Galf C1); FABMS (m-
nitrobenzyl alcohol matrix) caled for [M+Na]*: 1236.6245; found:
1236.8254.

3,3-0-[1,18-Octadecan-(8,11-methylidene)methylene]-2,2'-di-O-[ (R)-3,7-

dimethyloctyl]-1-O-(2,3,5,6-tetra-O-acetyl-fi-D-galactofuranosyl)-1'-O-(di-

benzylphosphono)-sn-diglycerol (12): Dibenzyl diisopropylphosphorami-
dite (370 pL, 1.11 mmol) and 1H-tetrazole (157 mg, 2.21 mmol) were added
to a solution of alcohol 10 (780 mg, 0.738 mmol) in CH,Cl, (20 mL). After
1 h under stirring at RT, the mixture was cooled to —40°C and a solution of
3-chloroperoxybenzoic acid (ready for use, Acros, 70 % purity with water,
364 mg, 1.47 mmol) in CH,Cl, (6 mL) was added. The reaction mixture was
heated to —10°C and maintained at this temperature for 20 min. The
solution was diluted with CH,Cl,, and then washed with 10% aqueous
Na,S$,0;, 5% aqueous NaHCO;, water and brine. The organic layer was
dried (MgSO,) and concentrated, and the residue was purified by flash
silica gel chromatography (petroleum ether/EtOAc 7:3) to yield compound
12 as a colourless oil (778 mg, 80%). R;=0.67 (petroleum ether/EtOAc
7:3); [a]®y =—12.5 (¢=1.2 in CH,Cl,); '"H NMR (400 MHz, CDCl;, 25°C,
TMS): 6=0.62 (m, 1H; cyclopentyl ring CHH), 0.81-0.89 (m, 18H;
6CH,), 1.01 - 1.41 and 1.43-1.93 (2m, 51 H; 12 CH,, cyclopentyl ring 2 CH,
2CH,, CHH, 2 (CH,CH(CH,),CH), 2.02-2.14 (45, 12H; 4CH,CO), 3.36 -
3.66 (m, 15H; CHHOCH, 2 CH,0CH,, 2 CHOCH,, 4OCH,), 3.75 (dd; /=
4.58,10.17 Hz, 1H; CHHOCH), 3.98-4.16 (m, 2H; CH,0PO(OBn),), 4.21
(dd, *J(HH)=712Hz, 2(HH)=11.73Hz, 1H; Galf H6), 425 (dd,
3J(H,H)=6.10 Hz, 1H; Galf H4), 433 (dd, 3J/(H,H) =4.07 Hz, 1H; Galf
H6'), 4.99 (dd, 1H; Galf H3), 5.02-5.10 (m, 6H; Galf H1, Galf H2,
2CH,Ph), 539 (m, 1H; Galf H5), 721-738 (m, 10H; Ph); 3C NMR
(100 MHz, CDCl;, 25°C): 0=19.65, 19.66, 22.64, 22.65, 22.75 (6 CHs),
20.72,20.76, 20.81, 20.88 (4 CH;CO), 24.70, 26.13, 26.18, 27.99, 28.70, 28.75,
29.58,29.60, 29.66, 29.73, 29.77,29.93, 29.95, 31.64, 36.74, 36.83, 37.05, 37.12,
3736, 3740, 39.31, 3934 (12CH,, lcyclopentyl ring CH,,
2CH,CH(CH,);CH), 38.79 (cyclopentyl ring 2CH, 1CH,), 40.15 (cyclo-
pentyl ring 2CH), 40.77 (cyclopentyl ring CH,), 62.78 (Galf C6), 67.06
(CH,OPO(OBn),), 67.48 (CH,OCH), 69.20 (Galf C5), 68.98, 69.26, 69.27,
69.32, 69.72, 70.46, 71.81(2 CH,Ph, 2 CH,0OCH,, 4 OCH,), 76.62 (Galf C3),
7721, 7763 (2CHOCH,), 79.92 (Galf C4), 81.25 (Galf C2), 105.78 (Galf
C1), 127.57-135.92 (Ph), 169.58, 170.01, 170.09, 170.55 (4 C=0); elemental
analysis caled (%) for C;3H;,,045P (1317.6): C 68.14, H 9.48; found: C 68.39,
H 9.62.

3,3'-0-[1,18-Octadecan-(8,11-methylidene)methylene]-2.,2'-di-O-[ (R)-3,7-
dimethyloctyl]-1-O-(f-p-galactofuranosyl)-sn-diglycerol-1'-O-phosphate,

sodium salt (2). A 0.1m solution of sodium methoxide in CH;OH (10 mL)
was added dropwise to a solution of compound 12 (750 mg, 0.57 mmol) in
CH;OH (20 mL). The resulting mixture was stirred for 20 min at RT and
then treated with a solution of acetic acid diluted in CH;OH. The solvents
were evaporated and the residue was diluted in a mixture of CH;OH
(15 mL) and an acetate buffer (pH 5, 5 mL). The mixture was stirred at RT
in the presence of 10% palladium on charcoal (75mg) under an
atmosphere of hydrogen gas for 1 h. The catalyst was removed by filtration
and the solvent partially evaporated. Resin Amberlite IR-120 (Na* form,
10 mL), pre-washed with water, was added to the mixture and the resulting
solution was stirred for 12 h at RT. The residue was filtered, the filtrate was
concentrated and the crude product was purified on a Sephadex LH-20
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column (CH,CL,/CH;0H 1:2) to give the phosphate derivative 2 (370 mg,
60%). R;=0.39 (CH,Cl/CH;OH/H,0 7:3:0.5); [a]¥ =—32.1 (c=14 in
CH,;0H); 'H NMR (400 MHz, [Ds]pyridine/D,0, 25°C): 6 =0.65 (m, 1H;
cyclopentyl ring CHH), 0.82-1.01 (m, 18 H; 6 CHj;), 1.05-1.92 (m, 51H;
12 CH,, cyclopentyl ring 2CH, 2 CH,, CHH, 2 (CH,CH(CH,);CH), 3.41 -
4.00 (m, 15H; CHHOCH, 2 CH,0CH,, 2CHOCH,, 4OCH,), 4.02-4.10
(m, 1H; CHHOCH), 4.15-4.40 (m, 1 H; Galf H6), 4.50 (m, 1 H; Galf H5),
4.68 (m, 1H; GalfH4), 4.74 (m, 1 H; Galf H2), 4.92 (dd, 1 H; Galf H3), 5.58
(m, 1H; Galf H1); C NMR (100 MHz, CD;0H, 25°C): ¢ =20.18, 20.20,
23.10, 23.10, 23.19 (6 CH3;), 25.88, 28.89, 27.30, 27.32, 29.17, 29.83, 29.84,
30.68, 30.79, 30.83, 30.86, 31.07, 31.08, 32.68, 34.11, 37.92, 37.99, 38.23, 38.27,
38.46, 38.49, 40.53 (12 CH,, 1cyclopentyl ring CH,, 2 CH,CH(CH,);CH),
40.06 (cyclopentyl ring 2CH, 1CH,), 41.41 (cyclopentyl ring 2 CH), 41.89
(cyclopentyl ring CH,), 64.54 (CH,OPO(ONa),) 65.30 (Galf C6), 68.42
(CH,OCH), 69.69, 69.73 (2CH,OCH,), 71.99, 72.38, 72.54, 72.59 (Galf C5,
40CH,), 78.91, 79.18 (2 CHOCH,), 79.55 (Galf C3), 83.10 (Galf C2), 84.69
(Galf C4), 109.69 (Galf C1); 'P NMR (162 MHz, CD;0D, 25°C): 6 =
—1.54 (s, 1P); FABMS (m-nitrobenzyl alcohol matrix) calcd for [M+H]":
1013.6646; found: 1013.6609.
3.3'-0-(1,16-Hexadecamethylene)-2,2'-di-O-[ (R)-3,7-dimethyloctyl]-1-O-
(f-D-galactofuranosyl)-sn-diglycerol (3): A 0.1M solution of sodium meth-
oxide in CH;OH (3mL) was added to a solution of peracetylated
monoglycoside 137 (335 mg, 0.30 mmol) in CH;OH (8 mL). The mixture
was stirred for 30 min at RT and then neutralized by addition of several
drops of dilute acetic acid solution in CH;OH. The solvents were
evaporated and the residue (300 mg) was diluted in EtOH (10 mL). The
resulting solution was stirred in the presence of 10% palladium on
activated charcoal (50 mg) under an atmosphere of hydrogen gas at RT for
2 h. The catalyst was removed by filtration and the filtrate was concen-
trated to dryness under vacuum to give the deprotected monoglycosylated
lipid 3 as a colourless oil (250 mg, 83 %). R;=0.24 (CH,Cl,/CH;OH 92:8);
[a]® =-29.5 (¢=1.05 in CH;0H); 'H NMR (400 MHz, CDCl;, 25°C,
TMS): 6 =0.72-0.82 (m, 18H; 6 CH;), 0.97-1.12,1.13-1.33 and 1.37-1.55
(3m, 48H; 14CH,, 2CH,CH(CH,);CH), 3.18-3.22, 3.31-3.69 and 3.81 -
3.91 (m, 24H, CH,0CH, CH,0H, 2CHOCH,, 2 CH,0CH,, 4 OCH,, Galf
H2, Galf H3, Galf H4, Galf H5, Galf H6); '*C NMR (100 MHz, CDCl;,
25°C): 0=20.18, 20.22, 23.09, 23.28 (6CH,), 27.32, 29.19, 30.62, 30.64,
30.77-30.90, 38.24, 38.27, 38.45, 38.47, 40.54 (14 CH,, 2 CH,CH(CH,);CH),
62.77 (CH,0OH), 64.53 (Galf C6), 68.44 (CH,OCH), 69.65, 69.74
(2CH,0OCH,), 71.87, 72.00, 72.57, 72.61 (4OCH,), 72.42 (Galf C5), 78.89,
79.21 (2CHOCH,), 80.83 (Galf C3), 83.19 (Galf C2), 84.56 (Galf C4),
109.70 (Galf C1); elemental analysis caled (%) for C,HosO:5 (913.3): C
63.13, H 10.59; found: C 63.30, H 10.62.
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Quantitative Reaction Cascades of Ninhydrin in the Solid State

Gerd Kaupp,* M. Reza Naimi-Jamal, and Jens Schmeyers!®!

Abstract: Crystalline ninhydrin (1) un-
dergoes waste-free solid-state cascade
reactions with dimedone, L-proline,
three o-phenylenediamines, o-mercap-
toaniline, two ureas, three thioureas, and
methyl 3-aminocrotonate. The yields are
quantitative and give pure crystalline
products without workup just by milling
stoichiometric mixtures of the crystal-
line reagents. The structures of the new
and the previously obtained products
with lower yields from solutions are

culations at the B3LYP/6-31G* level.
The success of 3- and 4-cascade reac-
tions in the crystal without melting is
unusual and of unmatched atom econo-
my. They are mechanistically investigat-
ed with atomic force microscopy techni-
ques (AFM) on six different faces of 1
when o-phenylenediamine was the re-

Keywords: environmentally benign
- heterocycles - ninhydrin - scan-
ning probe microscopy - solid-state

agent (substitution, elimination, cycliza-
tion, elimination) and interpreted on the
basis of known crystal structure data.
Strict correlations to the crystal packings
are observed. The characteristic surface
features grow to pum heights in some
cases at distances of 0.5 mm from the
contact edge of the reacting crystals. The
waste-free and easy syntheses of highly
functionalized (C=0; O-H; C=N) het-
erocycles or of a tetraketone are also of
interest for synthetic use.

established or confirmed by spectro-
scopic data and density functional cal-

reactions

Introduction

Gas-solid and solid-solid reactions profit from the crystal
packing and have been mechanistically investigated.l'! They
require long-range molecular movements (phase rebuilding),
phase transformation into the product lattice and creation of
fresh surface by crystal disintegration. Frequently they run to
completion with highest selectivity and give 100 % yield under
moderate reaction conditions without any necessity for work-
up. Even multistage cascade reactions were quantitative in the
solid state, a fact that provides unsurpassed efficiency in terms
of environmental protection and savings of both labor and
resources. We now extended those principles to versatile
reactions of ninhydrin 1 in 2-, 3- and 4-cascades of various
reaction types.

Results

Quantitative one-step condensation: The solid state reaction
of ninhydrin 1 with dimedone 2 in a ball-mill proceeds only as
a one-step condensation to give 3 with 100% yield
(Scheme 1). Compound 3 has previously been synthesized in

[a] Prof. Dr. G. Kaupp, Dr. M. R. Naimi-Jamal, Dr. J. Schmeyers
University of Oldenburg, FB Chemie, Organische Chemie I
Postfach 2503, 26111 Oldenburg (Germany)

Fax: (+49) 441-7983-409
E-mail: kaupp@kaupp.chemie.uni-oldenburg.de
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Scheme 1. Quantitative condensation of ninhydrin with dimedone.

solution with 82 % yield.”! No dehydratisation was observed
in the solid state to yield 4 even with gaseous trimethylamine
or hydrogen chloride or p-toluenesulfonic acid. Anyhow, the
liquid-state synthesis of 4 in anhydrous dioxane with trifluoro-
acetic anhydride and pyridinel! gains importance, as 3 is now
more easily accessible without producing any waste. Such
reluctance for solid-state elimination of water was not typical
for all condensation reactions of ninhydrin in the solid state.

Quantitative 3-cascade with proline: The presumed wealth of
amino acids in solid-state reactions has not yet been exploited
so far. It is thus of high interest that L-proline 5 reacts
quantitatively in a 3-cascade (substitution, elimination, de-
carboxylation) with 1 to give the versatile azomethine ylide 6
(Scheme 2) waste-free and in quantitative yield. Again, 6 can
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be synthesized in solution but
only with 82% yield.® Tt has
been used for 1,3-dipolar cyclo-
additions.’)  The zwitterionic
structure of 6 is secured by the
symmetry of the aromatic pro-
ton resonances, the presence of
an iminium H (6 =9.24) and of
an iminium C (6=213.78) in 'COZ
the NMR spectra. In support of
this structure, density function-
al theory (DFT) calculations at
the B3LYP/6-31G* level find
the cyclized valence tautomers
by 15.25 (spiroaziridine) or
1749 kcalmol~!  (oxazoline)
higher in energy content.

Quantitative 4-cascades with
o-phenylenediamines: Various
solid o-phenylenediamines 7
react quantitatively with solid
ninhydrin 1 in 4-cascades (sub-
stitution, elimination, cycliza-
tion, elimination) to give the
indenoquinoxaline ketones 8
(Scheme 3). Similar reactions
proceed in solution with yields
of 61% to almost quantita-
tive.l! The presumed sequence

Abstract in German: Kristallines Ninhydrin (1) geht mit
Dimedon, L-Prolin, drei o-Phenylendiaminen, o-Mercapto-
anilin, zwei Harnstoffen, drei Thioharnstoffen und 3-Amino-
crotonsduremethylester abfallfreie Kaskadenreaktionen im
festen Zustand ein. Die Ausbeuten sind quantitativ und geben
reine kristalline Produkte beim Vermahlen stochiometrischer
Mischungen der kristallinen Reaktanden, ohne dass reinigende
Aufarbeitung erforderlich wire. Die Konstitution der neuen
und friiher aus Losungen mit schlechterer Ausbeute erhaltenen
Produkte werden mittels spektroskopischer Daten und Dichte-
funktional Theorie Rechnungen auf dem B3LYP/6-31G*
Niveau begriindet und bestitigt. Der gute Erfolg der 3- und
4-Kaskaden-Reaktionen im Kristall ohne fliissige Phase ist
ungewohnlich und von iiberragender Atom-Okonomie. Sie
werden daher mittels Kraftmikroskopie (AFM) auch mecha-
nistisch untersucht. Dies gelingt mit o-Phenylendiamin auf
sechs verschiedenen kristallographischen Flichen von 1 (Sub-
stitution, Eliminierung, Cyclisierung, Eliminierung). Die In-
terpretation gelingt auf Grundlage der bekannten Rontgen-
strukturanalyse: Es wird die strikte Korrelation zur Kristall-
packung bestitigt. Die charakteristischen Oberflichen-
strukturen wachsen auf 1 in einigen Fillen bis zur Mikro-
meter-Hohe obwohl der Reagenzkristall 0.5 mm entfernt auf-
liegt. Die abfallfreien und besonders einfachen Synthesen hoch
funktionalisierter (C=0; O-H; C=N) Heterocyclen oder eines
Tetraketons sind auch von synthetischem Interesse.
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Scheme 2. Quantitative 3-cascade in the solid-state reaction of ninhydrin with L-proline.

)
l
N
20 NHQ HZO | R
0 HN

ln

Scheme 3. Quantitative solid-state 4-cascades of ninhydrin with o-phenylenediamines.

of events (substitution, elimination, addition, and elimina-
tion) allows for a rationalization of the orientation selectivity
found. While 7a and 7¢ have no orientational choice (see
products 8a and 8c¢), 7b yields the 6-Me isomer 8b exclusively
(75% in solution!®l) obviously for steric reasons in the
primary substitution step. The structures of the compounds 8
have been derived from the NMR data and by comparison
with the known isomers from the solution reactions. The
possibility of a symmetric diketo spiro-aminal structure is
excluded by the asymmetry in the NMR spectra and the lack
of N—H vibrations in the IR spectrum.

Quantitative 3-cascade with o-mercaptoaniline hydrochlor-
ide: Stoichiometric reactions of solid 1 with solid o-mercap-
toaniline hydrochloride (9) gives the salt 10- HCI (Scheme 4)
in quantitative yield by substitution, cyclization, and elimi-
nation. The free base 10 has a very low solubility in water and
can thus be obtained in quantitative yield by a NaHCO;
treatment. Similar reactions in solution were reported to
provide only 60 % yield.? Compound 10 is remarkably stable:
It does not form a spiro-N/S-acetal upon heating up to its
melting point at 227°C.

Quantitative 2-cascades with ureas: Ureas (11) and more
easily thioureas (11) are well suited for substitution and
addition to 1 (Scheme 5). The interesting heterocyclic bis-
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Scheme 4. Quantitative solid-state 3-cascade of ninhydrin and o-mercap-
toaniline.

Table 1. Syntheses of 12 in mortar, ball-mill (bm), and solution.

12 Reaction conditions Yield Yield in Ref.
[%] solution [%)]

a mortar, 3d at 80°C 100 78 81
bm, 1 h at 80°C 100

b bm, 45 min, RT 100 91 1l

¢ mortar, 3 d 100 92 [10. 11
bm, 2 h, RT 100

d bm, 2 h,(water bath, 20°C) 100 - -
mortar, 3d, RT 100

e bm, 1 h, 60°C 100 - -

N/O-semiaminal 15 could not be obtained in a 4-cascade
sequence in the solid state. Compound 15 had been synthesized
in solution, but only in 82% yield."”l The structure of 15 is
derived from the 'H NMR data which exclude a symmetric

X | OH OH diketo spiro[5,4]azaoctadien structure. DFT calculations at the
1+ R\NJJ\N/R oo P N} B3LYP/6-31G* level give the imine tautomer (in brackets) 5.86
b ’ | N\( VAN /gx kcalmol~! higher in energy than the enamine tautomer 15.

1 H}\I ~R 12 R _ . _
aX-0.R-H AFM results: It appears interesting to study the influence of
b:X=S,R=H /l” the molecular packing on the molecular movements in
;izg]};::ﬁ o multistage cascade reactions in the solid state and to exclude
e:X=S,R=Ph (nano)liquid intermediate phases. Thus, six different crystal

N faces of 1 were studied with the AFM next to a reactant crystal
. /‘\ of o—ph(f,n'ylenfedlan'nne (7a)' on it. Ninhydrin (1) crystallizes in
" X monoclinic prisms in the chiral space group P2,.I"! Hydrogen

Scheme 5. Quantitative 2-cascades of ninhydrin and (thio)ureas in the
solid state.

N/O-semiacetals 12 are stable compounds that form with
100 % yield in all cases studied (a—e). Some of these have
been previously prepared in solution with inferior yields
(Table 1). It is remarkable that neither 12a nor 12b eliminate
water during heating in the DSC/TGA experiments up to the
melting points. Even HCI (gas) or p-toluenesulfonic acid
(solid) do not produce the anticipated elimination products 13
in the solid state. However, the now waste-free access to the
compounds 12 opens certainly numerous versatile possibilities
for further syntheses using their a-hydroxyketone, a-amino-
ketone and N/O-semiacetal functionalities. The structures 12
are secured by the NMR spectra which exclude symmetrical
diketo spiro[5,4]aminal structures.

Quantitative 3-cascade with
methyl 3-aminocrotonate: The

solid enaminoester 14 reacts 1+ HZN>:\]¢o
quantitatively with 1 in stoi- OMe
chiometric ball-mill runs with- 14

out intermediate liquid phase
to give the heterocyclic building
block 15 with a-hydroxyketone
and N/O-semiaminal function-
ality (Scheme 6). The 3-cascade
consists of vinylogous substitu-
tion, cyclization and 1,3-hydro-
gen shift. Again, the presumed
elimination of water from the
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bonded double layers appear as principle motif. The
O-H:--O-H hydrogen bonds have O-..-O distance of
2.7981 A, O-H.--O=C of 2.805 A.’] One of the carbonyl
groups of 1 remains unbridged. There are no O-H hydrogen
bonds between the double layers. The orientation of double
layers determines the solid-state reactivity at the various
faces. The molecules of 7a migrate into the crystal of 1 as can
be judged from a light yellow coloration. The (100)-face is not
strongly present on the prismatic crystals of 1, however, these
cleave easily at that face and thus freshly cleaved (100)-
surfaces were used in the measurements of Figure 1. A flat
crystal of 7a contacted well and was placed in [001]-direction
from the AFM tip. The features of Figure 1 indicate only
minor reactions on that face. The depth of the craters after
210 min does not exceed 20 nm and even the deepest crater
after 380 min is only 65 nm deep. Evidently the reaction does
not extend easily over the cleavage plane.

OH NH
CO,Me

ol CO,Me { OH

-« O

H
\
HO_ N
CO,Me
OH
o)
15

Scheme 6. Quantitative solid-state 3-cascade of ninhydrin and methyl 3-aminocrotonate.
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Figure 1. 9.5 um AFM images of 1 on its (100)-cleavage plane at 0.1 mm distance from a crystal of 7a on it after
the times given, showing the formation of small craters that grow gradually. The z scale is 50 nm, the direction of
preference runs along the [001]-direction (the scan direction was changed after 210 min).

The packing under the (100) double layers is shown in
Figure 2. The molecules 7a have to penetrate through the

Figure 2. Stereoscopic view of the crystal packing of 1 on (010), but turned
around y by 5° for a better view, showing the structure of the double layers
(height ca. 11 nm) and the horizontal (100) cleavage plane; all hydrogen
bonds are given.

double layers from the top,
react and spread along the
cleavage plane where the func-
tional groups are shielded. It
can thus be assumed that no
rapid reaction occurs. The flat
molecules 8a appear to com-
plex the water of the reaction
while forming small craters
around nucleation sites.

The behavior on the (10-1)-
face of 1 that could be mounted
after cutting the crystal across
the major prism faces, is com-
pletely  different.  Figure 3
shows how the reaction with
7a produces volcano type fea-
tures all over the surface which
grow together rapidly and as-
sume heights of up to 1 pm in

Chem. Eur. J. 2002, 8, No. 3
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Figure 3d.  These  densely
packed hills grow slowly further
to 1.35 um after 3 h. Unlike the
behavior in Figure 1 we have a
strong transport of material
above the (10-1)-surface. This
behavior is derived from the
crystal packing in Figure 4. The
functional groups are available
to 7a for entering deeply into
the crystal while reacting and
spreading to the inclined cleav-
age planes from where appa-
rently 8a exits above the hori-
zontal surface.

The major (1-10)- and (-1-10)-
faces of 1 give the same type
of features wupon reaction
with 7a. Figure5 shows the
results on (1-10). Irrespective
of the roughness in Figure 5a, isolated island hills formed at
the remarkably large distance of 0.5 mm by long-range
molecular movements. These increased to edged mountains
of considerable height without direction of preference (Fig-
ure 5S¢, d) and grew to twice that height after 20 h.

The crystal packing in Figure 6 clearly indicates that the
functional groups are available for reaction on the (1-10)
surface. The product molecule 8a can exit along the steep
cleavage plane (100) and thus build the island mountains
around nucleation sites while reacting molecules of 7a enter
the lattice. The molecular packing under the (-1-10) surface is
the same as in Figure 6. It is thus not surprising that the same
type of features ensue, as expected (this was shown at 0.3 mm
distance). Furthermore, Figure 6 indicates that the packing
under (-110) is different from the one on (1-10). It is the same
as the packing under (110) and has the functional groups
somewhat shielded by the skew benzo groups. Thus, at least a

Figure 3. 9.5 um AFM topographies on the (10-1)-face of 1 at 0.1 mm distance from a flat crystal of 7a; a) fresh;
b) after 2 min; c) after 15 min; d) after 60 min.
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Figure 4. Stereoscopic view of the crystal packing of 1 with the (10-1)-face
horizontal on top showing steep double layers; all hydrogen bonds are
given.

N

¥

Figure 5. 9.5 um AFM topographies on the (1-10)-face of 1 at 0.5 mm distance from a flat crystal of 7a; a) fresh;

b) after 15 min; c) after 2 h; d) after 4 h.

Figure 6. Stereoscopic packing diagram (crystal surfaces model) of 1 with (1-10) horizontal on top and (-110)
horizontal at the bottom, showing the steep double layers. All hydrogen bonds are given.

different reactivity is expected and indeed, we assigned the
more efficient feature formations to (1-10) and (-1-10) and the
less efficient ones to the opposing (-110) and (110)-faces of the
same crystal, respectively.

Figure 7 depicts the AFM results on the (-110) surface of 1.
The reaction of 7a is indeed impeded, even though the initial
natural surface is rather rough. Only few island features
develop in the first 20 min (Figure 7b), but the reaction
becomes fast at 90 min and similar features develop of
comparable height than those in Figure 5, but their width
remains smaller.
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Again the behavior on (110) is closely comparable, due to
the identical packing. After difficulties with its start, the rate
approaches the one of the more favorable (-1-10)-face.

It appears, that the molecules 7a have initially difficulties to
enter the crystal on (-110) or (110) due to the impeding benzo
groups except at very few nucleation centers. However, after
considerable molecular movements the reaction gains in rate
and the transport along the (100) cleavage plane is the same as
on the opposite side of the crystal.

Discussion

Ninhydrin (1) is a rich source
for waste-less quantitative sol-
id-state cascades. Its melting
point is quite high. Various
reaction types were already
shown with solution reactions
which produce waste due to
lower yield and workup re-
quirements.

The unsurpassed perform-
ance of the presented solid-
state cascades in stoichiometric
runs is unusual and highly prof-
itable in terms of sustainable
synthesis with utmost efficiency
in all respects. Their mechanis-
tic basis was developed in nu-
merous investigations of vari-
ous types of solid state reac-
tions using supermicroscopy
(AFM and SNOM),!" and graz-
ing  incidence diffraction
(GID),l'"¥ and correlations to
crystal packings.'l. Reaction
cascades in the solid state are
very complicated, however,
they also profit from the gen-
eral three-step solid state mech-
anism of 1) phase rebuilding,
2) phase transformation, and
3) crystal disintegration at any
local sites and development.
Unlike the gas/solid reactions
step (2) does not occur sudden-
ly in the solid/solid reactions
and it is hard to obtain the crystal disintegration with the
studies at single crystals for technical reasons due to the very
long distances. Nevertheless, the heights of the features at
0.5 mm distance show the high efficiency of the molecular
migrations. Generally, step 3) and the generation of new
contacts between the reacting crystals is attained by mechan-
ical grinding, milling and other techniques.

The products of the condensation reactions of ninhydrin are
preparatively useful building blocks which are now available
without producing waste. The reactions are too slow to be
completed in a mortar at moderate times, but proceed very
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Figure 7. 9 um AFM topographies on the (-110)-face of 1 at a 0.5 mm distance from a flat crystal of 7a that

was placed on it; a) fresh; b) after 20 min; c) after 2 h; d) after 4 h.

well in a ball-mill at milling times of less than one hour. We
reported here on 12 quantitative and waste-free reaction
cascades. Many more reaction cascades with ninhydrin 1 and
diamines or diamides can be envisaged, as the crystal lattice of
1 appears very permissive to solid reaction partners.

Experimental Section

Melting points were determined with a Gallenkamp melting point
apparatus and are uncorrected. Infrared (IR) spectra were recorded with
a Perkin-Elmer 1720-X FT-IR spectrometer using potassium bromide
pellets. All NMR spectra were taken at a Bruker WP 300 at 300 MHz ('H)
or 75MHz (C). CDCL/[D¢]DMSO mixtures contained up to 25%
[D¢]DMSO. Mass spectra were obtained on a Finnigan MAT 212 System.
DSC/TGA measurements were performed with a Perkin—Elmer DSC
model 7 and TGA 7. The ball-mill was a Retsch MM 2000 swing mill with a
10 mL stainless steal double-walled beaker with fittings for circulating
coolants. Two stainless steal balls with 12 mm diameter were used. Ball-
milling was performed at 20 —25 Hz frequency usually at room temperature
(without circulating liquid the temperature did not rise above 30°C). Water
or methanol of the appropriate temperature was circulated for heating or
cooling. Completeness of the solid-state reactions was checked by IR
spectroscopy in KBr, product purity by m.p. and 'H NMR spectroscopy.

B3LYP (basis set 6-31G*) calculations with full geometry optimization
were performed with the program TITAN, version 1.01 of Wavefunction,
Inc., Irvine, USA. Single crystals of 1 were obtained by slow evaporation of
solutions in water. The prisms selected had lengths of 3-4 mm and
maximal widths of 2 mm. The AFM technique and the imaging have been
described elsewhere.!)

Cleavage along the (100)-face of 1 is achieved by touching the (110)-face
with a needle. Cutting across on the (110)-face required considerable
pressure with a razor blade applied in the suitable direction. These cuts for
(10-1)-faces were not always straight, but flat regions were chosen for the
AFM measurements. Distances were judged by comparison with the crystal
width that was measured with a slide gauge. Opposing (-1-10)/(110) and
(1-10)/(-110)-faces were mounted from the same crystal species that was
cut across with a razor blade so that the opposing surfaces could be
mounted separately to the AFM. The faster reacting ones were assigned to
(-1-10) and (1-10) for crystallographic reasons.

2-Hydroxy-2-(4,4-dimethyl-2,6-dioxocyclohexane-1-yl)-1H-indene-1,3(2H)-
dione (3): Ninhydrin (1; 178 mg, 1.00 mmol) and dimedone (2; 140 mg,
1.00 mmol) were ball-milled for 1 h at room temperature. Pure 3 (300 mg,
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100%) was obtained. M.p. 193-195°C (de-
comp) (ref.[7]: 196-198°C, decomp);
'H NMR (CDCL/[D¢]DMSO): 6=1.03 (s,
6H), 2.23 (s, 4H), 2.5-3.2 (brs, 2H), 7.60-
7.80 (AA'BB’,2H), 7.80-8.00 (BB'AA’, 2H).
1-Oxo0-2-(1-pyrrolin-1-ylium)-1H-indene-3-

olat (6): Ninhydrin (1; 356 mg, 2.00 mmol)
and L-proline (5) (230 mg, 2.00 mmol) were
ball-milled for 1h. The teflon seal was
tightened at 15Nm to avoid dangerously
high pressure. The water of the reaction was
removed in a vacuum at 80°C for 1 h to yield
the title compound (421 mg, 99%). M.p.
239°C (ref. [15]: 240°C); IR (KBr): v=
1663, 1625, 1577, 1408 cm™'; 'H NMR
(CDCL/[D4]DMSO): 6=2.20-2.34 (m,
2H), 3.00-3.12 (m, 2H), 4.83-4.95 (m,
2H), 746 (s, 4H), 9.24 (s, 1H); “C NMR
(CDCLy/[D4]DMSO): 6 =17.61, 31.72, 5731,
118.21 (2C),130.19 (2C), 135.92,150.82 (2C),

[ 181.46 (2C), 213.78.

11H-Indeno[1,2-b]quinoxaline-11-one(8 a):
Ninhydrin (1) (356 mg, 2.00 mmol) and o-
phenylenediamine (7a) (216 mg, 2.00 mmol)
were ball-milled for 15 min at —5°C. Com-
pound 8a (461 mg, 99 %) was obtained after drying in a vacuum at 80°C.
M.p. 217-218°C (ref. [6a]: 217-219°C); IR (KBr): #=1732, 1605,
1571 cm~!; '"H NMR (CDCL): 6 =756 (yt, 1H), 7.77 (m, 3H), 7.90 (yd,
1H), 8.09 (m, 2H), 8.20 (yd, 1H); *C NMR (CDCly/[Ds]DMSO): 6 =
122.2,124.3,129.3,129.9, 131.1, 132.1, 132.2, 136.2, 136.5, 141.1, 142.2, 142.7,
148.9, 156.2, 189.5.

11H-6-Methylindeno[1,2-b]quinoxaline-11-one  (8b):  Ninhydrin (1;
178 mg, 1.00 mmol) and 7b (122 mg, 1.00 mmol) were ball-milled for 1 h.
After drying in a vacuum at 80°C pure 8b (264 mg, 100 %) was obtained.
M.p. 227°C (ref. [6a]: 222-224°C); IR (KBr): #=1726, 1568, 1193,
770 cm~'; '"H NMR (CDCl;): d =2.83 (s, 3H), 7.52-7.68 (m, 3H), 7.69 -
7.78 (yt, 1H), 7.82-7.94 (yd, 1H), 7.95-8.12 (yt, 2H); *C NMR (CDClL):
0=172, 122.3, 124.5, 129.4, 129.8, 132.1, 132.6, 136.5, 1382 (2C), 141.8,
142.0, 142.7, 148.7, 155.4, 190.2.
11H-7,8-Dimethylindeno[1,2-b]quinoxaline-11-one (8c¢): Ninhydrin (1;
356 mg, 2.00 mmol) and 7¢ (272 mg, 2.00 mmol) were ball-milled for 1 h.
After drying in a vacuum at 80°C pure 8¢ (517 mg, 100 %) was obtained.
M.p. 248°C; IR (KBr): #=1720, 1606, 1566 cm~!; 'H NMR ([D¢]DMSO):
0=2.49 (2s, 6H), 7.65 (yt, 1H), 7.82 (m, 2H), 791 (s, 2H), 8.01 (yd, 1H);
BC NMR (CDCly/[D¢]DMSO): 6 =19.6, 19.9, 121.5, 123.7, 128.4, 129.9,
131.5, 135.7, 136.0, 140.2, 140.7, 141.0, 141.2, 142.9, 147.6, 155.4, 189.5; HR-
MS (CI, isobutane): caled for C,;H;;,N,O+H: 261.1040; found: 261.1041.
10a-Hydroxyindeno[2,1-b]benz[1,4]thiazin-11(10aH)-one (10): Ninhydrin
(1; 356 mg, 2.00 mmol) and o-aminothiophenol hydrochloride (9) (323 mg,
2.00 mmol) were ball-milled for 1 h. The solid product was washed with
saturated NaHCO; solution and dried to obtain pure 10 (529 mg, 99 %).
M.p. 227°C (ref. [7]: 228°C); IR (KBr): #=1733,1639, 1594 cm~!; 'H NMR
(CDCly/[Ds]DMSO): 6 =7.24 (yt,1H), 7.33 (yt, 1 H), 7.46 (yd, 1 H), 7.58 (s,
OH), 7.65 (yd, 1H), 7.79 (yt, 1H), 7.93 (m, 2H), 8.20 (yd, 2H); *C NMR
(CDCly/[Dg]DMSO): 6 =119.5,122.2,122.9, 125.2 (2C), 126.3, 127.5, 131.9,
133.6, 135.6, 140.8 (2C), 141.6, 154.0, 193.6.

3a,8a-Dihydroxy-1,3,3a,8a-tetrahydroindeno[ 1,2-d]imidazole-2,8-dione
(12a): Ninhydrin (1; 534 mg, 3.00 mmol) and urea (11a) (180 mg,
3.00 mmol) were ball-milled at 80°C for 1h. After drying at 140°C for
S min in a vacuum pure 12a (696 mg, 100 %) was obtained. M.p. 218°C
(decomp) (ref. [8]: 218 -220°C); IR (KBr): # = 3347, 1728, 1692, 1604, 1413,
1116 cm™!; 'H NMR ([D¢]DMSO): 6 =6.39 (s, 1H), 6.50 (s, 1H), 7.57 (yt,
1H), 7.78 (yt, 2H), 7.85 (s, 2H), 8.00 (s, 1H); *C NMR ([D4¢]DMSO): 6 =
86.6 (2C), 123.4,125.1, 130.0, 132.1, 136.6, 152.0, 156.7, 197.9.
3a,8a-Dihydroxy-2-thioxo-2,3,3a,8a-tetrahydro-1H-indeno[1,2-d]imida-
zole-8-one (12b): Ninhydrin (1; 178 mg, 1.00 mmol) and thiourea (11b)
(76 mg, 1.00 mmol) were ball-milled for 45 min. Pure 12b (236 mg, 100 %)
was obtained. M.p. 220°C (decomp) (ref. [9]: 240-242°C); IR (KBr): 7=
3310, 1728, 1510, 1107, 615 cm~'; '"H NMR (CDCL/[Dg]DMSO): 6 = 6.40
(brs, 1H), 6.60 (brs, 1H), 7.50-7.60 (yt, 1H), 7.70-7.95 (m, 3H), 9.13 (brs,
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1H), 9.62 (brs, 1H); ¥C NMR (CDCly/[D¢]DMSO): ¢ =88.6, 89.5, 122.7,
124.2,129.1, 131.8, 135.4, 149.5, 1777, 194.8.
3a,8a-Dihydroxy-1,3-dimethyl-1,3,3a,8a-tetrahydroindeno[1,2-d]imida-
zole-2,8-dione (12 ¢): Ninhydrin (1; 178 mg, 1.00 mmol) and N,N'-dimethyl-
urea (11c¢) (88 mg, 1.00 mmol) were ball-milled for 2 h. Pure 12¢ (248 mg,
100%) was obtained. M.p. 248°C (ref. [11]: 247-251°C); IR (KBr): 7=
3308, 3153, 1732, 1686, 1604, 1490, 1418, 1400 cm~'; '"H NMR (CDCly/
[Ds]DMSO): 6 =2.82 (s,3H), 2.88 (s, 3H), 6.00—6.30 (brs, 1 H), 6.35-6.60
(brs, 1H), 7.40-7.55 (m, 1H), 7.65-7.78 (m, 3H); *C NMR (CDCly/
[Ds]DMSO), 6 =23.5,23.8, 85.7, 86.7,123.2, 123.7, 129.1, 131.8, 135.1, 148.0,
154.2, 194.6.
3a,8a-Dihydroxy-1,3-dimethyl-2-thioxo-2,3,3a,8a-tetrahydro-1H-indeno-
[1,2-d]imidazole-8-one (12d): Ninhydrin (1; 178 mg, 1.00 mmol) and N,N'-
dimethylthiourea (11d) (104 mg, 1.00 mmol) were ball-milled at 20°C for
2 h. Pure 12d (264 mg, 100%) was obtained. M.p. 219°C (decomp); IR
(KBr): #=3327, 3215, 1700, 1600, 1467, 1381, 1303, 1224 cm™!; '"H NMR
(CDCly/[D4]DMSO): 6 =3.25 (s, 3H), 3.32 (s, 3H), 6.40-6.70 (brs, 1H),
6.70-6.90 (brs, 1H), 7.50-7.62 (m, 1H), 7.72-7.88 (m, 3H); *C NMR
(CDCly/[D4]DMSO): 6=28.0, 28.4, 88.5, 90.1, 123.8, 124.1, 129.8, 132.4,
135.8, 1475, 1779, 193.6; HR-MS (CI, isobutane): caled for
C,H,N,0;S+H: 265.0674; found: 265.0681.
3a,8a-Dihydroxy-1,3-diphenyl-2-thioxo-2,3,3a,8a-tetrahydro-1H-indeno-
[1,2-d]imidazole-8-one (12e): Ninhydrin (1; 178 mg, 1.00 mmol) and N,N'-
diphenylthiourea (11e) (228 mg, 1.00 mmol) were ball-milled at 60°C for
1h. Pure 12e (388 mg, 100%) was obtained. M.p. 212°C (decomp);
'HNMR (CDCl/[Dg]DMSO): 6 =6.85-6.95 (m, 1H), 7.10-7.20 (brs, 1 H),
730-7.53 (m, 11H), 7.55-7.65 (m, 2H), 7.80-7.90 (m, 1H); *C NMR
(CDCL/[Dg]DMSO): 6 =90.4, 92.0, 123.6, 125.0, 127.6, 127.7, 1279, 130.1,
132.4, 1354, 135.8, 136.0, 147.6, 179.8, 193.4; HR-MS (EI): calcd for
C,,HsN,O;S: 388.0882; found: 388.0885.
3a,8a-Dihydroxy-2-methyl-8-0x0-3,3a,8,8a-tetrahydro-3-aza-cyclopenta-
[alindene-1-carboxylic methyl ester (15): Ninhydrin (1; 356 mg, 2.00 mmol)
and methyl 3-aminocrotonate (14) (230 mg, 2.00 mmol) were ball-milled
for 1 h. The solid was dried in a vacuum at 80 °C to yield 15 (545 mg, 99 % ).
M.p. 201°C (ref. [12]: 201 -202°C); IR (KBr): #=3518, 3437, 3313, 1706,
1644 cm~'; '"H NMR (CDCL/[D4]DMSO): 6 =2.05 (s, 3H), 3.50 (s, 3H),
5.38 (s, OH), 6.35 (s, OH), 7.48-7.60 (yt, 1 H), 7.65 (yd,2H), 7.78 (yd, 1H),
8.80 (s, 1H); BC NMR (CDCly/[D¢]DMSO): 6 =14.4, 49.5, 85.2, 91.5, 94.7,
122.5, 124.7,129.8, 134.2, 134.7, 149.7, 160.0, 165.5, 198.9.
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High-Resolution EPR Spectroscopic Investigations of a Homologous Set of
d’-Cobalt(0), d>-Rhodium(0), and d°-Iridium(0) Complexes

Stephan Deblon,'*! Lorenz Liesum,"! Jeffrey Harmer,”! Hartmut Schénberg,!?!
Arthur Schweiger,**! and Hansjorg Griitzmacher*!*]

Abstract: The 17-electron complexes
[M(tropp™),] (M =Co% Rh° Ir’) were
prepared and isolated (tropp =tropyl-
idene phosphane). A structural analysis
of [Co(tropp™),] revealed this complex
to be almost tetrahedral, while the
heavier homologues have more planar
structures. Partially deuterated tropp
complexes [Dg][M(tropp™),] were syn-
thesised for M =Rh and Ir in order to
enhance the resolution in the EPR
spectra. This synthesis involves a four-
fold intramolecular C—H activation re-
action, whereby alkyl groups are trans-
formed into olefins. Dihydrides were
observed as intermediates for M =Ir.
The electronic and geometric structures
of all complexes [M(tropp®),] (M = Co,
Rh, Ir) and [Dg][M(tropp™"),] (M =Rh,
Ir) were investigated by continuous
wave (CW) and echo-detected EPR in
combination with pulse ENDOR and
ESEEM techniques. In accord with their
planar structures, cis and trans isomers
were detected for [M(troppPt),]

(M=Rh’, Ir’ for which a dynamic
equilibrium was established. The ther-
modynamic data show that the cis iso-
mer is slightly preferred by AH°=
—47+03kJmol”! (M=Rh) and
AH°=-51+0.5kJmol; M=Tr).
The entropies for the process trans-
[M(troppP"),] = cis-[M(tropp™),] are al-
so negative [AS°=-5+15Jmol!
(M =Rh); AS°=—-17+3.7 Jmol™!
(M =Rbh)], indicating higher steric con-
gestion in the cis isomers. The cobalt(0)
and irdium(0) complexes show rather
large g anisotropies, while that of the
rhodium(0) complex is small (Co: g, =
2.320, g,=2.080; cis-Rh: g;=2.030,
g1 =2.0135; trans-Rh: g,=2.050, g, =
2.030; cis-Ir:  g;=2.030, g, =2.060;
trans-Ir: g =1980, g, =2.150). The g

Keywords: C—H activation - cobalt
- EPR spectroscopy - iridium
organometallic radicals - phosphane
ligands - rhodium

matrices of [M(tropp™),] (M = Co, Rh)
are axially symmetric with g,>g,, in-
dicating either a distorted square planar
structure (SOMO essentially d,._,.) or a
compressed tetrahedron (SOMO essen-
tially d,,). Interestingly, for [Ir(tropp"),]
the inverse ordering, g, > g, is found;
this cannot be explained by simple
ligand field arguments and must await
a more sophisticated analysis. The hy-
perfine interactions of the unpaired
electron with the metal nuclei, phospho-
rus nuclei, protons, deuterons and car-
bon nuclei were determined. By com-
parison with atomic constants, the spin
densities on these centres were estimat-
ed and found to be small. However, the
good agreement of the distance between
the olefinic protons and the metal cen-
tres determined from the dipolar cou-
pling parameter indicates that the un-
paired electron is primarily located at
the metal centre.

Introduction

Stable mononuclear open-shell organometallics are still com-
paratively unexplored and this is especially true for the late
transition metals from periods 5 and 6.[1 While a number of
cobalt(0) complexes have been investigated, the failure in
characterising satisfactorily rhodium(0) and iridium(0) com-
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plexes may be due to the lack of suitable ligand systems to
stabilise these species. On the other hand analytical tools also
remained to be developed in order to analyse such com-
pounds adequately.

The following selected complexes are relevant to this work
and include the cobalt(0) complexes [Co{P(OMe),},],*!
[Co(PMej;),(olefin),]?*! and [Co(CO),],”Y the rhodium and
iridium complexes [Rh{P(OiPr);},],B*, [Rh(PPhs),],,
[M(CO)(PPh,);]¥ (M =Rh, Ir), [Rh(CO),].2I [Rh(cod),].1,
and the recently prepared iridium complex [Ir(dppf),]
[dppf = 1,1"-bis(diphenylphosphanyl)ferrocene].” While the
cobalt(0) complexes can generally be isolated, the rhodium(0)
and iridium(0) complexes proved to be unstable and were
mostly electrochemically generated and characterised as
intermediates in solution. The carbonyls [M(CO),] (M = Co,
Rh, Ir) are only stable in noble gas matrices.”*l Exceptions
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are the complexes [Rh{P(OiPr);},]* and [Ir(dppf),],”! which
were obtained as deep blue and green solids, respectively.

The structures of tetracoordinate d° species of the general
formula [ML,] are interesting, because a distortion from a
regular tetrahedral structure with a degenerate doublet
ground state towards a structure with Cs, or D,; symmetry is
expected on the basis of the Jahn —Teller theorem.® In accord
with this expectation, cobalt(0) complexes have tetrahedrally
distorted structures (Cs,).?2< %1% However, little is known
with certainty about the structures of the heavier congeners
and some results are conflicting. For example, on the basis of
EPR spectral data a square planar as well as a compressed
tetrahedral structure (D,4) were proposed for [Rh{P(OiPr);},]
by different groups.’*?! Distorted tetrahedral structures were
also suggested for [Rh(PPh;),], [M(CO)(PPh;);] and
[Rh(CO),] (Do) in order to interpret the EPR data. Recently,
such a distorted tetrahedral structure could be confirmed
through an X-ray diffraction study of the complex [Ir(dppf),]
(the angle ¢ defined by the intersection of the planes running
through the phosphorus centres of one dppf ligand and the
metal centre amounts to 74°; tetrahedron: ¢ =90°, square
planar: ¢ =0/180°)."1 On the other hand, the EPR data for
[Rh(cod),] are in better agreement with a structure close to
square planar.

Recently, we developed the tropp ligand (tropp = tropyl-
idene phosphanes),'!!l which contains a phosphane and an
olefin binding unit within a rigid concave framework
(Scheme 1).

1

IM(tropp™),]" (A)” [M(tropp™),]
1M=Rh -IMTTAIT 3M=Rh
2M=1Ir AM=1Ir
M = Li, Na, K
Ph, Ph,
A F’\ /P A
Ph,P 3
N cis-3
ph
tropp I‘ \lr
th

trans-4

Scheme 1. Synthesis of the 17-electron [M(troppP"),] complexes (M = Rh:
3, M=1Ir:4).

This ligand allows the high-yield synthesis of the stable
mononuclear paramagnetic 17-electron metal(0) complexes
[Rh(troppP),] (3)! and [Ir(troppPt),] (4) by electrochemical
or chemical reduction of their corresponding 16-electron
cationic precursor complexes 1 and 2.'31 The complexes have
distorted planar structures and, in accord with this descrip-
tion, cis and trans isomers are to be expected for a complex of
the type [MA,B,]. Indeed, single-crystal X-ray structure
analyses showed 3 to be the cis isomer, while for 4 the trans
isomer was observed. The cis-configured rhodium(0) complex
cis-3 is slightly more distorted (¢ =41°) than the trans isomer
trans-4 of the iridium(0) complex (¢ = 32°).

602 — © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Here we wish to investigate the complete series of d’-
[M(troppP"),] complexes with the synthesis of d°-[Co-
(tropp™),]. Thereby, the characterization of a strictly homol-
ogous set of tetracoordinate, d° valence electron configured,
organometallic complexes by using continuous wave (CW)
and echo-detected EPR, and two-dimensional ENDOR and
ESEEM methods became possible.l¥

Results

Syntheses: Our usual syntheses start with the cationic d3-
[M(troppP"),]* complexes 1 (M = Rh) or 2 (M = Ir), which can
be easily reduced with alkali metals to the neutral d°-
[M(tropp™),] complexes 3 (M=Rh) or 4 (M =Ir), respec-
tively (M'=Li, Na, K) (Scheme 1 vide supra). Interestingly,
the attempted synthesis of the 16-electron complex d3-
[Co(troppP),]* failed.

Although the mono tropp complex 6 can be easily prepared
from 5, further treatment with troppP in presence of KPF;
initiated a redox reaction and gave the neutral paramagnetic
cobalt(0) complex d°-[Co(tropp™),] (7) as the only product
soluble in organic solvents (Scheme 2, top). As a further

ph
[CoCl(PPhy),] ———— [CoC[(tropp”“)(PPha)]
5 -2 PPhy
6
KPFg

———————— [Co(tropp™"
~ [Co" . CL,(PPh,),] [Cotropp™al

7

th h,
4 ph ___,’ Co
CoCl, + 2 tropp 50°C & *
45 min

Scheme 2. Syntheses of [CoCl(tropp™)(PPh;)] (6) and [Co(tropp™),] (7).

by product, a brown insoluble material (presumably mixed
cobalt(i1) chloride PPh; complexes) was obtained; we did not
characterise this material any further. In a direct way and with
excellent yield (>90% ), complex 7 is prepared by heating a
mixture of anhydrous CoCl, (or CoBr,) with two equivalents
of tropp® in the presence of zinc powder (Scheme 2, bottom).
Unfortunately, complex 7 forms very thin orange plates which
allowed only a poorly refined structure determination using
X-ray diffraction data.'”l However, the expected tetrahedral
structure was unequivocally confirmed. The sum of the six
bond angles which are enclosed by the phosphorus atoms and
the centroids (Ct) of the coordinated double bonds amounts
to about 657.8° and the intersection angle ¢ between the
planes running through the metal, the phosphorus and the
C=C centroid of each tropp" ligand is 86° (expected values
for a tetrahedron 658.2° and 90°, respectively). The molecular
stucture of 6 was determined with sufficient precision and is
shown in Figure 1. Selected bond lengths and angles are given
in the caption. All distances are within the range commonly
observed for cobalt(I) complexes.!'"] In this complex the sum
of the six bond angles that define the tetrahedral coordination
sphere around the cobalt atom amounts 656.3°, that is, the
structures of 6 and 7 are very similar.
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Figure 1. Molecular structure of 6. Selected bond lengths [A] and angles
[°]; Ct indicates the centroid of the coordinated C4=C5 bond: Col—C5
2.095(4), Col—C4 2.170(5), Co—Ct 2.016, Col—CI1 2.2148(14), Col—P1

2.2699(13), Col-P2 2.3341(13); C5-Col-C4 38.1(2), C5-Col-Cll
103.09(14), C4-Col-Cl1 134.94(14), C5-Col-P1 94.90(13), C4-Col-P1
9323(13), Cl1-Col-P1 11730(5), C5-Col-P2 125.44(14), C4-Col-P2
91.22(14), Cl1-Col-P2 106.42(5), P1-Col-P2 110.15(5).

We were in the fortunate position to have three different
complexes at hand in which:

1) Only the metal centre varies along a column (i.e. the
complexes are electronically strictly isovalent).

2) Each of them represents one of the three possible isomers
of a [MA,B,] complex (i.e. a tetrahedron and the cis and
trans isomer of a square planar complex)

3) All ligand nuclei in the proximity of the paramagnetic
metal centre have a nuclear spin I =% (**C in 1% natural
abundance)

This enabled us to plan a detailed EPR investigation using
various techniques in order to gain insight into the electronic
structure of these d’-[M(tropp™),] complexes. As a first step,
the synthesis of a partially deuterated tropp ligand was
envisioned to enhance the resolution of the EPR spectra
because the hyperfine coupling of deuterium is 6.5 times less
than the corresponding proton coupling. The deuteration also
simplifies the interpretation of the ENDOR and ESEEM
spectra.

The synthesis begins with an H/D exchange reaction of the
benzyl positions in dibenzosuberone 8 by using a pressure of
5bar D, and palladium charcoal as a catalyst in [D;]acetic
acid. After two repetitions, this reaction furnishes a 90 % yield
of a 93% deuterated product 9 (Scheme 3, top).

Lithiation occurs selectively in the activated bis(benzyl)
position and after reaction with Ph,PCl the [Ds]dibenzo[a,d]-
cycloheptyl phosphane 10 was obtained in about 75 % yield.
The final and crucial step in our synthesis was the dehydro-
(deutero)genation of 10. Remarkably, this reaction pro-
ceeds smoothly in THF at 80°C with [Rh(cod),][PF]
(Scheme 3, middle) or [Ir(cod),][O;SCF;] (Scheme 3, bot-
tom), to give either the cationic rhodium(I) complex [Dg]-1
after 16 h or the iridium(I)dideuteride complex 1117 after

Chem. Eur. J. 2002, 8, No. 3
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[Dg]-1; M = Ir, A = O3SCF3: [Dg]-2).

AcOD
D, (6 bar) nBulLi

3 82 fee QU0
YL S Yo
-y DD
DT ID
8 DD 10
9

b PPh,

[Rh(cod),] D Ehz oD L D Ehz Ph, D+
PF~ ' W) A \ M""‘P/ .
N Q\‘ d A ..B'D\ A

2D, D~ Php D" b
M=Rh; AT =PFgs . frans-[Dg}-1 cis-[Dgl]-1
M=Ir ; A~ =CF;S0;™ : trans{Dgl-2 4 Cis-[Dgl- 2

q+
[Ir(cod),)" Q. PPh,
CF,S0,” MeCN D Dl D
Ir—=X] T‘ > }%
D, O D, Ph,
CF,S0;4” CF,S0;~
1 12
Scheme 3. Syntheses of the partially deuterated complexes

[De][M(troppP),]*A~ (M=Rh, A=PF;: [Dg¢-1; M=Ir, A=0,SCF;:
(Dg]-2).

30 min in good to excellent yields. To our knowledge, this is a
rare case for the syntheses of stable diolefin complexes by
using a dehydrogenation sequence involving four intramolec-
ular C—H activations of alkyl groups.l'! From dideuteride
complex 11, the second equivalent D, is liberated easily by
adding acetonitrile to the reaction solution. The resulting
pentacoordinate colourless complex 12 was dried in vacuum,
whereby the tetracoodinate 16-electron complexes [Dg]-1 and
[D¢]-2 formed as mixtures of cis and trans isomers in which the
latter prevails (trans/cis-1: 80/20; trans/cis-2: 88/12).°1 The
complexes [Dg]-1 and [D¢]-2 were reduced with potassium or
lithium metal, respectively, in THF to give almost quantita-
tively the deuterated paramagnetic complexes [Dg]-3 and
[Dg]-4 (c.f. Scheme 1).

EPR spectroscopy: The electronic and geometric structure of
the complexes [M(tropp™),] (M=Co, Rh, Ir ) and
[Dg][M(troppPt),] (M =Rh, Ir) was investigated by continu-
ous wave (CW) and echo-detected EPR in combination with
pulse ENDOR and ESEEM techniques.'¥ The g values as
well as the metal and phosphorus hyperfine couplings of the
three complexes together with the corresponding data of
related compounds reported in the literature are listed in
Table 1.

EPR spectra: Figure 2a shows the X-band CW EPR spectra of
[Co(troppP"),] in THF recorded at room temperature (upper
trace) and in a frozen THF at 120 K (lower trace). The
tumbling of [Co(tropp™),] at room temperature is not fast
enough to fully average the large g anisotropy. The Q-band
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Table 1. Experimental EPR parameters of the [M(tropp™"),] complexes 7 (M = Co), cis/trans 3 (M = Rh), and cis/trans 4 (M = Ir) and of some other Co’, Rh’,

and I’ complexes. Hyperfine couplings A in MHz.

8i 8. 8iso (A CP) AL CP) Al CP)  [AT M) [A (M) Al (M) Ref.
[Co(tropp®™),] 2320 2.080 80+10 70£10 140 70 - this work
[Co{P(OMe),},] 2.149 2,099 312 2401] 216 111 - [2a]
[Co(CO),] 2007  2.128 - - - 174 175 - [2d]
cis-[Rh(tropp™),] 2030 20135 20195 80 65 69.5 20 16 17 this work
trans-[Rh(tropp®),] 2.050  2.030 2.0370 55 40 45 23 19 20 this work
[Rh{P(OiPr)s), ] 2.105, 2.016, 2.011 236, 260, 253 <15 <50 - - [3a]
[Rh(CO),] 2015 2.002 - - - <15 24 - [2¢]
cis-[Ir(tropp®),] 2.030  2.060 <80 <80 - - - this work
trans-[Ir(troppP"),] 1.980  2.150 <80 <80 - - - this work
[Ir(dppf),] 2190 2.060 - - - - - (7]

[a] Note that a different interpretation of EPR data was given by Pilloni et al. who suggested a more planar structure in ref. *°l. [b] The original literature cites

a value of 2400 which we suspect is a typo.

a)
T=208 K

T=120K

300

240 260 280 320 340 360
B, [mT]

b)

1000 1050 1100 1150 1200 1250 1300 1350
B, [mT]

Figure 2. CW EPR spectra of [Co(tropp™),] in THF. a) X-band at 298 K
(upper trace) and 120 K (lower trace). b) Q-band at 120 K.

CW EPR spectrum measured at 120 K is shown in Figure 2b.
Hyperfine couplings are not resolved in these EPR spectra.

Figure 3 shows the room-temperature CW EPR X-band
spectra of [Rh(tropp™),] (upper trace) and [D¢][Rh(troppP"),]
(middle trace) in THF (a) and the Q-band spectra of
[Dg][Rh(troppP"),] (upper trace) in THF (b), together with
the corresponding simulations (lower trace). The rthodium(0)
complexes have a small g anisotropy and are isotropic in
solution.

The resolution of the solution spectra is enhanced by a
deuteration of the olefinic protons as is demonstrated by
comparing the two experimental spectra depicted in Fig-
ure 3a. Figure3a and b also indicate that two isomers
(labelled by A and B) exist with spectra that are completely
separated at Q-band frequencies (centre field position of
species A: B,=1237 mT; species B: By=1247 mT). From the
Q-band spectrum, the isotropic g values of the two isomers are
found to g&, =2.0370 and g8, =2.0195.

To determine the anisotropic interactions, frozen solution
EPR spectra of [Dg][Rh(tropp™),] were measured at four
different microwave frequencies; they are shown in Fig-
ure 3c—f together with the corresponding simulations. Echo-
detected EPR spectra were recorded at 20 K at S-band (c),
Q-band (first derivative displayed) (e) and W-band frequen-
cies (f), and CW EPR spectra were measured at 90 K at
X-band frequencies (d). The small anisotropy of the axial g

604 ——
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A B
b}
Exp.
Sim. / i

1225

1235 1245 1255

1265

B, [mT]
325 330 335 340 345 350
B, [mT]
c) d)
Exp.
Exp.
Sim.
Sim
125 130 135 140 145 330 340 350 360 370
B, [mT] B, [mT]
e) A B f) A B .
g ) .Cis
Exp.
9) .cis
. gy trans
SM\/\/* Exp. +
SA
1220 1240 1260 1280 3300 3340 3380
B, [mT] B, [mT]

Figure 3. Experimental (Exp.) and simulated (Sim.) EPR spectra of
[Rh(troppPt),]. a) X-band CW EPR spectra of [Rh(troppP"),] in [Dg]THF
(upper trace) and [Dg][Rh(tropp™),] in THF (middle trace) at 298 K. b) Q-
band CW EPR spectra of [Dg][Rh(tropp™),] in THF at 298 K. c-f) EPR
spectra of [Dg][Rh(troppP"),] in THF by using S-band echo-detected EPR
at 20K (c), X-band CW EPR at 90 K (d), Q-band echo-detected EPR at
20 K (first derivative) (e) and W-band echo-detected EPR at 20 K (f).

matrix is only resolved at W-band frequency at which the g
position of both complexes and the g, position of complex B
could be distinguished. The magnetic parameters of the two
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isomers obtained from simulations of the frozen solution
spectra are given in Table 1.

Figure 4a shows the X-band CW EPR spectrum of [Dg]-
[Ir(tropp®"),] in THF recorded at 298 K (upper trace) and the
echo-detected EPR spectrum measured at 7=20 K (middle
trace) together with the numerical simulation (lower trace).

a)

11 121 12 1300
50 00 8,[mT] 50

Figure 4. Experimental (Exp.) and simulated (Sim.) EPR spectra of
[Ir(tropp®™),] in THF. a) X-band CW EPR at 298 K (upper trace) and
echo-detected EPR at 20 K (middle trace). b) Q-band echo-detected EPR
at 20 K.

Again, two isomers, A and B, can be identified, which are
clearly distinguishable in the echo-detected EPR Q-band
spectrum (7=20 K) shown in Figure 4b. The spectra of both
isomers are comparable in intensity and have axially sym-
metric g matrices with g, >g|,

in contrast to Co’ and Rh° a)
where g/ >g,.

. . 360K
Isomer assignment and dynamic
e.qu.zlzbrlum: The dynam.lc equi- 330 K
librium of the two isomers
found in the rhodium and iri- 300K
dium complex was studied by
measuring the temperature de- 270K

pendence of the solution EPR
spectra of the two compounds.
Figure 5 shows the CW EPR
spectra of the rhodium com-
plexes [Dg]-3 (a) and the iridi-
um complexes [D¢]-4 (b) as a
function of temperature. The
corresponding simulated spec-

i

i

260 K
230K 240K

determination of the intensity ratios of the spectra of A and B,
powder spectra simulated with adapted effective g values
where used.

A comparison of the value g =2.02 obtained from the EPR
spectrum of the polycrystalline rthodium(0) complex cis-30'2
with the isotropic g values of A and B obtained from the
solution spectra indicates that the signals of species B
correspond to the cis isomer, and, consequently, that of
species A to the trans isomer. From the principal values g, and
g, of the two isomers of the iridium(0) complex 4 (Table 1),
the isotropic g values were calculated to be g&, =2.093 and
gh, =2.050. The value g, =2.09 obtained from g, and g, of
the spectrum of a polycrystalline sample of complex trans-41
again allowed the unambiguous assignment of species B to the
cis isomer and of species A to the trans isomer. For
[Co(tropp®™),] 7, only one species was observed in agreement
with the assumed tetrahedral symmetry.

Metal and phosphorus hyperfine couplings: The hyperfine
couplings of the metal ions were derived from simulations of
the EPR spectra and/or from direct measurements using pulse
ENDOR. The Davies—-ENDOR spectra of [Co(tropp™),]
measured at different observer positions and the correspond-
ing simulations are shown in Figure 6. The cobalt hyperfine
matrix and g matrix were found to be approximately coaxial.
The cobalt quadrupole interaction was not resolved.

For the trans isomer A the isotropic rhodium hyperfine
coupling A;,, =21 MHz could be derived from the CW EPR
spectrum in solution. The anisotropic rhodium hyperfine
couplings of the cis isomer B were determined by using two-
dimensional Mims—-ENDOR spectroscopy (Figure 7),2% 14l
which correlates the hyperfine frequencies, vy, with the
ENDOR frequencies, vgnpor- The ridges are separated by
twice the Zeeman frequency v;(Rh) of rhodium and can thus
unambiguously be assigned to this nucleus. The anisotropy of
the hyperfine coupling was examined by orientation-selective

b

325K
320K
315K
310K
300 K
292 K

d) A

c)
tra of species A and B are 220
shown in Figure 5¢ and d, re-
spectively. In the iridium spec-
tra the g anisotropy is not fully

averaged out, so that for the
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A /A v
B N\ / N B
325 330 335 340

Figure 5. X-band CW EPR gf)ggtt]on spectra of [Dg][Rh(tropp®),] and [Db][Ir(trg%)[;’
temperature. a) Spectra of [D¢][Rh(tropp®),] between 230 K and 360 K. b) Spectra of [D][Ir(tropp™),] between
240 K and 325 K. c) Simulated spectra of the frans-(A) and cis-(B) isomers of [Dg][Rh(tropp®),]. d) Simulated
spectra of the trans-(A) and cis-(B) isomers of [Dg][Ir(tropp™),].
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Figure 6. X-band Davies—- ENDOR spectra of [Co(troppP),] in THF at
different observer positions and T=20K (fields are indicated in the
figure). a) Experimental spectra. b) Simulations.
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Figure 7. Two-dimensional Mims-ENDOR spectrum of [Rh(tropp®),].
The dashed lines are separated by 2v;(Rh) and cross the v,; and vgxpog axes
at v;(Rh). Inset: EPR spectrum, the arrow indicates the observer position
used for the ENDOR experiment.

Davies— ENDOR measurements (not shown). The iridium
hyperfine coupling, which based on the small gyromagnetic
factor of the iridium nucleus is expected to be around 4 MHz,
could not be observed experimentally.

The phosphorus hyperfine data could most accurately be
determined for the rhodium complexes. For both isomers, the
isotropic hyperfine couplings could be obtained from the
solution spectra and the anisotropic coupling from simula-
tions of the frozen solution spectra. For the cobalt complex
the hyperfine structure in the X-band spectrum, which is due
to hyperfine couplings of the two phosphorus nuclei and the
hyperfine interaction of the cobalt, could not be fitted exactly
by simulation. However, estimates for the phosphorus and the
cobalt couplings derived from the ENDOR spectra matched
very well to the width of the g, and g, positions in the
spectrum. For the two iridium complexes only upper limits of
the phosphorus hyperfine couplings could be obtained.

Hyperfine interactions of surrounding protons, deuterons and
carbon atoms: The hyperfine interactions of the surrounding
protons and carbon nuclei of [Rh(tropp™),] and
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[Dg][Rh(tropp™),] were obtained from HYSCORE spec-
tral?® 4l measured at X-band at T=20 K. The couplings of
the olefinic protons could be determined by recording
HYSCORE spectra of both the fully protonated complex 3
and the partially deuterated complex [D¢]-3. The spectrum of
complex 3 is shown in Figure 8a. The proton spectrum shows
two types of ridges, labelled 1 and 2.

c) - -

10 15 20
v, [MHz]

Figure 8. X-band HYSCORE spectra of the rhodium complex recorded at
20K in THF. a) Spectrum of [Rh(tropp™),]. b) Deuterium spectrum of
[Dg][Rh(troppP"),]. ¢) Proton spectrum of [Dg¢][Rh(tropp®),]. The double-
sided arrows indicate the maximum hyperfine couplings. The anti-diagonals
cross the diagonal at (v, vf!), (v, »/€) and (v/°, v/°).

The maximum proton hyperfine coupling of 12 MHz, which
is assigned to the olefinic protons, matches very well with the
deuteron coupling of 2.1 MHz shown in Figure 8b. In the
proton HYSCORE spectrum of [Dg][Rh(tropp™),] (Fig-
ure 8c) the ridges 1 with the large hyperfine coupling are
missing; this indicates that these signals have to be assigned to
the olefinic protons.

The dipolar coupling constant 7=4.3 MHz of the olefinic
protons was obtained from a proton combination-peak
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experiment.'*l The distance r between the rhodium centre and
the protons can be determined under the assumption that the
point-dipole interaction described by Equation (1)?* is valid.

_ Mo 88uB:s
4 r*h

M

We found a value of 265 pm, which is in excellent agree-
ment with distances determined by X-ray analysis.['> 3]
Finally, hyperfine couplings of '*C nuclei (in natural abun-
dance!) up to 5 MHz could be observed in the HYSCORE
spectrum (Figure 8a).

Discussion

In this section a brief discussion of the experimental EPR data
is given. A detailed analysis of the magnetic parameters and of
the spin density distributions, complemented by results
obtained from density functional theory, is in preparation.

Dynamic equilibrium of cis and trans [D][M(tropp®"),] (M =
Rh, Ir): For each temperature, the intensity ratio of the
spectra of the two isomers was determined by fitting the
simulated to the experimental spectra. From a van’t-Hoff plot
(InK vs 1/T) the thermodynamic data (AH®°, AS°) were
obtained. Most likely, the trans = cis isomerisation proceeds
in an intramolecular way via a low-lying tetrahedral transition
state.

The thermodynamic data show that the cis isomer of the
neutral d°-[M(troppP*),] complexes (M =Rh, Ir) is slightly
preferred (trans-3=cis-3: AH°=—4.740.3 kJmol™'; trans-
4—=cis-4: AH°=—5.1£0.5kImol™"). This is in contrast to
the cationic d®-[M(tropp™),]* complexes in which the trans
isomer is dominant (vide supra), but for which thermal
isomerisation, a formally spin-forbidden process,??! does not
occur in non or weakly coordinating solvents. However, the
entropy is also negative for the ftrans— cis isomerisation
process displayed in Scheme 4 (3: AS°=—5+1.5Jmol™}; 4:
AS°=—17 £3.7 Jmol™") leading to trans/cis mixtures of 22/78

D th thD

s el

AP =

M=Rh trans [Dgl-3
M=1r  trans{Dg]-4

c:s—[DG]- 3
cis-[Dgl- 4

Scheme 4. trans = cis isomersation of paramagnetic d*-[M(tropp"),] com-
plexes (M =Rh, Ir).

and 50/50 for 3 and 4, respectively, at room temperature.
Negative entropies are expected for the isomerisation process,
because the cis isomer is sterically more congested leading to
a restriction of conformational freedom as was evidenced by
NMR experiments for other cationic [Rh(tropp),]* complexes
with a cis configuration.' Note that the anionic d'-
[M(tropp™),]~ complexes are surprisingly nonfluxional on
the NMR timescale and always show a distorted cis structure
(¢p=~52°).012831  Clearly in the series, trans/cis-d®-

Chem. Eur. J. 2002, 8, No. 3

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

[M(troppP"),]* (rigid) + e~ — cis/trans-d°-[M(tropp™),] (flux-
ional) + e~ — cis-d'-[M(tropp™),]~ (rigid) (M =Rh, Ir), a
preference for placing electronically alike ligands in the cis
positions with increasing d-valence electron configuration on
the metal centre comes to the fore (stereoelectronic cis
influence). The origin for this behaviour may be an increasing
metal-to-ligand back-donation.

Interestingly, the dynamic behaviour of [M(tropp),] is
distinct from the one found for the rhodium(0) complex
[Rh(dppe),]?! (dppe = diphenylphosphinoethane). In this
compound either a pairwise lengthening and shortening of
the Rh—P bonds or an angular distortion to a pseudo-trigonal
bipyramidal structure of C, symmetry was proposed to
account for the observation that the symmetric five-line
pattern in the EPR spectrum at higher temperatures changes
to a spectrum showing couplings to pairwise inequivalent
phosphorus nuclei upon cooling. Also, the intensity of the
EPR signals decreased with decreasing temperature which
points to the formation of a diamagnetic species, that is,
either a dimer, [Rh,(dppe),], or an intimate ion pair,

[Rh(dppe),]*[Rh(dppe),]~-

g anisotropy and spin densities: The g matrices of
[M(troppP®),] (M= Co, Rh) are axially symmetric with g, >
g., indicating that the geometry of the complex is either
distorted square planar, in which the unpaired electron
essentially occupies the d,._,. orbital, or corresponds to a
compressed tetrahedron with the unpaired electron in the d,,
orbital. Knowing the solid-state structures in combination
with the observation that cis and trans isomers were observed
for [Rh(tropp™),], we are quite certain that the first case
applies to the rhodium(0) complex. Life is not so easy with
[Co(tropp®™),] (7). While the solid-state structure clearly
points to the interpretation that 7 has a tetrahedral structure,
we cannot exclude that in solution a more planar structure
prevails. In that case, the cis and trans isomers equilibrate very
rapidly or—more likely—only one of them is formed and is
rigid on the EPR timescale. In either case, the expressions for
the g principal values to first order in A/E are given by
Equations (2) and (3):

81|

=g +— 2

81=8+ ()
22|

81 =8+ Iz 3)

where 4 is the spin-orbit coupling constant, and E and E’ are
the energy separation between the d,._. and the d,, orbital,
and between the d._,. and the d,,,, orbitals, respectively.
Note, that Equations (2) and (3) are only useful providing //E
is small. The g anisotropy of the cobalt complex is found to be
much larger than the one of the two rhodium complexes. With
the spin-orbit coupling constants Az, =—968 cm~! and A, =
—517 cm™! for the free ions of Rh’ and Co, this indicates that
E and E’ are much larger for rhodium than for cobalt. One
may use the very large g anisotropy as an argument to propose
a more planar structure for 7 in solution. Because E should be
significantly larger than E’ in a compressed tetrahedron, the
|A|/E term does not add much to g despite its factor 8, while
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the contribution to g, remains significant. As a net effect, a
medium g anisotropy may result; this is indeed observed for
[Co{P(OMe),},] (see Table 1), which is likely to have the
structure of a tetrahedron.??! On the other hand, E and E’ are
less different for a more square-planar structure and hence g
should be significantly larger than g, . Interestingly, the ratio
of the deviations of g (2.320) and g, (2.080) from the g value
of the free electron, g, (2.00/23), equals almost precisely 4,
indicating that £ and E’ are about equal and giving evidence
for a more planar structure of 7. A second argument for this
assumption is the observation of rather similar phosphorus
hyperfine couplings (~ 80 MHz) for all tropp complexes,
which also implies similar structures. We assume that mixing
of the orbitals 3d,._,» and 4p, in the cobalt case, and 4d,._,» and
5p. in the rhodium case, resulting in hybridised orbitals which
are better directed towards the phosphorus atoms in a
distorted square plane, accounts for the medium sized
couplings.B” For a perfectly planar structure larger hyperfine
couplings are expected.

In contrast to the cobalt and rhodium complex, in both cis-
and trans-[Ir(tropp™),] g, is larger than g. In this case, one
would conclude that the unpaired electron predominantly
occupies the d,. orbital according to ligand field theory. The
corresponding expressions for the principal g values are given
by Equations (4) and (5):

81=28e 4)
6/

gL:gch? 5)

where E is the energy separation between d,. and d,, ..

The same observation has been made for [Co(CO),].d 31
In this complex a larger hyperfine interaction to one '3C
nucleus and weak interactions to the other three *C was
observed which indicates C;, symmetry. However, this
symmetry can be excluded for the [Ir(troppP"),] complex
and for the moment we cannot explain the data with simple
ligand field arguments in which the mixing of the d orbitals is
neglected.

The spin densities can roughly be estimated by comparing
the measured hyperfine couplings with those computed for
the free ions.”’! The spin densities on the s orbitals of the
ligand nuclei were calculated from the isotropic hyperfine
couplings obtained from the solution spectra or from the
anisotropic couplings using the expression A;, = (A +2A,)/
3. We found that for the Co® and Rh°® complexes about 1% of
the spin density resides on the s orbitals of the two phosphorus
centres (0.5 % each). For the Rh complex about 0.5 % resides
on the s orbitals of the four olefinic carbon centres, and about
2% on the four olefinic protons. The spin density on the p
orbitals of the two phosphorus centres is estimated from the
dipolar part of the hyperfine couplings to be about 4 %.

From the hyperfine data, a spin density of only about 2 -
5% is found for Co® and Rh’. On the other hand the absence
of a large spin density on the ligands and the good agreement
of the distance between the olefinic protons and the rhodium
centre determined from the dipolar coupling parameter
indicates that the unpaired electron is primarily located at
the metal centre. A possible explanation for the small spin
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density on Co” and Rh’ is that direct spin density in the higher
lying orbitals and spin polarization of the lower lying core
orbitals counterbalance, resulting in the observed small
hyperfine couplings for the metals.?®! This is in agreement
with the above-mentioned hybridised orbitals, since the
contributions of the d. ,. and p, orbitals to the metal
hyperfine interactions are opposite in sign and can cancel
each other to a great extent.

Conclusion

In summary, the double dehydrogenation of two alkyl groups
was the key step in the synthesis of paramagnetic d°-
[Dg][M(tropp™),] complexes (M =Co, Rh, Ir) containing
two deuterated olefinic units. These allowed a detailed
investigation by state-of-the-art high-resolution EPR
spectroscopy, which gave valuable insight to the structural,
electronic and dynamic properties of these new species when
compared to their diamagnetic d® and d'° valence electron
counterparts. However, and at least equally important, these
rather accurate data give also rise to puzzling questions which
cannot be answered on the basis of relatively simple theories
but reveal their limitations. There is a strong demand for more
sophisticated treatments. Experiments and calculations in this
direction are under way.

Experimental Section

EPR spectroscopy: CW and echo-detected EPR spectra were measured in
liquid or frozen THF at S-, X-, Q- and W-band frequencies. The S-band
spectra were recorded on a home-built instrument [microwave (mw)
frequency 2-4 GHz],”® the X-band spectra on a Bruker ESP300 spec-
trometer (mw frequency 9.48 GHz), the Q-band spectra on a home-built
instrument (mw frequency 35.3 GHz)? and the W-band spectra on a
Bruker E680 spectrometer (mw frequency 94.34 GHz). For the X-band
spectra the spectrometer was equipped with a liquid nitrogen cyrostat and
for the S-, Q- and W-band spectra with a helium cryostat from Oxford Inc.
The magnetic fields were measured with a Bruker 035M NMR gaussmeter
and 2,2-diphenyl-1-picrylhydrazyl (g value 2.0036) was used as a calibration
standard at X-band.

CW EPR spectra at X- and Q-band were measured with a mw power of
20 mW, a modulation frequency of 100 kHz and a modulation amplitude of
0.1 mT and 0.4 mT for the X- and Q-band spectra, respectively. Echo-
detected EPR spectra were recorded at S-, Q- and W-band frequencies by
using the sequence m/2-7-n-t-echo. To eliminate line-shape distortions due
to unwanted field-dependent echo-modulations spectra were recorded with
different 7 values and added. The following mw pulse lengths, 7 values and
time increments At were used. S-band: t,,=20ns, t,=40ns, =380 to
580 ns in steps of At=40ns; Q-band: t,,=40ns, t,=80ns, 7=100 to
400 ns in steps of AT=100 ns; W-band: t,,=100 ns, t,=200, =100 to
300 ns in steps of A7 =100 ns.

The HYSCORE and pulse ENDOR spectra were measured at X-band
frequency on a Bruker ESP380 spectrometer (mw frequency 9.73 MHz)
equipped with a helium cryostat from Oxford Inc. Measurements were
done in frozen THF at a temperature of 20 K and a repetition time of 2 ms.
The following pulse schemes have been applied.!'*]

HYSCORE: HYSCORE experiments were carried out by using the pulse
sequence t/2-t-1t/2-t,-1-t,-1t/2-1-echo with mw pulse lengths of ¢, =1, =
16 ns, a starting time of 96 ns for ¢, and ¢, and time increments of At =16 ns
(data matrix 512 x 512); an eight-step phase cycle was used. Blind spots
were avoided by adding the spectra measured with 7 values of 120, 160, 240
and 300 ns.
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One-dimensional combination-peak experiment: In the one-dimensional
combination-peak experiment the echo intensity was measured as a
function of time #;, =t¢, incremented from 98 to 4194 ns in steps of 8 ns. To
avoid blind spots 64 spectra recorded with 7 values between 96 and 704 ns
in step of 8 ns were recorded. Fourier transformation of these traces gives
the hyperfine axis vy;.

Davies— ENDOR: Experiments were carried out by using the pulse
sequence nt-7-m/2-t-m-t-echo, with mw pulse lengths of 7, =160 ns and
t., =80 ns, 7=240 ns and a selective radio frequency (rf) pulse of length
9 us and variable frequency applied during the time interval 7.

Two-dimensional Mims— ENDOR: Experiments were carried out by using
the pulse sequence n/2-7-7t/2-T-mt/2-t-echo, with mw pulse lengths of ¢, =
16 ns, a selective rf pulse of length 9 us and variable frequency applied
during the time interval 7. Time 7 was varied from 96 ns to 2976 ns in steps
of 16 ns. Fourier transformation along this dimension gives the hyperfine
axis vy

Data manipulation: Data processing was done with MATLAB (The
MathWorks, Inc.). The time traces of the two-dimensional Mims—EN-
DOR, HYSCORE and combination peak experiment were baseline
corrected by using a third-order polynomial, apodized with a Hamming
window, zero-filled and then after Fourier transformation the absolute-
value spectra were calculated. To remove blind spots and deadtime-
dependent distortions in both the HYSCORE and the combination peak
data, spectra measured at different 7 values were added. Simulations of the
CW and echo-detected EPR and the ENDOR data were accomplished with
the EasySpin package.l*”!

Syntheses—general techniques: All syntheses were performed in carefully
dried glassware under an argon atmosphere, which was passed through the
Oxisorb® gas purification system (Messer— Griesheim) to remove the last
traces of oxygen and moisture. All solvents were dried and purified by using
standard procedures and were freshly distilled under argon from sodium/
benzophenone (THF), from sodium/diglyme/benzphenone (hexane) or
calcium hydride (acetonitrile) prior to use. Air-sensitive compounds were
stored and weighed in a glove box (Braun MB 150 B-G system), and
reactions on small scale were performed directly in the glove box.

NMR spectra were either taken on an AMX-500, Avance DRX-400,
Avance DPX-300 or Avance DPX-250 systems. The chemical shifts are
given as dimensionless 0 values and were referenced against tetramethyl-
silane (TMS) for 'H and ®C, 85% H;PO, for 3'P, and CFCl; for ’F NMR
spectra. Coupling constants J are given in Hz as positive values regardless
of their real individual signs. The multiplicity of the signals is indicated as s,
d, t, g, sept or m for singlets, doublets, triplets, quartets, septets or
multiplets, respectively. Quaternary carbons are indicated as Cguun,
aromatic as C,,, alkylic as C,;, when not noted otherwise. IR spectra were
measured with the ATR-technique on a Perkin-Elmer 2000 FT-IR
spectrometer in the range from 4000 cm™' to 550 cm™! by using a KBr
beamsplitter. The UV/Vis spectra were measured with the UV/Vis/NIR
Lambdal9 spectrometer in 0.5 cm quartz cuvettes. Mass spectra were
taken on a Finnigan MAT SSQ 7000 in the EI (70 eV) mode.

Synthesis of [CoCl(tropp*)(PPh;)] (6): The bright green complex
[CoCl(PPh;);] 583 (0.8 g, 1 mmol) was suspended in THF in a 100 mL
flask and then tropp™ (0.4 g, 1 mmol) was added. The reaction mixture
slowly turned brown-red. After stirring at room temperature for 8 h, the
solvent was evaporated and the brown residue was washed several times
with n-hexane and then dissolved in a minimum amount of acetonitrile at
40°C. Upon cooling, deep brown-red crystals precipated which were dried
in vaccum (0.6 g, 83 %). Elemental analysis caled (%) for C,;sH3CICoP,
(733.11): C 73.73, H 4.95; found: C 73.81, H 4.97; m.p. (decomp) >195°C.

Synthesis of [Co(tropp™),] (7): In a 100 mL flask equipped with reflux
condenser and magentic stirring bar, anhydrous cobalt(i1) chloride (0.2 g,
1.5 mmol) and tropp®" (1.2 g, 3.2 mmol) were dissolved in THF (30 mL) and
subsequently zinc powder (0.5 g, 8 mmol) was added. The reaction mixture
was heated under reflux of the solvent for about 45 min. The initially blue
colour of the solution turned first olive green, then a red-brown precipitate
formed. The reaction mixture was filtred hot and the insoluble material was
extracted several times with hot THF. Upon cooling, complex 7 (1.03 g,
85%) crystallised in form of strongly reflecting red-brown crystals.
Elemental analysis caled (%) for Cs,H,,CoP, (811.82): C 79.89, H 5.21;
found: C 7991, H 524; m.p. 207-210°C; UV/Vis (THF): A, =285,
350 nm.
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5,5-Dideutero-10,11-tetradeutero-dibenzo[a,d]cycloheptane (9): Palladi-
um on charcoal (250 mg, 5% ) was added to a solution dibenzo[a,d]cyclo-
heptane (5.82 g, 30 mmol) in [D, ]actetic acid (50 mL) in a 250 mL pressure
glass flask equipped with a teflon cock. The flask was slowly cooled in liquid
nitrogen to —196°C, evacuated (10-° Torr) and then flooded with D, to
atmospheric pressure. After about 5 min, the temperature was equilibrated
at —196°C and the flask was closed, placed behind a protection wall and
slowly warmed to 80 °C, whereby a pressure of about 4.6 atm was build up.
After vigorous stirring over night, the pressure was expanded to 1 atm, the
reaction mixture was filtered and the solvent distilled off. This procedure
was repeated two times and the crude reaction product was finally sublimed
at 40°C in a stationary vacuum to give of 9 (5.46 g, 90 %; deuterium content
93%). M.p. 57°C; 'H NMR (CDCL): 6 =752-728 (m, 8H; CH,,), 437
(brs, 0.14H; ArCH ;4,(D),Ar), 3.39 (brs, 0.28 H; CH 34, (D),CH 74,(D),);
BC NMR (CDCL): 6=139.3 (2C, Cyuun), 139.1 2C, Cyuan), 129.5 (2C,
CH,), 1289 (2C, CH,,), 126.6 (2C, CH,,), 126.0 (2C, CH,,), 40.6 (m, 1C,
CD,), 31.9 (m, 2C, CD,). MS: m/z (%): 200 (100) [M]*, 182 (62), 119 (36);
IR: 7 =3060 (w), 3007 (w), 2933 (w), 2204 (w, C—D), 2090 (w, C-D), 1571
(w), 1487 (m), 1440 (w), 1450 (w), 1292 (w), 1115 (w), 1049 (w), 1028 (w),
950 (m), 876 (w), 817 (m), 732 (vs), 682 (w), 611 (m), 582 cm™! (w).

5-Diphenylphosphanyl-5-deutero-10,11-tetradeutero-dibenzo[a,d]cyclo-
heptane (10): nBuLi (6.5 mL of a 1.6 M solution in hexanes 10.4 mmol) was
added to a solution of 9 (2.00 g, 10 mmol) in dry THF (100 mL) at —20°C.
After one hour stirring at 0°C, the deep red solution was cooled to —78°C
and titrated with a solution Ph,PCl (2.3 g, 10.5 mmol) in THF (10 mL) until
the red colour disappeared. Precipitates were filtered off, the solvent
evaporated in vacuum and the crude product recrystallised from acetoni-
trile to give 10 as colourless needles (2.83 g, 74 % ). M.p. 128°C; '"H NMR
(CDCl;): 6=743-735 (m, 4H; CH,,), 7.31-721 (m, 6H; CH,,), 713 (ddd,
3un=77Hz, Yyy=15Hz, Yyy=05Hz, 2H; CH,), 705 (tt, *Jyu=
73 Hz, *Jyy=15Hz, 2H; CH,,), 6.82 (tdd, *Jyy =77 Hz, */yy=1.5 Hz,
Yun=0.6 Hz, 2H; CH,,), 6.67 (dt, *Jyy =7.5 Hz, “Jyy = 1.4 Hz, 2H; CH,,),
4.15 (brs, 0.07H; CH(D);4,)P), 2.94 (brs, 0.28H; CH(D),;5,); “C NMR
(CDCLy): 6=140.2 (2C, Cyuan), 1379 (2C, Jpc =10.5 Hz, Cyyor), 136.8 (2C,
Jpc=20.6 Hz, Cyy), 1342 (4C, Jpc=20.1Hz, CH,,), 1314 (2C, Joc=
3.0 Hz, CH,,), 130.6 (2C, CH,,), 128.9 (2C, CH,,), 128.1 (4C, Jpc =70 Hz,
CH,,), 126.7 2C, Jpc =15 Hz, CH,,), 125.4 (2C, CH,,), 32.9 (m, 2C, CD,),
the benzylic carbon (CHP) was not detected; P NMR (CDCL):
0=13 (t, Jpp=6.7Hz); MS: m/z (%): 382 (85) [M]", 197 (100)
[[Ds]dibenzotropane]*, 183 (84), 168 (44), 118 (80); IR: #=3015 (w),
1585 (w), 1484 (m), 1435 (m), 1093 (w), 1027 (w), 999 (w), 742 (vs), 694 (vs),
637 (w), 616 (w), 585 cm™! (w).

Synthesis of cisltrans-[Dg][Rh(tropp®"),|PF; (cisltrans-[Dg]-1):
[Rh(cod),]PF (115 mg, 0.30 mmol) and 10 (230 mg, 0.62 mmol) were
heated to 60°C in THF (20 mL) for about 16 h. During this time, a
microcrystalline red precipitate formed which was filtered, washed several
times with n-hexanes, and finally dried under vacuum to give 210 mg (70 %)
of a red powder. The cis/trans ratio in dichloromethane solution was
determined as 80% trans and 20% cis. M.p. 208-212°C (decomp); 3'P
NMR (CD,Cl,): 6=285.6 (d, Yrwp =178 Hz, cis), 84.2 (d, gy =132 Hz,
trans), —143.0 (sept, Jpp=712 Hz, PF,"). Further NMR on the fully
protonated complex [Rh(tropp™"),]PF, data are given in ref. [12]; UV/Vis
(THF): A =307 nm; IR: #=2955 (w), 1597 (w), 1484 (w), 1436 (w), 1312
(w), 1186 (w), 1161 (w), 1100 (w), 999 (w), 974 (w), 829 (vs, PFy"), 767 (m),
750 (m), 715 (m), 695 (m), 640 (w), 619 (W), 556 cm™! (s).

Synthesis  of  cis/trans-[Dg][Ir(tropp™),][O;SCF;]  cisltrans-[Dg]-2):
[Ir(cod),][O5SCF;] (110 mg, 0.2 mmol) and 10 (155 mg, 0.4 mmol) were
dissolved in THF (10mL) and subsequently heated 30 min to 80°C,
whereby the initially intense red solution turned pale pink, which indicates
the formation of [Dg][IrD,(tropp™),][O5SCF;] (11).'! This complex was
transformed into the colourless complex [Dg][Ir(NCMe)(tropp™),]-
[O;SCF;] (12) by adding acetonitrile (10 mL). All volatiles were evapo-
rated and the remaining solid was dried for 4 h at 100°C under vacuum
(1073 Torr) and then dissolved in CH,Cl,, which turned burgundy red. The
product was precipitated with n-hexane to give an olive-green powder in
93 % vyield (trans/cis ratio=_88:12). M.p.(decomp.) 275-277°C; 'H NMR
(CD,CL): 6="1782 (dd, 3Jyy =76 Hz, “Jyy,=12Hz, 2H; CH,, ), 755 (t,
3y =76 Hz, 2H; CH,y jrans), 742 (t, Jun =79 Hz, 4H; CH 1 y00), 735725
(m, CH,), 721 (td, 3Jyy =77 Hz, *Jyy=2.2Hz, 2H; CH,a), 714 (td,
3uu =177 Hz, “Jyy =12 Hz, 2H; CH,, ), 7.10-7.02 (m, CH,,), 7.00 (dd,
3yu=177Hz, “Jyy=1.0Hz, 2H; CH, 4,), 6.84 (brd, *Jyy =77 Hz, 2H;
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CH,yt jrans), 6.80 (td, 3Jyy=8.2 Hz, *Jyy =2.0 Hz, 4H; CH,, ), 6.55 (brt,
Jan=9.3 Hz, 4H; CH,, ), 6.05 (d, *Jp =2.2 Hz, 2H; C=CH 7+,,(D)), 5.97
(t, pu=3.6Hz, 2H; C=CH;4y (D)), 534 (t, Ypy=32Hz, 2H;
CH34,(D)P,,,). The signals of the not-exchanged olefinic and benzylic
CHP protons of the cis isomer were not detected because of their low
intensity (i.e. 7% of 12%); C NMR (CD,Cl,): 6 (trans) =137.5 (t, Jpc =
4.8 Hz, 4C, Cyyan), 1344 (t, Jpc=5.5Hz, 8C, CH,,), 134.0 (m, 4C, Cyyun),
132.7 (4C, CH,,), 133.2 (4 C, Cyuan), 131.6 (4C, CH,,), 129.8 (t, Jpc =4.9 Hz,
8C, CH,,), 129.6 (4C, CH,,), 129.4 (4C, CH,,), 129.3 (4C, CH,,), 70.5 (brm,
4C,=CD), 50.8 (brm, 2C, DCP); 3'P NMR (CD,Cl,): 6 =72.8 (trans), 68.8
(cis); UV/Vis (CH,ClL): Apa, =494, 363 nm; IR: 7=3048 (w), 2878 (w),
1484 (w), 1438 (m), 1313 (w), 1257 (vs, SO57), 1222 (m), 1152 (m), 1098 (m),
1055 (m), 1028 (w), 1000 (s), 794 (w), 766 (w), 744 (m), 712 (m), 692 (s),
635 cm™! (s).

General synthesis of the paramagnetic complexes [M(tropp®),] by a
symproportion reaction from [M(tropp™),]*A- and [M'(THF),]*-
[M(tropp*™),]- (M=Rh: 3 and [D¢-3; M=Ir: 4 and [Dg]-4;
[M!(THF),]* = [K(THF)¢]* or [Li(THF),]*): The following procedure
proved to be the most simple for the preparation of pure quantities of the
paramagnetic complexes 3, [Dg]-3, 4 and [Dg]-4 (see also refs. [12, 13]). A
precisely measured amount of the cationic 16-electron complexes
[M(tropp®),]*FA~ (M=Rh, A=PF,~: 1 or [D¢]-1; M=1Ir, A-=CF;SO;":
2 or [D¢]-2) was suspended in THF and a small shiny piece of an alkali metal
was added. After some time (~30 min) the reaction mixture turned from
red to brown to green to red-brown and finally to deep red. In course of the
reaction the starting material was completely dissolved and a clear solution
was obtained which contained the d'’-metalates [M(tropp™),]~ (with
quantities of about 100 mg of 1 or 2, the reactions are usually complete
within 4 h). Subsequently, precisely one equivalent of the -cationic
[M(troppPh),]*A~ complexes was added to the reaction mixture which
immediately turned deep green. When sodium or potassium were used as
reducing agents, the reaction mixture was filtered to remove the alkali salts,
[M!']*[A]~. This procedure is of advantage when A~ =PF,~ and was used
here for the synthesis of [Dg]-3. When lithium was used, the corresponding
salts were left in solution, especially when A~ = CF;SO;~ and this method
was applied here for the synthesis of [D4]-4. The addition of n-hexanes
(about one third of the volume which was used for the reaction) led to the
precipitation of deep green (almost black) crystals, which were collected
after 16 h, washed with n-hexanes and dried in vacuum. Yields of 60—80 %
were obtained for [Dy]-3 (UV/Vis (THF): 1,,,, =491, 478, 450, 419 nm) and
yields of 70-90% for [Dg]-4 (UV/Vis (THF): A, =592 nm). Further
physical data are given in Table 1 and refs. [12, 13].
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Facile Preparation of [4.4]Metacyclophane- and [5.5]Paracyclophane-Type
Macrocycles from Arylboronic Acids and Salicylideneaminoaryl Alcohols

Mario Sanchez,'*! Herbert Hopfl,*?! Maria-Eugenia Ochoa,™ Norberto Farfan,!

Rosa Santillan,®! and Susana Rojas-Limal!

Abstract: Four different salicylideneaminoaryl alcohols have been treated with
arylboronic acids in order to prepare air-stable cyclophane-type macrocyclic systems.

In two cases, this objective could be realized with the high-yield formation of
[4.4]metacyclophane and [5.5]paracyclophane derivatives. The skeleton in these
macrocycles is held together by two chiral boron atoms. In the other two cases,
monomeric boronates or polymeric material were obtained. The title structures were

Keywords: boron - cyclophane
derivatives - macrocycle design -
macrocycles - salicylideneamino

alcohols - structure elucidation

characterized by spectroscopic techniques and X-ray crystallography. They show
transannular C—H --- O hydrogen bonding, but no intramolecular © - interactions.
A synthetic strategy for the preparation of further boron macrocycles is presented.

Introduction

The preparation of macrocyclic and supramolecular struc-
tures with reagents from organometallic and coordination
chemistry is becoming more and more important.''l One of the
reasons for this development is the circumstance that many of
these structures can be prepared by facile one-step syntheses
in relatively high yields.

During the last few years, we and others have been
interested in the facile preparation of macrocyclic structures,
whose skeleton is formed by two or more boron atoms.?*! Our
strategy thereby has been the formation of complexes, in
which the boron atoms are tetracoordinated in order to
increase the hydrolytic stability of the products. This goal can
be achieved by the carefully designed reaction of arylboronic
acids with tridentate amino dialcohols. In order to induce the
formation of a macrocyclic structure, the ligands must be
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constructed in such a way that the boron atom is chelated by
only two of the three functional groups of the same ligand
(Scheme 1).

R\/\

N OH
n (
OH

+ 1 ArB(OH),

-2nH20J

n-1

n=2,3,etc.

Scheme 1. Synthetic strategy for the preparation of macrocycles with
tetracoordinated boron atoms.

Since cyclophanes form an important class of organic
macrocycles whose synthesis can be quite complex, the
preparation of structurally related molecules by means of
coordination or organometallic chemistry might be an inter-
esting alternative. Therefore, based on the above strategy, we
decided to design some air-stable diboronates that can be
considered as cyclophane analogues. To achieve this goal, a
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series of four different tridentate ligands were prepared from
salicylaldehyde derivatives and the following aromatic amino
alcohols: 4-aminophenol, 4-aminobenzyl alcohol, 4-amino-
phenethyl alcohol, and 3-aminobenzyl alcohol. When treated
with arylboronic acids, these ligands can, in principle, induce
the formation of [3.3]paracyclophane-, [4.4]paracyclophane-,
[5.5]paracyclophane-, and [4.4]metacyclophane-type ring sys-
tems, respectively. However, it has to be considered that
electronic effects related to the varying basicity of the ligands
as well as steric and transannular strains may be factors that
could inhibit the formation of a macrocyclic structure and
favor a monomeric or a polymeric complex instead.

In this contribution, we report on the first results of this
investigation and present a [4.4]metacyclophane and a
[5.5]paracyclophane derivative, each with two chiral boron
atoms. As far as we know, this is the first report on the
systematic study of cyclophane derivatives based on a
skeleton held together by boron atoms.

Results and Discussion

The ligands used in the present study are salicylideneamino-
aryl alcohol derivatives, which have been prepared in high
yields according to known methods.’* ") Ligands 1-4 can be
transformed in simple 1:1 stoichiometric condensation reac-
tions with arylboronic acids to the boron chelates, as outlined
in Schemes 2-5.

With ligands 1 only monomeric boronates could be
obtained, although different reaction conditions were tried,
for example, change of solvent, use of different reaction
temperatures, use of 2,2-dimethoxypropane or molecular
sieves as water-separating reagents, and use of a glass-sealed
cylinder for the reaction (Scheme 2). Products 1a—d are quite
insoluble in all common organic solvents and decompose
before they reach their melting points, so that they could be
only characterized by IR spectroscopy, elemental analyses,
and, in the case of compound 1d, by X-ray crystallography.

The molecular structure of 1d is shown in Figure 1.
Crystallographic data as well as selected bond lengths, bond
angles, and torsion angles are summarized in Tables 1 and 2.
Boronates, such as 1d, that contain a reactive B—OH function
are rare, since they are sensitive to further condensation
reactions with alcohols or with each other (vide infra). It is
noteworthy that on complexation to boron, the conjugation
between the two aromatic ring systems of 1is lost, as indicated
by the C-N-C-C torsion angle of 40.6°. This observation is
important because the loss of conjugation might have been an
argument to explain the fact that, in this case, no macrocyclic
or polymeric structure could be obtained. However, this
possibility is ruled out because the conjugation is already lost
in the monomeric complex. The N—B bond length, with a
value of 1.613 (9) A, is characteristic of a strong coordinative
bond.F!

Ligands 2 also react readily with arylboronic acids;
however, only oligomeric or polymeric material could be
isolated, even under different reaction conditions (vide supra,
Scheme 3). In contrast to ligands 1, in this case both hydroxyl
groups react with the B—OH groups in the arylboronic acid, as

Chem. Eur. J. 2002, 8, No. 3
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R"
R
o 10 4 \ 12 13
5 " 14
° \NOOH ’ K
8 6 éH s
AN
7 HO  OH
R
R=H, Bu R'=H,NO,
R"=H,F

1a R=H, R=H, R'=H
1b R=1Bu,R'=H, R'=H
1c R=H, R=H, R'=F
1d R=H, R'=NO,R"=H

Scheme 2. Preparation of boron chelates 1a—d.

Figure 1. Perspective view of the molecular structure of the monomeric
boronate 1d.

confirmed by IR and 'H NMR spectroscopy. This may be
explained by the higher basicity of the benzyloxy functional
group of these ligands compared to that of the phenoxy group
of ligands 1.

If salicylidene-3-aminobenzyl alcohols 3 are used instead of
the 4-aminobenzylalcohol derivatives 2, the dimeric boro-
nates 3a—d are obtained in yields of 70 to 96 % (Scheme 4).
The reaction is already complete after 10-30 minutes, if a
Dean —Stark trap is used to separate the azeotropic toluene/
H,O mixture. The formation of a macrocyclic diboronate was
established by mass spectrometry. While for 3a and 3b a peak
corresponding to [M — aryl]* is observed on account of the
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Table 1. Crystallographic data for compounds 1d, 3a, and 4c.
14@ 3alt! 4clt]

formula C,yH,sBN,O;-2THF C,H;sBNO, C,H,:BF,NO, - CH,

crystal size [mm] 0.5x0.5%0.5 0.14 x 0.21 x 0.25 0.13 x 0.36 x 0.42

M, [gmol~'] 506.52 313.15 441.27

space group Cc Pl P1

a[A] 9.9480(9) 8.5778(7) 6.859(1)

b [A] 15.081(2) 10.3981(8) 13.584(2)

c[A] 17.843(1) 10.9940(14) 13.618(2)

a ] 90 108.392(3) 70.124(4)

AN 91.417(6) 112.829(3) 88.603(4)

v [°] 90 101.751(2) 82.625(4)

v [A% 2676.0(4) 795.77(14) 2769(2)

z 4 2 2

u [mm~1] 0.080 0.083 0.088

o [gem3] 1.26 1.31 1.24

0 limits[°] 2<60<28 2<0<24 2<60<26

hkl limits —-13<h<13 —9<h<9 —-8<h<8
-19<k<0 —11<k<11 —-16<k<11;
0<1<23 —-12<I<12 —-16<I<15

collected reflections 3436 4047 7693

independent reflections (R;,) 3215 (0.02) 2293 (0.03) 4659 (0.02)

observed reflections 1514l 1169 1791

R 0.0591! 0.046l1 0.0621l

R, 0.0471el 0.112M 0.066(¢!

w 1/0° til 1/0?

GOF 4.28 0.80 1.55

Apmin [e A7) —0.16 —0.18 —028

APpax [€ A7 0.23 021 0.38

[a] Data collection on an Enraf Nonius CAD4 diffractometer. [b] Data collection on a Bruker Smart 6000
diffractometer. [c] [/ >30(])]. [d] [F,>40(F,)]. [e] R=2(||F,|—|F.||)/Z| F,|). [f] R=2(F?—F?)/ZF2 [g] R,=
[Ew(|F,|— | F.| ?/ZwF2]"2. [h] R, = [Ew(F2—F2)?Ew(F2)*"2 [ijw~! = o2 + (0.0484P)> + 0.00P; P=

(F2 + 2F2)/3.

Table 2. Selected bond lengths, bond angles, and torsion angles for
compounds 1d, 3a, and 4c.

1d 3a 4c
N-B 1.613(9) 1.630(4) 1.631(9)
B-0O,, 1.48(1) 1.482(4) 1.480(9)
B—Opipn 1.45(1) 1.437(4) 1.428(9)
B-—C 1.61(1) 1.612(4) 1.613(11)
C=N 1.301(8) 1.302(3) 1.297(8)
N-C,, 1.444(8) 1.449(3) 1.454(8)
N-B-O, 107.0(6) 107.9(2) 107.3(16)
O-B-O 112.3(6) 110.3(3) 111.2(6)
N-B-C 112.1(6) 107.9(2) 110.6(6)
N-B-Ojipn 107.1(6) 104.0(2) 108.6(6)
O,-B-C 106.1(6) 110.0(2) 110.0(6)
O,ipn-B-C 112.2(7) 116.3(3) 109.2(6)
B-N-C4 119.5(4) 122.1(2) 122.8(6)
N-C4-C5 122.3(7) 122.5(3) 122.4(7)
B2-01-C6 122.1(6) 126.4(3) 127.1(6)
C4-N3-C11 118.9(4) 118.3(3) 117.2(6)
B2-N3-C11 121.5(6) 119.4(2) 119.8(6)
01-B2-C19-C20 124.3 158.6 54.8
0O1-B2-N3-C4 28.0 4.0 0.2
C4-N3-C11-C12 40.6 123.6 117.6
B2-N3-C4-C5 8.7 4.0 1.6
C4-N3-B2-C19 144.0 1147 119.8
C4-N3-B2-018 92.6 121.2 120.40

[a] C4-N3-B2-02.

facile separation of an aryl radical from tetrahedral boron-
ates,?<9 in the case of 3¢ the molecular ion was also

detected. Interestingly, in all four cases a peak corresponding
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R=H, Bu
2

to a dication or a cation with
half the molecular weight is
observed.

Compounds 3a, 3¢, and 3d
are quite insoluble in organic
solvents, and only 3b could be
characterized by 'H and
BC NMR spectroscopy. The
spectroscopic data are summar-
ized in Tables 3 and 4. The
'"H NMR spectrum shows some
interesting shift displacements,
as shown in the 'H,'H-COSY
spectrum outlined in Figure 2.
The diastereotopic methylene
signals at 0=5.04 and 5.25
indicate the coordination of
the benzyloxy group to a boron
atom that must be chiral and
therefore tetracoordinate. The
tetracoordination is further
confirmed by "B NMR spec-
troscopy (6=9)."! In the aro-
matic region of this spectrum
two signals with unusual chem-
ical shifts are detected, one at
very high field (6 =6.19; H16)
and another one at very low
field (6 =9.25; H12). Both hy-

R"

o 12 13
4

R 5% 3 14 1w O

3 N 1 -
n ] 5 + n

8

77 6 "OH /B\
HO OH
R

R'=H, NO,
R'=H,F

-2nH,0 J toluene, A

O_
\N)@/
|
o/B
R
R" R"
L

n

polymeric compounds

2a R=H, R'=H,
2b R=tBu,R'=H,
2c R=H, R'=H,

R"=H
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Scheme 3. Reaction of ligands 2 with arylboronic acids.
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Table 4. 3C (75 MHz) data for compound 3b and the corresponding ligand

3.
3lal 3plt!
C4 164.1 164.1
Cs 118.4 116.1
C6 158.5 159.2
Cc7 137.2 139.71
C8 128.3 133.6
9 140.81 140.7
C10 127.1 127.4
Cl11 149.1 144.91
CI12 119.7 125.9
C13 142.5 146.014
C14 120.614 126.1
C15 129.7 128.5
Cl16 125114 122.4
C17 65.1 64.6

R
R
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14 "
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OH HO  OH
17 18
R =H, Bu R'=H, NO,
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-4 H,0 toluene, A
15
16
10 5 4 5 1 R
X
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p
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3a R=H, R'=H, R"=H
3b R=tBu,R'=H, R"'=H
3c R=H, R'=H, R"'=F
3d R=H, R'=NQO, R"=H

Scheme 4. Preparation of the [4.4]metacyclophane derivatives 3a—d.

drogens have been assigned unequivocally by COSY and

HETCOR spectra. Based on these two-dimensional experi-
ments, it can be excluded that the signal at 6 =9.25 is the

imine hydrogen atom; this has a chemical shift of 6 =7.16 and

correlates with a 3*C NMR signal at 6 = 164.1.

To explain these unusual 'H NMR shift displacements, a
crystallographic study was necessary; this was performed in
the case of compound 3a. Crystallographic data as well as

Table 3. 'H (300 MHz) and "'"B NMR (96.3 MHz) data for compounds 3b
and 4b and the corresponding ligands 3 and 4.

3l 3 gla.cl 4blal
H4 8.57 (s) 7.16 (m) 8.67 (s) 8.21 (s)
H8 7.38 (m) 7.84 (m) 7.46 (d) 7.62 (d)
H10 7.15 (d) 6.74 (m) 7.22 (d) 712 (d)
H12 7.22 (s) 9.25 (s) 7.26 (d)1 6.60 (d)
H13 - - 7.29 (@)l 6.99 (d)
H14 7.15 (m) 6.74 (m) - -
H15 7.30 (t) 6.74 (m) 7.29 (d) 6.99 (d)
H16 7.15 (m) 6.19 (d) 7.26 (d) 6.60( d)
H17 4.64 (s) 5.04 (d) 2.91 (t) 2.57 (dd)
5.25(d) 2.96 (dt)
H18 - - 3.90 (t) 3.36 (1)
4.02 (m)
Bu 1.25 (s) 1.36 (s) 1.34 (s) 1.33 (s)
1.40 (s) 1.68 (s) 1.49 (s) 1.41 (s)
"B NMR - 9 - 7

[a] CDCl;. [b] C¢Dg. [c] 'H NMR, 400 MHz. [d] Signals may be inter-

changed.
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[a] CDCl;. [b] C4Dg. [c] Signals may be interchanged. [d] Signals may be
interchanged.

selected bond lengths, bond angles, and torsion angles are
summarized in Tables 1 and 2. The molecular structure is
shown in Figure 3. The molecules are located on crystallo-
graphic inversion centers in the crystal lattice, so that the
configurations of the two chiral boron atoms are RS or SR,
respectively. The central macrocyclic unit consists of a 14-
membered CgB,N,O, heterocyclic ring and it is important to
notice that it includes two coordinative N—B bonds. The
018---018,B2---B2"and C12 --- C12' distances are 4.29, 6.35,
and 3.84 A, respectively. In this structure the conjugation
between the benzyloxy group and the salicylideneamino group is
no longer maintained. The mutual rotation of these functional
groups by an angle of 56.8° places the H16 hydrogen atom in
the anisotropic magnetic field of the imino group, and this
location should be responsible for the extreme 'H NMR high-
field shift (A6 =0.96) of this atom (0 =06.19). The unusual
shift of hydrogen H12 can be explained by intramolecular
C—H:---O hydrogen bonding, as outlined in Figure 4. The
distance between O18 and H—C12 is 2.34 A (C-H---O=
116.8°); this value is significantly shorter than the sum of
the van der Waals radii of oxygen and hydrogen (2.70 A).[8l
Furthermore, there may be an additional interaction between
the same hydrogen and the second oxygen atom in the
heterocycle (2.60 A, 92.7°), so that the deshielding effect may
still be enhanced, thus explaining the extreme low-field shift
of this hydrogen (6 =9.25). It has been recognized recently
that C-H---O interactions can act as important control
elements in the stabilization of supramolecular structures.! In
the present case these interactions might contribute to the
stabilization of the antiperiplanar conformation of the hetero-
cycle. Figure 4 illustrates that compound 3a can be considered
as a [4.4]metacyclophane derivative. By means of dynamic
NMR spectroscopy, theoretical calculations, and X-ray crys-
tallography it has been shown that both antiperiplanar and
anticlinal conformers of carbocyclic [4.4]metacyclophanes can
be stable depending on the substituents on the aliphatic
chain.l' ITn compound 3 a the two aromatic rings are joined by
two C-O-B-N chains, whereby the N—B bond is coordinative.
The N-B bond length is 1.630(4) A and is typical for an
intermediate strength of this type of bonding.P!
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CeDs

12 p 16

are obtained in yields of 69 to
98 %. Reaction times are also
very short (10-30 min), and the
product precipitates because of
its low solubility. The formation
of macrocycles could be dem-
onstrated by mass spectrome-

try. In the case of 4b (HRMS)

9 and 4c¢ the molecular ion is
detected, while for 4a and 4d
it is the ion that results from the
loss of an aryl radical.l! As for
compounds 3a—d, a peak cor-
responding to a dication or a
cation with half the molecular
weight is detected.

Compounds 4a—d have very
low solubility and only 4b could
be characterized by NMR spec-
L7 troscopy (Table 3). Neverthe-
I less, the solubility was not high
enough to obtain a *C NMR
spectrum because decomposi-
tion (polymerization) occurred
before sufficient transients
could be accumulated. The ali-
phatic region of the 'H NMR
spectrum shows an ABCD spin
system that is characteristic for
ethyleneoxy groups that coor-
g dinate to a boron atom which is
I tetracoordinate, as expected
I ("B NMR, 6=7). The rest of
Fs the spectrum was assigned by a
COSY experiment (Table 3). In

-8

LU s S B IR A A S B B B A e L L

S ] 8 7
Figure 2. 'H COSY NMR spectrum of compound 3b.

C14
o

Figure 3. Perspective view of the molecular structure of the [4.4]metacyclophane derivative 3a.

The central macrocyclic ring of compounds 3a—d can be
expanded if 4-(salicylideneamino)phenethyl alcohols 4 are
used as ligands for the reaction with arylboronic acids
(Scheme 5). Compounds 4a—d are air-stable products and
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5 contrast to compound 3b, both
hydrogens in the ortho posi-
tions with respect to the imino
group (H12/H16) are now sig-
nificantly shifted to higher
fields (A0 =0.67). On the time-
scale of the 'H NMR experi-
ment, H12/H16 as well as H13/
H15 have chemical shifts, which
are pairwise identical, although
all four hydrogen atoms should
have different shifts as a result
of their different chemical en-
vironments. Therefore, the cen-
tral aromatic rings are rotating
rapidly around their central
axes in the macrocycles.

The molecular structure of
this type of molecule was eluci-
dated by the X-ray crystallo-
graphic study of compound 4¢. Crystallographic data as well
as selected bond lengths, bond angles, and torsion angles
are summarized in Tables 1 and 2. The molecular structure
is given in Figure5. Similar to compound 3a, it has
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Figure 4. Perspective view of the central 14-membered heterocycle of
compound 3a with intramolecular C—H --- O hydrogen bonds.
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4a R=H, R'=H, R'=
4b R=Bu,R'=H, R"'=H
4c R=H, R'=H, R'=F
4d R=H, R=NO,R"=H

Scheme 5. Preparation of the [5.5]paracyclophane derivatives 4a—d.

an inversion center so that the two chiral boron atoms have
different configurations. The central macrocyclic C;,B,N,0O,
ring is 18-membered with a B2--- B2’ distance of 8.26 A, an
02---02 distance of 702 A, and an C18---C18 distance of
732 A, all of which are longer than in compound 3a. As in
compound 3a, the C4-N3-C11-C16 torsion angle of 62.4°
places the H16 hydrogen atom near to the anisotropic
magnetic field of the imino group. However, it should be
remembered that in solution a free rotation of this phenyl ring
is observed, so that in solution both H12 and H16 should be
influenced. Furthermore, these two hydrogen atoms are in
proximity to aromatic rings: the distance between H12 and
the centroid of the B-phenyl group is 3.07 A and the

Chem. Eur. J. 2002, 8, No. 3
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Figure 5. Perspective view of the molecular structure of the [5.5]para-
cyclophane derivative 4c.

distance between H16 and the plane formed by the opposite
C11'—C16' phenyl ring is 3.50 A. Therefore, at least part of the
high-field shift may be attributed to the influence of
anisotropic aromatic ring currents.

The two central aromatic rings of the complex have a
parallel orientation, but are displaced relative to each other.
From Figure 6, which shows the central part of the structure, it
can be seen that the distance between the centroids of the

Figure 6. Perspective view of the central 18-membered heterocycle of
compound 4c.

aromatic rings is 4.16 A. A repulsive transannular -
interaction can be therefore excluded.'!l The shortest inter-
molecular - distances observed are those between the
centroids of the C5-C10 aromatic rings (3.94 A). From
Figure 6, the analogy to a [5.5]paracyclophane derivative
becomes clear, and it should be mentioned again that the N—B
bonds are coordinative. The N—B bond length is 1.631 (9) A,
which indicates an intermediate bond strength for this type of
bonding.P!
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Conclusion

This contribution has shown that certain cyclophane-type
diboronates can be readily prepared and in high yields.
However, it must be mentioned that the ligand structure is
very important for a successful macrocyclization. The
[4.4]metacyclophane and [5.5]paracyclophane derivatives dis-
cussed in this report are air-stable, but have very low
solubilities in organic solvents. This problem could be over-
come by the introduction of additional aliphatic substituents
on one of the aromatic residues in the structure.

The central macrocycle is formed by a skeleton held
together by two boron atoms with a relatively strong N—B
bond. Theoretically, this bond can be broken by borophilic
reagents in order to expand the macrocyclic ring further, and
we are working on this topic at the moment. The cyclophane
derivatives described here carry boron atoms that are chiral
and, therefore, they may be also interesting for the formation
of chiral host —guest complexes.

At the moment, we are designing ligands that give even
larger macrocyclic systems; however, it must also be consid-
ered that there will be more and more competition with the
formation of polymeric molecules.

Experimental Section

Instrumental: NMR studies were carried out with Varian 200, Bruker 300,
and Jeol Eclipse +400 instruments. Standards were TMS (‘H, "*C) and
BF;- OEt, (''B). Chemical shifts are positive if the signal was shifted to
higher frequencies than the standard. Two-dimensional COSY, HETCOR,
and NOESY experiments were carried out in order to assign the 'H and BC
spectra completely. IR spectra were recorded on a Bruker Vector 22FT-IR
and UV/Vis spectra on a Hewlett Packard 8453 spectrophotometer. Mass
spectra were obtained on a HP 5989 A spectrometer and the HRMS
analysis of compound 4b was carried out on the Q-TOF-II of Micromass.
Elemental analyses were carried out on a Perkin—Elmer Series 112400
instrument. It should be mentioned that elemental analyses of boronic acid
derivatives are complicated by incombustible residues (boron carbide) and
are thus not always within the established limits of exactitude.['?)

General: Commercial starting materials and solvents have been used.
Ligands 1-4 are Schiff bases and were prepared according to refs. [3a, b].
Boron complexes 1a—d, 3a—d, and 4a—d were obtained as described in
ref. [3b]. In the case of 2a—d, the same preparative methods were applied,
but only oligomeric or polymeric material could be isolated. These
compounds were only characterized by IR and '"H NMR spectroscopy in
order to verify whether all the hydroxyl groups of the starting material had
reacted.

Preparation of ligands 1

4-(Salicylideneamino)phenol: Prepared from salicylaldehyde (1.00 g,
8.19 mmol) and 4-aminophenol (0.89 g, 8.19 mmol) in ethanol (20 mL).
Yield: 98%; m.p. 135-137°C; 'H NMR (200 MHz, CDCl;, 25°C, TMS):
0=16.89 (AB,2H;H13),6.94 (m, 1 H; H9),7.02 (dd, 1H; H7), 7.24 (AB, 2H;
H12),7.37 (m, 2H; H8, H10), 8.61 (s, 1H; H4); *C NMR (75 MHz, CDCl;,
25°C, TMS): 6=116.4 (C13), 1174 (C7), 119.3 (C9), 119.5 (C5), 122.7
(C12), 1322, 133.0 (C8, C10), 141.5 (C11), 155.2 (C14), 160.6 (C4), 161.2
(C6); IR (KBr): #=1617 (C=N), 1509 cm~!; MS (70 eV, EI): m/z (%): 213
(8) [M]*, 129 (5), 123 (5), 111 (7), 97 (15), 83 (44), 69 (32), 57 (53), 47 (17),
43 (100).

4-(3,5-Di-tert-butylsalicylideneamino)phenol: Prepared from 3,5-di-tert-
butylsalicylaldehyde (0.50 g, 2.14 mmol) and 4-aminophenol (0.23 g,
2.14 mmol) in ethanol (20 mL) as a viscous oil. Yield: 95%; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =1.33, 1.48 (s, 18 H; tBu), 6.87 (AB, 2H;
H13),7.22 (m, 3H; H10, H12), 743 (d, 1 H; H8), 8.61 (s, 1H; H4); *CNMR
(50 MHz, CDCl;, 25°C, TMS): 6=29.7, 31.7 (C(CH,);), 344, 353
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(C(CH,)3), 116.3 (C13), 118.6 (C5), 122.6 (C12), 126.8 (C10), 127.8 (C8),
137.1, 140.7 (C7, C9), 142.1 (C11), 154.7 (C14), 158.2 (C6), 162.1 (C4); IR
(KBr): 7=1622 (C=N), 1507, 1186 cm ™.

Preparation of ligands 2

4-(Salicylideneamino)benzyl alcohol: Prepared from salicylaldehyde
(1.00 g, 8.19 mmol) and 3-aminobenzyl alcohol (1.01g, 8.19 mmol) in
ethanol (20 mL). Yield: 94%; m.p. 156-158°C; 'H NMR (300 MHz,
CDCl;, 25°C, TMS): 0 =4.76 (s, 2H; H15), 6.97 (dt, 1H; H9), 7.05 (d, 1H;
H7),730 (AB,2H;H12),7.40 (m, 4H; H8, H10, H13), 8.65 (s, 1H; H4),13.3
(brs, 1H; OH,,); *C NMR (75 MHz, CDCl;, 25°C, TMS): 6 =65.3 (C15),
117.7 (C7),119.5 (C9), 119.6 (C5), 121.8 (C12), 128.5 (C13), 132.7,133.6 (C8,
C10), 140.0 (C14), 148.3 (C11), 161.5 (C6), 163.0 (C4); IR (KBr): 7=1620
(C=N), 1599, 1570, 1511, 1497, 1456, 1413, 1368, 1282, 1185, 1169, 1158,
1148,1025 cm™'; MS (70 eV, EI): m/z (% ): 227 (100) [M]*, 210 (25), 181 (8),
167 (6), 132 (5), 107 (8), 104 (9), 91 (8), 77 (26), 51 (14).
3-(3,5-Di-tert-butylsalicylideneamino)benzyl alcohol: Prepared from 3,5-di-
tert-butylsalicylaldehyde (1.00 g, 4.26 mmol) and 4-aminobenzyl alcohol
(0.53 g, 4.26 mmol) in toluene (20 mL). Crystals were obtained by cooling
to —20°C. Yield: 93%; m.p. 162-165°C; 'H NMR (300 MHz, CDCl,,
25°C, TMS): 6 =1.33, 1.48 (s, 18 H; tBu), 4.73 (s, 2H; H15), 7.23 (d, 1H;
H10), 7.28 and 743 (AB, 4H; H12, H13), 746 (d, 1 H; H8), 8.65 (s, 1 H; H4),
13.7 (brs, 1H; OH,,); C NMR (75 MHz, CDCl;, 25°C, TMS): 6 =29.6,
31.7 (C(CHa);), 34.4, 35.3 (C(CH;)3), 65.1 (C15), 118.5 (C5), 121.5, 128.3
(C12, C13), 127.0, 128.3 (C8, C10), 137.2, 139.4, 140.8 (C7, C9, C14), 148.3
(C11), 158.4 (C6), 163.9 (C4); IR (KBr): #=1619 (C=N), 1171 cm™ .
Preparation of ligands 3

3-(Salicylideneamino)benzyl alcohol: Prepared from salicylaldehyde
(1.00 g, 8.19 mmol) and 3-aminobenzyl alcohol (1.01g, 8.19 mmol) in
ethanol (20 mL). Yield: 97 %; m.p. 58-59°C; '"H NMR (300 MHz, CDCl;,
25°C, TMS): 0 =4.77 (s, 2H; H17), 6.97 (dt, 1H; H9), 7.04 (dd, 1H; H7),
722,732 (m, 3H; H12, H14, H16), 7.40 (m, 3H; H8, H10, H15), 8.65 (s, 1 H;
H4), 13.3 (brs, 1H; OH,,); *C NMR (75 MHz, CDCl;, 25°C, TMS): 6 =
65.2 (C17), 1176 (C7), 119.6 (C5, €9), 119.8 (C12), 120.9, 125.7 (C14, C16),
130.0 (C15), 132.8 (C10), 133.7 (C8), 142.8 (C13), 149.0 (C11), 161.5 (C6),
163.2 (C4); IR (KBr): 7=1621 (C=N), 1602, 1572 cm™!; MS (70 eV, EI):
miz (%): 227 (100) [M]*, 209 (25), 180 (17), 167 (6), 120 (5), 89 (11), 77
(129), 51 (13).

3-(3,5-Di-tert-butylsalicylideneamino)benzyl alcohol: Prepared from 3,5-di-
tert-butylsalicylaldehyde (1.00 g, 4.27 mmol) and 3-aminobenzyl alcohol
(0.46 g, 427 mmol) in ethanol (20mL). Yield: 91%; m.p. 54-56°C;
'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =1.25, 1.40 (s, 18 H; Bu), 4.64
(s,2H; H17), 7.15 (m, 3H; H10, H14, H16), 7.22 (s, 1H; H12), 7.30 (t, 1 H;
H15), 7.38 (d, 1H; H8), 8.57 (s, 1H; H4), 13.6 (brs, 1 H; OH,;,); *C NMR
(75MHz, CDCl;, 25°C, TMS): 6=29.6, 317 (C(CHs);), 34.4, 353
(C(CH;)3), 65.1 (C17), 1184 (C5), 119.7 (C12), 120.6, 125.1 (C14, C16),
127.1 (C10), 128.3 (C8), 129.7 (C15),137.2, 140.8 (C7, C9), 142.5 (C13), 149.1
(C11), 158.5 (C6), 164.1 (C4); IR (KBr): 7=1618 (C=N), 1574, 1466,
1438 cm~!; MS (70 eV, EI): m/z (%): 339 (63) [M]*, 324 (100), 296 (41), 282
(22), 268 (7), 134 (8), 41 (7).

Preparation of ligands 4

4-(Salicylideneamino)phenethyl alcohol: Prepared from salicylaldehyde
(1.00 g, 8.19 mmol) and 4-aminophenethyl alcohol (1.12 g, 8.19 mmol) in
ethanol (20 mL). Yield: 99 %; m.p. 95-96°C; '"H NMR (400 MHz, CDCl;,
25°C, TMS): 6=1.83 (brs, 1H; OH,;,,), 2.89 (t, 2H; H17), 3.87 (t, 2H;
H18), 6.94 (dt, 1H; H9), 7.02 (dd, 1H; H7), 726 and 7.29 (dd, 4H; H12,
H13), 737 (m, 2H; H8, H10), 8.60 (s, 1H; H4), 13.4 (brs, 1H; OH,);
BC NMR (100.5 MHz, CDCl;, 25°C, TMS): 6 =38.7 (C17), 63.6 (C18),
1172 (C7),119.1 (C9), 119.2 (C5), 121.3, 130.1 (C12, C13), 132.3, 133.1 (CS8,
C10), 137.6 (C14), 146.8 (Cl11), 161.1 (C6), 1622 (C4); IR (KBr): v=
1620 cm~! (C=N); MS (70 eV, EI): m/z (%): 242 (11) [M]*, 241 (60), 210
(100), 91 (23), 77 (13), 31 (13).

4-(3,5-Di-tert-butylsalicylideneamino)phenethyl alcohol: Prepared from
3,5-di-tert-butylsalicylaldehyde (2.00 g, 8.55 mmol) and 4-aminophenethyl
alcohol (1.17 g, 8.55 mmol) in ethanol (20 mL). Crystals were obtained on
cooling to —20°C. Yield: 95%; m.p. 145-146°C; 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6 =1.34,1.49 (s, 18 H; tBu), 2.91 (t,2H; H17), 3.90 (t,
2H;H18),7.22 (d,1H; H10), 727 (m, 4H; H12, H13), 7.46 (d, 1 H; H8), 8.67
(s, 1H; H4), 13.7 (brs, 1H; OH,;); *C NMR (100.5 MHz, CDCl;, 25°C,
TMS): 6=29.5, 315 (C(CHs);), 34.2, 35.1 (C(CHs;);), 38.7 (C17), 63.7
(C18), 118.3 (CS5), 121.4 (C12), 126.8 (C10), 128.0 (C8), 130.0 (C13), 137.0,
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140.6 (C7, C9, C14), 147.1 (C11), 158.2 (C6), 163.4 (C4); IR (KBr): 7= 1619
(C=N), 1582, 1171 ecm™!; UV/Vis (CHCL): 4, (absorbance) = 244 (0.930),
277 (0.987), 312 (1.042), 327 (0.982), 358 nm (0.869 AU); MS (70 eV, EI):
miz (%): 353 (65) [M]*+, 338 (100), 310 (41), 296 (20), 282 (6), 148 (4), 91 (6),
57 (6), 41 (7).

Boronate 1la: Prepared from 4-(salicylideneamino)phenol (0.50 g,
2.34 mmol) and phenylboronic acid (0.28 g, 2.34 mmol) in ethyl acetate
(8 mL). After 1h reflux and cooling to room temperature, the yellow
product was precipitated with hexane and filtered under vacuum. The
product was insoluble in all common organic solvents. Yield: 93 %; m.p.
224-226°C (decomp); IR (KBr): #=3357 (br), 3046 (w), 1625 (s), 1556
(m), 1507 (s), 1478 (m), 1458 (m), 1376 (m), 1263 (m), 1203 (m), 1152 (m),
1125 (m), 1108 (w), 1075 (w), 1028 cm~' (m); elemental analysis caled (%)
for C,yH,;;BNO; (317.16): C 71.95, H 5.09, N 4.42; found: C 70.76, H 5.28, N
4.27.

Boronate 1b: Prepared from 4-(3,5-di-tert-butylsalicylideneamino)phenol
(0.70 g, 2.14 mmol) and phenylboronic acid (0.26 g, 2.14 mmol) in toluene/
hexane (1:1, 10 mL). After 30 min reflux the hexane was distilled off, and
after 90 min a yellow precipitate formed that was filtered under vacuum
and washed with toluene. The product was insoluble in all common organic
solvents. Yield: 7%; m.p. 285°C (decomp); IR (KBr): 7 =23433 (br), 3071
(w), 3047 (w), 3007 (w), 2960 (m), 2909 (m), 2869 (m), 1622 (s), 1562 (m),
1550 (m), 1507 (s), 1467 (m), 1433 (m), 1392 (w), 1362 (m), 1295 (m), 1259
(s), 1184 (s), 1132 (w), 1078 (m), 1049 (m), 1027 (m), 1001 cm™! (m).

Boronate 1c: Prepared from 4-(salicylideneamino)phenol (0.50 g,
2.34 mmol) and 2,5-difluorophenylboronic acid (0.37 g, 2.34 mmol) in ethyl
acetate (8 mL). After 1h reflux and cooling to room temperature, the
yellow product was precipitated with hexane and filtered under vacuum.
The product was insoluble in all common organic solvents. Yield: 84 %;
m.p. 320-323°C (decomp); IR (KBr): 7= 3447 (w, br), 3045 (w), 2941 (w),
2895 (w), 2860 (w), 1622 (s), 1598 (m), 1553 (m), 1513 (s), 1529 (m), 1478
(m), 1455 (m), 1419 (w), 1376 (m), 1349 (m), 1311 (m), 1274 (w), 1244 (w),
1198 (s), 1161 (w), 1151 (m), 1128 (m), 1081 (w), 1052 (w), 1032 cm™! (m).

Boronate 1d: Prepared from 4-(salicylideneamino)phenol (0.50 g,
2.34 mmol) and 3-nitrophenylboronic acid (0.39 g, 2.34 mmol) in ethyl
acetate (8 mL). After 1h reflux and cooling to room temperature, the
yellow product was precipitated with hexane and filtered under vacuum.
The product was insoluble in all common organic solvents. Yield: 33 %;
m.p. 218-220°C (decomp); IR (KBr): 7=23448 (br), 3078 (w), 3039 (w),
2961 (w), 2922 (w), 1625 (s), 1556 (m), 1511 (s), 1478 (m), 1459 (w), 1378
(w), 1347 (s), 1301 (w), 1276 (m), 1204 (m), 1153 (w), 1126 (w), 1099 (w),
1029 cm~! (w).

Boronate 3a: Prepared from 3-(salicylideneamino)benzyl alcohol (0.50 g,
2.20 mmol) and phenylboronic acid (0.27 g, 2.20 mmol) in benzene (8 mL).
After 1h reflux, the yellow precipitate was filtered under vacuum. The
product was insoluble in all common organic solvents. Crystals suitable for
X-ray crystallography were grown directly from the starting materials in
dichloromethane. Yield: 96 %; m.p. 266267 °C; IR (KBr): #=3067 (w),
3046 (w), 3004 (w), 2959 (m), 2869 (w), 1629 (s), 1605 (m), 1588 (w), 1562
(s), 1550 (m), 1469 (m), 1442 (w), 1432 (w), 1415 (w), 1391 (w), 1314 (w),
1263 (m), 1232 (m), 1202 (s), 1184 (s), 1119 (s), 1083 (m), 1020 cm™! (w);
MS (70 eV, EI): m/z (%): 549 (51) [M — C¢Hs]*, 312 (100) [M/2]* or [M]**,
282 (10), 262 (20), 236 (52), 225 (14), 165 (10), 152 (12), 91 (11), 77 (30), 51
(22); elemental analysis calcd (%) for C4H;,B,N,0, (626.34): C 76.71, H
5.15, N 4.47; found: C 75.36, H 5.19, N 4.04.

Boronate 3b: Prepared from 3-(3,5-di-fert-butylsalicylideneamino)benzyl
alcohol (0.50 g, 1.47 mmol) and phenylboronic acid (0.18 g, 1.47 mmol) in
benzene (10 mL). After 1 h reflux, the yellow precipitate was filtered under
vacuum. The product was slightly soluble in benzene. Yield: 70 %; m.p.
278-280°C; '"H NMR (300 MHz, C¢Dy, 25°C, TMS): 6 =1.36, 1.68 (s, 36 H;
tBu), 5.04 and 5.25 (AB, 4H; H17), 6.19 (d, 2H; H16), 6.74 (m, 6H; H10,
H14, H15),7.05 (t,2H; p-BCHs), 7.18 (m, 6 H; m-BC¢Hy, H4), 7.84 (m, 6 H;
H6, H8, 0-BC¢Hs), 9.25 (s, 2H; H12); C NMR (75 MHz, C,Dy, 25°C,
TMS): 6 =30.3,31.9 (C(CHs,)3), 34.7,35.9 (C(CHs);), 64.6 (C17), 116.1 (C5),
122.4 (C16), 125.9 (C12), 126.1 (C14), 1274 (C10, p-BCHs), 127.8 (m-
BCHjs), 128.5 (C15), 133.4 (0-BCHs), 133.6 (C8), 139.7, 140.7 (C7, C9),
144.9,146.0 (C11, C13), 159.2 (C6), 164.1 (C4); "B NMR (96.3 MHz, C;Dy,
25°C, BF;- OEt,y): 6 =9 (hy,=600 Hz); IR (KBr): 7=3064 (w), 2945 (w),
2924 (w), 2892 (w), 2862 (w), 1630 (s), 1605 (s), 1588 (m), 1558 (s), 1508 (m),
1484 (m), 1461 (m), 1405 (m), 1384 (m), 1344 (w), 1320 (m), 1286 (w), 1261
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(w), 1232 (m), 1203 (m), 1172 (m), 1154 (m), 1129 (m), 1109 (s), 1090 (m),
1054 (m), 1028 em™" (m); MS (70 eV, EI): m/z (%): 773 (30) [M — C¢Ha]*,
425 (58) [M/2]* or [M]+, 410 (100), 374 (21), 348 (83), 333 (14), 317 (11),
190 (7), 176 (7), 91 (8), 78 (9), 57 (7); elemental analysis calcd (%) for
Cs5sHe,BoN, O, (850.77): C 79.06, H 7.58, N 3.29; found: C 78.29, H 7.50, N
3.99.

Boronate 3c¢: Prepared from 3-(salicylideneamino)benzyl alcohol (0.50 g,
220 mmol) and 2,5-difluorophenylboronic acid (0.35 g, 2.20 mmol) in
benzene (8 mL). After 1 h reflux, the yellow precipitate was filtered under
vacuum. The product was insoluble in all common organic solvents. Yield:
95%; m.p. 254-255°C; IR (KBr): #=3043 (w), 2912 (w), 2866 (w), 2832
(w), 2718 (w), 1632 (s), 1606 (s), 1587 (m), 1559 (m), 1486 (m), 1463 (w),
1402 (m), 1380 (m), 1302 (m), 1281 (w), 1231 (m), 1178 (m), 1152 (m), 1131
(m), 1081 (m), 1032 (w), 1024 cm~! (w); MS (70 eV, EI): m/z (%): 698 (1)
[M]*, 585 (100) [M — C¢H5F,]*, 349 (29) [M/2]* or [M]*, 333 (8), 292 (5),
272 (6), 262 (9), 254 (26), 236 (45), 224 (6), 150 (5), 89 (10), 77 (8), 51 (7);
elemental analysis calcd (%) for C,H,sB,F,N,O, (698.30): C 68.80, H 4.04,
N 4.01; found: C 68.74, H 4.09, N 4.09.

Boronate 3d: Prepared from 3-(salicylideneamino)benzyl alcohol (0.50 g,
2.20 mmol) and 3-nitrophenylboronic acid (0.36 g, 2.20 mmol) in benzene
(8 mL). After 1 h reflux, the yellow precipitate was filtered under vacuum.
The product was insoluble in all organic solvents. Yield: 86 %; m.p. 255—
256°C; IR (KBr) 7=3133 (w), 3060 (w), 3038 (w), 2925 (w), 2887 (w), 2836
(w), 1626 (s), 1607 (m), 1585 (w), 1555 (s), 1520 (s), 1479 (m), 1461 (m),
1417 (w), 1383 (m), 1344 (s), 1304 (m), 1289 (w), 1277 (w), 1248 (w), 1225
(m), 1193 (m), 1153 (m), 1114 (m), 1072 (m), 1028 cm~! (w); MS (70 eV, EI):
milz (%): 358 (59) [M/2]* or [M]**, 357 (100), 342 (2), 327 (3), 310 (7), 298
(3),282 (27), 254 (9), 225 (25), 208 (9), 196 (6), 178 (5), 165 (5), 152 (8), 141
(8),120 (7), 105 (8), 89 (8), 77 (29), 63 (7), 51 (22); elemental analysis calcd
(%) for C,H3,B,N,O; (716.34): C 67.07, H 4.22, N 7.82; found: C 67.38, H
4.42, N 7.39.

Boronate 4a: Prepared from 4-(salicylideneamino)phenethyl alcohol
(0.50 g, 2.07 mmol) and phenylboronic acid (0.25 g, 2.07 mmol) in benzene
(10 mL). After 1 h reflux, the yellow precipitate was filtered under vacuum.
The product was insoluble in all common organic solvents. Yield: 98 %;
m.p. 257-260°C; IR (KBr): 7=3046 (w), 2942 (w), 2896 (w), 2860 (w),
1621 (s), 1553 (s), 1514 (s), 1478 (m), 1456 (m), 1377 (m), 1348 (s), 1311 (m),
1274 (w), 1244 (w), 1198 (s), 1151 (m), 1128 (s), 1032 cm™! (m); MS (70 eV,
EI): m/z (%): 577 (6) [M — CcH;s]™, 500 (17), 428 (11), 329 (47), 327 (30) [M/
2]+ or [M]**, 298 (100), 239 (16), 192 (52), 165 (14), 91 (14), 77 (17), 51 (14);
elemental analysis caled (% ) for C,,H;3sB,N,0, (654.39): C 77.09, H 5.54, N
4.27; found: C 76.36, H 5.70, N 4.09.

Boronate 4b: Prepared from 4-(3,5-di-fert-butylsalicylideneamino)phen-
ethyl alcohol (1.00g, 2.83 mmol) and phenylboronic acid (0.35 g,
2.83 mmol) in toluene (5 mL). After 1h reflux, the orange precipitate
was filtered under vacuum. The product was slightly soluble in chloroform.
Yield: 69 %; m.p. 286-288°C; 'H NMR (300 MHz, CDCl;, 25°C, TMS):
0=133, 141 (s, 36H; rBu), 2.57 and 2.96 (AB, 4H; H17), 3.36 and 4.02
(AB, 4H; H18), 6.60 and 6.99 (AB, 8H; H12, H13), 7.12 (d, 2H; H10), 7.22
(m, 6H; m-BC¢Hs, p-BC¢Hs,), 748 (dd, 4H; 0-BC¢Hs,), 7.62 (d, 2H; HS),
8.21 (s,2H; H4); "B NMR (96.3 MHz, CDCl;, 25°C, BF;- OEt,): 6 =7; IR
(KBr): 7=3048 (w), 3003 (w), 2960 (m), 2912 (w), 2872 (w), 1625 (s), 1603
(w), 1562 (m), 1549 (w), 1506 (w), 1468 (w), 1443 (w), 1432 (w), 1412 (w),
1391 (w), 1379 (w), 1362 (w), 1314 (w), 1261 (w), 1199 (s), 1118 (m), 1073
(w), 1056 (w), 1019 cm™! (w); UV/Vis (CHCL): 1, (absorbance)=251
(2.249), 310 (2.568), 409 nm (1.307 AU); MS (70 eV, EI): m/z (%): 802 (1)
[M — CHs]*, 439 (21) [M/2]* or [M]*+, 424 (27), 410 (14), 362 (100) [M —
CeHs)*, 346 (20), 192 (29), 185 (19), 171 (17), 157 (14), 143 (18), 137 (11),
130 (17), 125 (20), 113 (17), 101 (11), 78 (44), 51 (22); HRMS calcd m/z for
CssHgsBoN,O,: 879.5462 [M+H]*; found: 879.5465; error: +0.34; elemen-
tal analysis caled (%) for CsxHgB,N,O, (878.54): C 79.27, H 7.80, N 3.19;
found: C 79.45, H 7.94, N 4.08.

Boronate 4c¢: Prepared from 4-(salicylideneamino)phenethyl alcohol
(0.50 g, 2.07 mmol) and 2,5-difluorophenylboronic acid (0.33 g, 2.07 mmol)
in benzene (10 mL). After 1h reflux, the green-yellow precipitate was
filtered under vacuum. The product was insoluble in all common organic
solvents. Crystals suitable for X-ray crystallography were prepared directly
from the starting materials in benzene/hexane. Yield: 94 %; m.p. 254 -
255°C; IR (KBr): 7=3064 (w), 2945 (w), 2924 (w), 2892 (w), 2862 (W),
1629 (s), 1605 (s), 1588 (m), 1558 (s), 1508 (m), 1484 (m), 1461 (m), 1405
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(m), 1383 (m), 1320 (m), 1232 (m), 1203 (m), 1172 (m), 1154 (m), 1129 (m),
1109 (s), 1090 (m), 1054 (m), 1028 cm~' (m); MS (70 eV, EI): m/z (%): 726
(1) [M]*, 613 (83) [M — CH,F,]*, 583 (15), 420 (7), 363 (30) [M/2]* or
[M]*, 346 (18), 334 (100), 270 (9), 250 (50), 239 (33), 228 (28), 210 (44), 165
(6), 152 (6), 134 (26), 114 (31), 90 (21), 77 (15), 63 (12), 51 (12), 44 (17), 31
(22); elemental analysis calcd (%) for C,,H3,B,F,N,0, (726.35): C 69.45, H
4.44; found: C 69.68, H 4.51.

Boronate 4d: Prepared from 4-(salicylideneamino)phenethyl alcohol
(0.50 g, 2.07 mmol) and 3-nitrophenylboronic acid (0.35 g, 2.07 mmol) in
benzene (10 mL). After 1 h reflux, the yellow precipitate was filtered under
vacuum. The product was insoluble in all common organic solvents. Yield:
74 %; m.p. 246-247°C; IR (KBr): 7=3072 (w), 2925 (w), 1626 (s), 1588
(m), 1557 (m), 1505 (s), 1491 (m), 1478 (m), 1458 (m), 1403 (m), 1381 (m),
1309 (m), 1257 (m), 1230 (m), 1165 (m), 1132 (m), 1089 (m), 1035 (m),
1017 em™' (m); MS (70 eV, EI): m/z (%): 622 (30) [M — C(H,NO,]*, 501
(11), 372 (29) [M/2]* or [M]**, 343 (100), 297 (15), 239 (39), 210 (87), 191
(21), 106 (15), 91 (18), 78 (22), 51 (11); elemental analysis calcd (%) for
C,;,H3,B,N,Og (744.34): C 67.77, H 4.60, N 7.53; found: C 68.01, H 4.86, N
7.14.

X-ray crystallography: X-ray diffraction studies of single crystals of
compound 1d were conducted with an Enraf Nonius CAD4 diffractometer
(Amoxe =0.71069 A, monochromator: graphite, T=293 K, @ —26 scan).
Cell parameters were determined by least-squares refinement on diffrac-
tometer angles for 24 automatically centered reflections. Absorption
correction was not necessary; corrections were made for Lorentz and
polarization effects. For data collection of compounds 3a and 4¢, a Bruker
Smart6000 diffractometer was used. After optical alignment the cell
parameters were determined with reflections collected on four sets of
20 frames each (program SMART!"). Data collection was performed in
the hemisphere mode. Reflections of a total of 1321 frames were used for
data reduction (program SAINT-NT!'¥). Data were measured by rotating
1 successively by 0.3° with two different y settings. Solution and refinement
for compounds 1d and 4c¢: direct methods (SHELXS-86") for structure
solution and the CRYSTALS (version9, 1994) software packagel'®'¥l for
refinement and data output. Solution and refinement for compound 3a:
structure solution, refinement and data output with the SHELXTL-NT
program package.l'”) Non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were positioned geometrically and one overall isotropic
thermal parameter was refined. The riding model was used in the case of
3a. The benzene molecules in the crystal lattice of 4c¢ are slightly
disordered, so that the C—C bond lengths and C-C-C bond angles were
restrained. The X-ray data of compound 1d were of only poor quality and
the reflection/parameter ratio is somewhat lower than 5. However, our
interest in this structure has been mainly focused on the confirmation of the
molecular structure and the conformation of the molecule, but not in the
discussion of particular bond lengths or bond angles. The X-ray data of
compounds 3a and 4c¢ is better; however, the reflection/parameter ratio is
also relatively low (5.4 and 6.0, respectively). The most important
crystallographic data are given in Table 1. In the case of compounds 3a
and 4 ¢, the molecules are located on special positions (inversion center) in
the crystal lattice.

Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-167723 (1d), CCDC-167724 (3a), and
CCDC-167725 (4e). 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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Abstract: A variety of palladium on
activated carbon catalysts differing in
Pd dispersion, Pd distribution, Pd oxi-
dation state, and water content were
tested in Heck reactions of aryl bro-
mides with olefins. The optimization of
the catalyst (structure —activity relation-
ship) and reaction conditions (temper-
ature, solvent, base, and Pd loading)
allowed Pd/C catalysts with very high
activity for Heck reactions of unactivat-
ed bromobenzene (turnover number
(TON)~ 18000, turnover frequency

down to 0.005 mol %) to be developed.
High Pd dispersion, low degree of re-
duction, sufficient content of water, and
uniform Pd impregnation are criteria for
the most active system. The catalysts
combine high activity and selectivity
under ambient conditions (air and mois-
ture), easy separation (filtration), and
quantitative recovery of palladium. De-

Keywords: carbon - C-C coupling
- heterogeneous catalysis -
palladium

termination of Pd in solution after and
during the reaction, and catalyst charac-
terization before and after the reaction
(transmission  electron  microscopy
(TEM), X-ray diffraction (XRD)), indi-
cate dissolution/reprecipitation of palla-
dium during the reaction. The Pd con-
centration in solution is highest at the
beginning of the reaction and is a mini-
mum (<1 ppm) at the end of the reac-
tion. Palladium leaching correlates sig-
nificantly with the reaction parameters.

(TOF) up to 9000, Pd concentrations

Introduction

The olefination of aryl halides (Heck reaction), one of the
most important C—C coupling reactions in organic synthesis,/!]
is mostly catalyzed by palladium complexes in homogeneous
solution. Important advantages of this reaction are the broad
availability of aryl bromides and chlorides and the tolerance
of the reaction for a wide variety of functional groups. In the
last few years, the development of new highly active Pd
complexes even allowed the activation and conversion of aryl
chlorides, which are far less reactive than bromides and
iodides, to a considerable extent.> 3 In terms of economical
feasibility of C—C coupling reactions, this is good progress
since aryl chlorides are much cheaper than bromides or
iodides. However, homogeneous catalysts require ligands

[a] Prof. Dr. K. Kohler, Dipl.-Chem. R. G. Heidenreich
Anorganisch-chemisches Institut
Technische Universitidt Miinchen
Lichtenbergstrasse 4, 85747 Garching bei Miinchen (Germany)
Fax: (+49)89-289-13473
E-mail: klaus.koehler@ch.tum.de

[b] Dr.J. G. E. Krauter, Dr. J. Pietsch
Degussa AG, Catalysts & Initiators
Rodenbacher Chaussee 4, 63403 Hanau (Germany)
Fax: (+49)6181-59-4691
E-mail: juergen.krauter@degussa.com
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(usually phosphanes) which may be difficult to handle (e.g.,
air-sensitive phosphanes), and removal of the catalyst from
the product is difficult. This applies to the ligand as well as the
expensive precious metal. To the best of our knowledge, only
a few experiments have been reported that deal with the
separation of Pd from the reaction mixture.[

The problem of catalyst separation and Pd recovery has
been addressed by immobilization of Pd catalysts (polymer-
supported Pd catalystsPl) and by using heterogeneous Pd
catalystsl! (Pd on activated carbon,l? Pd on metal oxides,®!
and Pd on zeolites!). However, these systems do not reach
the high activities of homogeneous catalysts. In addition
supported Pd catalysts (mainly Pd/C) often cause unwanted
dehalogenation of the haloaromatic compounds,/ convert
interesting aryl bromides only in certain cases[®" & 8 (only one
paper deals with aryl chloridesP), and often suffer from
substantial Pd leaching (e.g., 14 % of Pd is leached from Pd/
Cl91), Since the use of supported Pd catalysts is motivated by
the ease of catalyst separation, Pd leaching is the most
important issue.

Arai et al. have recently published work on Pd/C-catalyzed
Heck reactions™ in which aryl iodides could be activated
easily by the employed Pd/C catalysts; however, low activities
and dehalogenation were observed for aryl bromides. Besides
Heck coupling,”! promising results on Pd/C-catalyzed Suzuki
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cross-coupling reactions were
reported recently.'! Here the
attractive aryl chlorides could
be coupled with various phenyl
boronic acids.

Although the catalytic per-
formance of the catalysts in the
Heck reaction was studied thor-
oughly in the above-mentioned
papers, little or no attention
was paid to the influence of
the catalyst properties (e.g., Pd dispersion, degree of Pd
reduction, or preparation method). Other issues neglected so
far are Pd leaching and the parameters that affect this
undesirable loss of precious metal. Palladium leaching is also
relevant to the mechanism of Pd/C-catalyzed Heck couplings.
Several papers discuss mechanistic aspects of Pd/C-catalyzed
Heck couplings, and it is still unclear whether the reaction
takes place on the solid Pd surfacel'” or the true catalyst is
dissolved Pd that has been leached from Pd/C, which acts
simply as a Pd reservoir.5® 7 131

Herein we describe the first study of how Pd/C catalyst
properties affect activity in the Pd/C-catalyzed Heck reaction.
Knowledge of the structure—activity relationship and opti-
mization of the reaction parameters for this heterogeneous
system allowed the development of a Pd/activated carbon
catalyst that exhibits the highest activity of heterogeneous
catalysts reported up to now for the Heck reaction of aryl
bromides with olefins. In addition we describe for the first
time the parameters that influence Pd leaching during the
reaction and show that redeposition of Pd occurs. These
findings allowed the Pd concentration in solution after the
reaction to be lowered to 1 ppm and provided new insights
into the mechanism of Pd/C-catalyzed Heck reactions.

1 2
R = H, OCHg, COCHg

Results

Correlation of catalyst structure and activity: Due to the lack
of information about catalyst structure —activity relationships
for Pd/C systems in C—C coupling reactions, we studied a
variety of different Pd on activated carbon systems. Twelve

Pd/C, NaOAc

O/ . ©/\
+
solvent, 80-140 °C
R

3 E
4:z 5

Scheme 1. Heck coupling of bromoarenes with styrene.

catalysts contained 5 wt % palladium and were characterized
by a high (but variable) Pd dispersion (no thermal pretreat-
ment). In addition to their Pd dispersion (average Pd
crystallite size) the catalysts differed in the degree of
reduction of Pd, water content (D for dry catalysts: ca.
5 wt % water; W for wet catalysts: ca. 50—60 wt % water), and
Pd distribution (uniformly impregnated or eggshell catalysts).
The degree of reduction is defined as the amount of Pd°
relative to the total amount of Pd (Pd*" and Pd’) on the
catalyst. The properties of the catalysts are summarized in
Table 1.

Influence of Pd dispersion and degree of reduction: The
catalytic results summarized in Table 2 illustrate that all
parameters investigated are of importance for the activity in

Table 2. Catalytic activities of twelve different Pd/C catalysts (Table 1): Heck
coupling of bromobenzene with styrene (Scheme 1, R =H).l!

Entry Catalyst Conversion® Yield 3 Yield 4" Yield 5" Pd-Leaching

[%] [%] [%] [%] [%]
1 1D 46 41 0 4 03
2 2D 61 54 1 5 1.9
3 3D 48 43 0 4 04
4 4D 51 45 0 5 0.6
5 5D 70 62 1 6 2.7
6 6D 60 55 1 4 17
7 1W 88 80 1 7 0.6
8 2w 59 54 1 4 3.0
9 3w 92 84 1 7 04
10 4w 82 75 1 6 19
11 5W 79 71 1 7 22
12 6W 78 70 1 6 22

[a] Reaction conditions: bromobenzene, styrene, NaOAc, 1.0 mol % Pd, N,N-
dimethylacetamide (DMAc); T=140°C and t=20 h. [b] Conversion of bro-
mobenzene and yields of products 3—5 from GLC analysis. [c] Amount of
palladium in solution/total amount of palladium in the reaction mixture.

Pd/C catalysts were tested in the Heck coupling of bromo-
benzene and styrene as a model reaction for unactivated
bromoarenes (Scheme 1, R=H). All Pd on activated carbon

Table 1. Properties of the 5 wt % Pd/C catalysts.

Catalyst Pd distribution Impregnation Average Reduction CO (chemisorption) Pd
depth [nm] crystallite degreel® [mLg! catalyst] dispersion[®]
size [nm] [%]
1 D/W eggshell 50-100 4.79 50 2.89 23
2 D/IW eggshell 50-150 4.07 55 2.50 27
3 D/W uniform - 3.07 0 1.97 36
4 DIW eggshell 100-300 5.04 0 2.14 22
5 D/IW uniform - 3.96 0 2.90 28
6 D/IW uniform - 4.44 25 2.11 25

[a] Number of palladium atoms in oxidation state 0/total number of palladium atoms, detected by temperature-programmed reduction (TPR) measurements.
[b] Calculated from CO (chemisorption) for a Pd/CO ratio of 1:1. Assumption that CO adsorbs on Pd” only. Accordingly, the comparison of Pd dispersion
values calculated from CO measurements of non-reduced and reduced catalysts can lead to misinterpretation.
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the Heck reaction. All catalysts show bromobenzene con-
versions of between 45 and 90 % and high selectivities for (E)-
stilbene (>90%); no dehalogenation of bromobenzene
occurred in any experiment.

A first tentative correlation gives the following catalyst
features for high activity (Table 2): high Pd dispersion (3), low
degree of Pd reduction (3-5), high water content (>50%, W
series), and uniform Pd impregnation (Table 1, columns 2 and
3). In summary, catalyst 3W, which combines all requirements
listed above, is the most active.

Influence of the Pd loading: The influence of the Pd loading
on activated carbon was investigated for catalyst 3W with 1, 5,
and 10 wt % Pd. Under identical reaction conditions and with
identical amounts (relative to bromobenzene) of Pd in the
reaction mixture the catalyst with 5wt% Pd showed the
highest activity (92% conversion in the coupling of bromo-
benzene with styrene). The catalyst with 10 wt % palladium
had almost the same activity (90 % conversion), but that with
1 wt% Pd had much lower activity (41 % conversion). This
effect can be understood by the following experiment:
addition of pure activated carbon (four times the amount of
the catalyst) to the most active catalyst 3W with 5 wt%
palladium decreases the conversion to 45 %. This decrease in
conversion could be interpreted, for example, by increased
adsorption of starting materials and/or products on the carbon
support.

Effect of thermal treatment: To provide support for the
correlation between Pd dispersion, degree of reduction, and
activity, catalyst 3W was heated in different N, and N,/H,
atmospheres. As expected, the dispersion of the Pd/C catalyst
decreased with increasing temperature, as illustrated by the
decreasing amount of CO chemisorbed on the Pd surface
(Table 3). The higher the treatment temperature, the lower
the dispersion, and hence the lower the catalytic activity in the
Heck reaction (Table 3, entries 2—7). Catalysts treated at
700°C had no catalytic activity (Table 3, entries 4 and 7). This
confirms the correlation between Pd dispersion and catalytic
activity described above and in the recent literature.[ il
There was no influence of the atmosphere in which thermal
treatment was performed (N, or NyH,) on the catalytic
activity of the Pd/C catalysts (e.g., Table 3, entries 2 and 5). In
addition, thermal treatment is accompanied by increased Pd

reduction and loss of water, and this also reduces the catalytic
activity (Table 3, entry 8, added for comparison). This illus-
trates the mutual interdependence of the parameters Pd
dispersion, Pd oxidation state, and water content with regard
to catalytic activity.

Correlation of reaction parameters with activity and Pd
leaching: After the selection of the best catalysts with
optimized properties, the influence of the reaction parameters
on activity and selectivity were studied in detail. In addition,
we were interested in the Pd concentration in solution after
separation of the solid catalyst at the end of the reaction as a
function of these reaction parameters. Since the optimization
of the reaction conditions included several parameters, and in
order to recognize interactions between parameters, design of
experiments (DoE), was used and the results of 294 experi-
ments were evaluated by statistical software (Statgraph-
ics 3.1).

After each experiment the Pd in solution was determined
after removal of the solid catalyst by filtration at 110-120°C.
Because flame atomic absorption spectroscopy (AAS) was
not precise enough for palladium analysis in this concentra-
tion range (the detection limit is too high) inductively coupled
plasma optical emission spectroscopy (ICP-OES) and mass
spectrometry (ICP-MS) were used. The Pd content in solution
(leaching) after the reaction was between 0.3 and 3.0% of
the total amount of palladium (2.7-22.5 ug Pd per gram
of catalysis solution). To a first approximation, the Pd
leaching could not be correlated with the properties of the
twelve different Pd/C catalysts described above. There is,
however, a strong correlation with the reaction parameters
(see below).

Reaction temperature: The most active catalysts 3W and 4 W
(Table 2) were used for these investigations. These Pd/C
catalysts were tested at different reaction temperatures in the
coupling of p-bromoacetophenone (Table 4, entries 1-4) and
bromobenzene with styrene (Table 4, entries 5-10). The
catalytic runs were performed with only 0.1 mol % palladium
(instead of 1.0 mol %) relative to the bromoarene.

As expected, activated bromoarenes such as p-bromoace-
tophenone can be converted at lower temperatures than
unactivated ones (Table 4, entries2 and 7). At reaction
temperatures as low as 80°C, p-bromoacetophenone can be

Table 3. Thermally treated catalysts in Heck coupling of bromobenzene with styrene (Scheme 1, R=H).[!

Entry Pretreatment Pretreatment CO,y " [mLg! cat] Conversion!! Yield Yield Yield Pd-Leaching
temperature [°C] atmosphere [%] 3l [%] 4<% 5l [%] [% ]
1 3w - 1.97 94 84 1 8 0.3
2 300 N, 2.26 57 51 0 5 0.5
3 500 N, 1.02 12 10 0 1 0.5
4 700 N, 0.22 1 1 0 0 0.4
5 300 N,+H, 1.79 58 52 0 5 0.7
6 500 N,+H, 0.85 13 11 0 1 0.5
7 700 N,+H, 0.16 4 3 0 0 0.9
8 3D - 1.97 42 38 0 3 0.3

[a] Reaction conditions: bromobenzene, styrene, NaOAc, 1.0 mol% Pd, DMAc; T=140°C and t=20h. [b] The comparison of Pd dispersion values
calculated from CO measurements of nonreduced and reduced catalysts can lead to misinterpretation, because CO adsorbs on Pd’ only. [c] Conversion of
bromobenzene and yields of products 3—5 from GLC analysis. [d] Amount of palladium in solution/total amount of palladium in the reaction mixture.
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Table 4. Catalysis at different reaction temperatures: Heck coupling of p-bromoacetophenone or bromobenzene with styrene (Scheme 1; R = COCH;, H).l2J

Entry R Catalyst Temperature Conversion!®! Yield Yield Yield Pd-Leaching Pd in solution
[°C] (%] 3 [%] 401 [%] 501 %] (%] [ppm]"
1 COCH; 3w 60 6 6 0 0 0.5 0.3
2 COCH; 3w 80 95 91 0 4 26.3 19.7
3 COCH; kA 100 100 95 0 5 1.1 0.8
4 COCH; 3w 120 100 95 0 5 1.0 0.8
5 H 3w 120 79 71 1 6 1.1 0.9
6 H 4w 120 58 51 1 5 7.8 6.1
7 H kA 140 86 71 1 7 1.6 1.3
8 H 4w 140 69 61 1 6 4.0 3.1
9 H 3w 160 80 73 1 6 0.7 0.5
10 H 4w 160 61 55 1 4 42 33

[a] Reaction conditions: bromoarene, styrene, NaOAc, 0.1 mol % Pd (3W or 4W), DMAc; T=60-160°C and =20 h. [b] Conversion of bromoarenes and
yields of products 3—5 from GLC analysis. [c] Amount of palladium in solution/total amount of palladium in the reaction mixture. [d] Palladium in solution

ug per g of solution.

converted almost quantitatively. The catalytic activity in the
coupling of the unactivated bromobenzene is highest at 140°C
(Table 4, entries 7 and 8). As expected, the activity of the Pd/
C catalyst is lower at 120°C, but also at higher temperatures
(Table 4, entries 5, 6,9, and 10). The lower catalytic activity at
160°C might result from the instability of the catalytically
active Pd species in solution at such a temperature (see below
and refs. [Sb, 71, 13]).

The palladium concentration in solution (leaching) also
depends on the reaction temperature. This is illustrated for
the coupling of bromobenzene and styrene with catalyst 4 W
(Table 4, entries 6, 8 and 10) and 3W (Table 4, entries 5, 7 and
9). Catalyst 3W is not only more active than 4W under
identical reaction conditions, but also exhibits less Pd leaching
(Table 2, entries 9 and 10).

The most pronounced influence of the reaction temper-
ature on the Pd concentration in solution is found in the Heck
reaction of p-bromoacetophenone and styrene with catalyst
3W. At 60°C no catalytic activity and almost no Pd (0.5%)
was found in solution (Table 4, entry 1) after the reaction was
finished. Quantitative conversion of p-bromoacetophenone
was obtained at 80°C and higher temperatures (Table 4,
entries 2—4). Here the Pd leaching increased significantly to
26% of the total Pd content at 80°C, but astonishingly
decreased again to about 1.0 % of the total palladium content
at 100 and 120°C.

Effect of the solvent: The influence of the solvent on catalytic
activity and Pd leaching was studied in the coupling of p-
bromoacetophenone and styrene with catalyst 3W (Table 5).

The catalytic activity in N-methylpyrrolidone (NMP) was
higher than in N,N-dimethylacetamide (DMAc) (Table 5,
entries 1 and 3). In toluene, acetonitrile, THF, and 1,4-dioxane
the catalytic activity at 80 °C was very low. For the reaction of
bromobenzene with styrene in NMP quantitative conversion
was found at 140°C after 20 h, while in DMAc only 86 %
conversion was achieved. This is in line with the results found
for p-bromoacetophenone.

The solvent also affects palladium leaching. For more
precise determination of the effect of solvent on palladium
leaching, conditions favoring palladium leaching (80 °C) were
applied in the coupling of p-bromoacetophenone and styrene
(Table 5, entries 1-6). Both NMP and DMACc resulted in high
Pd dissolution from the support: 22 % for NMP and 26 % for
DMAc. Very low Pd leaching (1.2-1.5%) was found with
toluene, THF, and 1,4-dioxane. This is accompanied by low
catalytic activity in these solvents. This could be an indication
that Pd in solution is the catalytically active species under the
conditions used.

Influence of inert-gas atmosphere: Most homogeneously
catalyzed Heck reactions were studied under inert conditions
(argon atmosphere).” For the Pd/C catalysts investigated
here, almost no influence of the atmosphere over the reaction
mixture on catalytic activity was observed. However, a
significant difference in Pd leaching was observed when
argon or air was used (Table 6). Without exclusion of air,
about 26 % of the total amount of palladium was lost from
catalyst 3W and found in solution, as opposed to 1.1 % under
an argon atmosphere (Table 6, entries 1 and 3). The same was

Table 5. Variation of the solvent: Heck coupling of p-bromoacetophenone with styrene (Scheme 1, R = COCH,).l"l

Entry Solvent Conversion®! Yield Yield Yield Pd-Leaching Pd in solution
[%] 301 %) 401 %] 501 [%] [%]t [ppm]!*
1 DMAc 94 90 0 3 26.0 19.5
2 toluene 0 0 0 0 1.4 1.1
3 NMP 100 95 0 4 22.0 16.4
4 acetonitrile 3 3 0 0 6.4 49
5 THF 3 3 0 0 15 1.1
6 1,4-dioxane 4 3 0 0 12 0.9

[a] Reaction conditions: p-bromoacetophenone, styrene, NaOAc, 0.1 mol % Pd (3W); T=80°C and ¢=20 h. [b] Conversion of p-bromoacetophenone and
yields of products 3—-5 from GLC analysis. [c] Amount of palladium in solution/total amount of palladium in the reaction mixture. [d] Palladium in solution

ug per g of solution.
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Table 6. Influence of atmosphere on activity and Pd leaching in Heck coupling of p-bromoacetophenone with styrene (Scheme 1, R = COCHj).[

Entry Catalyst Atmosphere Conversion Yield Yield Yield Pd-Leaching Pd in solution
[%] 300 [%] 401 [%] 501 [%] (%] [ppm]!*

1 3w Ar 100 94 0 5 1.1 0.8

2 4w Ar 98 90 0 5 5.0 3.8

3 3w air 100 94 0 5 26.3 20.0

4 4w air 94 88 0 5 30.2 22.7

[a] Reaction conditions: p-bromoacetophenone, styrene, NaOAc, 0.1 mol% Pd (3W or 4W), DMAc; T=100°C and =20 h. [b] Conversion of p-
bromoacetophenone and yields of products 3—5 from GLC analysis. [c] Amount of palladium in solution/total amount of palladium in the reaction mixture.

[d] Palladium in solution pg per g of solution.

found for catalyst 4W under the same conditions (Table 6,
entries 2 and 4).

Statistical methods (design of experiments; DoEs): An exten-
sive series of experiments was performed by varying the
following parameters: reaction temperature, solvent, catalyst
concentration, base, and type of filter used for catalyst
separation. For these investigations fractional factorial de-
signs such as 2°~! (16 experiments) and 2*! (8 experiments)
were selected for the DoE.[" In each experiment the catalytic
activity (conversion) and palladium content in solution after
filtration were determined, so that both response variables
could be studied with statistical methods. After processing the
data statistically, it could be unambiguously shown that the
reaction temperature and the solvent have dominant effects
both on activity and Pd leaching (see also Tables 4 and 5). This
isillustrated by the Pareto diagrams!'*l in Figure 1. In addition,
a significant correlation of the catalytic activity and the base
was found: Higher activities were obtained with sodium
acetate than with other bases such as amines. In the reaction
of bromobenzene and styrene, conversions of up to 98 % were
obtained with sodium acetate, but only 36 % with tributyl-

Pareto diagram (conversion)

Disolvent

Citemperature |

A:Pd content

|

]
AC+BD [

L]

1

I

0

AB+CD
Bfilter
AD+BC
2 4 a8 8 10
standardized effect o

Pareto diagram (Pd leaching)

Ciemperature |
AB+CD | |
[

D:solvent
AC+BD [ |

AD+BC
A:Pd content
Bfilter :I

standardized effect o
Figure 1. Pareto diagrams for conversion (top) and Pd leaching (bottom)
for the reaction of bromobenzene with styrene, illustrating the dominating
influence of chosen reaction parameters (2*! factorial design: T=280 or
100°C, Pd content =0.1 or 0.2 mol %, solvent =NMP or DMACc).
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amine under identical reaction conditions (catalyst 3 W, NMP,
140°C, 20 h, 0.1 mol% Pd). A slight additional increase in
activity was found when sodium acetate and an amine were
used simultaneously (see also refs.[7h, 7j]). The palladium
concentration (ca. 0.1 mol % relative to the bromoarene) is
not a limiting factor for high activity. It could be reduced to
0.005 mol % without loss of activity.

The palladium concentration in solution was not affected by
the type of filter used for catalyst separation. This is
connected with the excellent filterability of the carbon
support used (optimized particle size distribution, attrition
resistance, morphology).

Activity under optimized reaction conditions: Analysis and
evaluation of the results discussed above lead to the following
optimum reaction conditions for the Heck reaction with
catalysis by Pd/C: 140°C for unactivated bromoarenes
(Table 4), NMP as solvent (Table 5), and sodium acetate as
base. The high catalytic activity of the Pd/C catalysts allowed
the palladium concentration to be decreased to 0.01 mol %.
An argon atmosphere helps to decrease the Pd leaching while
maintaining the high activity. The most active Pd/C catalyst
3W should be used without thermal treatment (Table 2).

Under these optimized reaction conditions, unactivated
bromoarenes such as bromobenzene, and even deactivated
bromoarenes such as p-bromoanisole, could be converted
almost quantitatively within 2 h (Table 7, entries 3 and 6). The
Pd content could be drastically decreased to 0.005 mol %
(1 pmol Pd for 20 mmol bromobenzene) in the coupling of
bromobenzene and styrene (Table 7, entry 5). This extremely
high catalytic activity is reflected by turnover numbers
(TONSs) of up to 18000 and turnover frequencies (TOFs) of
up to 9000h~! for this reaction. Even with very low Pd
loadings of 0.005-0.01 mol% Pd, all bromoarenes studied
here could be coupled almost quantitatively within 2—6h
(Table 7, entries 1, 3, and 9) with high selectivity (>90%) for
the E products. In the presence of air (no purging with argon),
bromobenzene can be converted almost quantitatively within
3 h with a Pd loading of only 0.01 mol %. The TON and TOF
for this reaction were 9600 and 3200 h~!, respectively (Table 7,
entry 4).

Pd leaching and catalyst evolution during the reaction:
Activity and leaching as a function of time: All determinations
of the Pd concentration in solution described above were
performed after filtration of the solid catalyst from the hot
reaction mixture at the end of the reaction. However, to gain
insight into how the catalytic reaction proceeds on the atomic
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Table 7. Optimized reaction conditions: Heck coupling of different bromoarenes with styrene (Scheme 1).

Entry R Catalyst Solvent t T Conversion!*! Yield Yield Yield TON TOFU
[mol % Pd] (h] [C] [%] 301 [%] 40 [%] 501 %) (h] (h]

1 COCH; 0.01 NMP 4 140 96 90 0 5 9500 2375

2 H 0.01 NMP 1 140 73 65 1 5 7100 7100

3 H 0.01 NMP 2 140 97 87 1 7 9500 4750

4lel H 0.01 NMP 3 140 97 88 1 7 9600 3200

5t H 0.005 NMP 2 140 90 82 1 7 18000 9000

6 OCH; 0.10 NMP 2 140 92 80 1 9 900 450

7 OCH; 0.02 NMP 2 140 72 63 0 7 3500 1750

8 OCH; 0.02 DMAc 2 140 62 53 0 6 2950 1475

9 OCH; 0.01 NMP 6 140 95 85 1 9 9500 1583

[a] Reaction conditions: bromoarene, styrene, NaOAc, 0.005-0.10 mol % Pd (3 W), NMP or DMAc; T'=80-140°C. [b] Conversion of the bromoarenes and
yields of the products 3-5 from GLC analysis. [c] TON =moles of coupling products (all isomers)/moles of Pd. [d] TOF = moles of coupling products (all
isomers)/moles of Pd per hour. [e] Without exclusion of air and moisture (no purging with argon). [f] 20 mmol bromobenzene, 30 mmol styrene, 24 mmol

NaOAc, 20 mL solvent.

level it is important to determine the Pd concentration in
solution during the reaction at a given time and to correlate it
with the catalytic activity.

Therefore, 25 samples of the reaction mixture were taken
during the reaction of bromobenzene and styrene and
analyzed by GLC and ICP-OES or ICP-MS (to ensure higher
accuracy in this experiment, 1.0 mol % Pd was used). Figure 2
shows that the palladium concentration in solution was

100 20
90 18
80 L 16
70 14
60 L 12
50 —m— Conversion o
40 —e— Yield [E-stilbene] L8
10 —A—Pd leaching -—6
20 L4
10 -2

0 : : . : : Lo
0.0 05 1.0 15 2.0

Reaction time /h ———

Figure 2. Investigation of activity and Pd leaching as a function of time:
heterogeneous Heck coupling of bromobenzene with styrene (Scheme 1);
reaction conditions: bromobenzene (200 mmol), styrene (300 mmol),
sodium acetate (240 mmol), 1.0 mol % Pd, catalyst 3W, DMAc (200 mL),
T=140°C.

highest at the beginning of the reaction and had dropped to
1 ppm when the reaction was complete. During the reaction
the conversion decreased with decreasing Pd concentration in
solution. The conversion — time behavior observed is expected
for the Heck reaction, regardless of the Pd concentration in
solution. The apparent relationship between conversion and
Pd concentration could be understood, for example, by the
influence of the concentration of starting materials (potential
ligands) on Pd leaching.

Catalyst evolution: As stated above, the reaction is accom-
panied by a Pd dissolution/precipitation process.”l This
catalyst evolution is also reflected by transmission electron
microscopy (TEM) investigations of catalyst 3W before and
after the reaction (Figure 3). The fresh catalyst 3W (Figure 3,
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100 nm

Figure 3. Transmission electron micrographs (magnification 1:400000) of
catalyst 3W before Heck coupling of bromobenzene with styrene (top) and
after the Heck reaction (bottom). Reaction conditions: bromobenzene
(10 mmol), styrene (15 mmol), sodium acetate (12 mmol), 1.0 mol % Pd,
DMAc (10 mL), T=140°C, reaction time 20 h.

top) clearly exhibits a higher Pd dispersion and more uniform
distribution than the catalyst (Figure 3, bottom) after Heck
coupling of bromobenzene and styrene under standard
reaction conditions (DMAc, sodium acetate, 140°C, 20 h).
The used catalyst was washed with dichloromethane and
water before TEM investigations. The average Pd crystallite
size has increased by one order of magnitude from 2.4 nm to
23 nm. The TEM images indicate the agglomeration of small
primary Pd crystallites to large “grapes” (Figure3). In
addition, Figure 4 shows that Pd precipitation occurs on the
outer activated carbon grains only. This destroys the uniform
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Figure 4. Transmission electron micrograph of Pd/C catalyst 3W after the
Heck reaction (magnification 1:50000). Reaction conditions: bromoben-
zene (10 mmol), styrene (15 mmol), sodium acetate (12 mmol), 1.0 mol %
Pd, DMAc (10 mL), 7= 140°C, reaction time 20 h.

Pd distribution of the fresh catalyst and leads to an eggshell
catalyst.

In addition, the increase in the lattice constants of the Pd
crystallites precipitated at the end of the reaction (a =395 pm
for the used catalyst versus a =388 pm for the fresh catalyst)
found by X-ray diffraction (XRD) indicate the incorporation of
impurities (e.g., carbon) into the Pd lattice during precipitation.

Recycling and re-use of the catalysts: The dramatic decrease in
Pd dispersion during the reaction should lead to a significant
decrease in catalytic activity when the catalyst is re-used in
Heck reactions. This was indeed found in recycling studies
with catalyst 3W in Heck couplings of bromobenzene with
styrene (Table 8). The conversion after 6 h with recycled
catalyst that was washed with dichloromethane is roughly

50% of that with fresh 3W (Table 8, entry2). A second
recycling (Table 8, entry 3) of the Pd/C catalyst decreases the
reaction rate further, and conversion was very low (4% after
6 h). For higher or almost complete conversions 20 h or more
is necessary. Table 8 additionally illustrates that the activity of
the recycled catalysts is significantly influenced by the
washing procedure applied. Washing with dichloromethane
and water (necessary to remove sodium bromide or excess
base) further reduces the catalytic activity compared to
washing with dichloromethane (Table 8, entries4 and 5).
Thus, the extremely high activity of the catalyst system is only
found in the first run if very low Pd concentrations are used.
Used catalysts exhibit low activities comparable to other
(fresh) heterogeneous systems.™ However, easy and quanti-
tative separation of the Pd/C catalyst allows effective recovery
of the noble metal.

Discussion and Conclusion

A variety of Pd/C catalysts with different properties were
studied in Heck reactions of aryl bromides with olefins. The
activity of the catalysts strongly depends on the palladium
dispersion, the Pd oxidation state in the fresh catalyst, the
water content (wet or dried catalysts), and the conditions of
catalyst preparation (impregnation method, pretreatment
conditions). For example, Pd on the same activated carbon
support can be a nearly inactive catalyst or have the highest
activity reported so far for heterogeneous systems for the
conversion of aryl bromides (Table 9).

The strong effect of Pd dispersion (see Table 3) proposed
earlier,® 81 but mostly ignored and never studied in detail,
seems to be most easily understandable. Increasing Pd surface

Table 8. Re-use of Pd/C catalyst: Heck coupling of bromobenzene with styrene (Scheme 1, R =H).l%l

Entry State Catalyst washed with Conversionl’! Yield Yield Yield
[%] 30 [%] 4" [%] 501 [%]

1 new - 92 84 1 7

2 1st re-use dichloromethane 63 56 1 5

3 2nd re-use dichloromethane 4 3 0 0

4 1st re-use dichloromethane and water 27 25 0 2

5 2nd re-use dichloromethane and water 2 1 0 0

[a] Reaction conditions: bromobenzene, styrene, NaOAc, 0.1 mol % Pd (3W), DMAc; T=140°C and =6 h. [b] Conversion of bromobenzene and yields of
products 3-5 from GLC analysis.

Table 9. Comparison of activity and reaction conditions for heterogeneous and homogeneous catalysts in the Heck reaction of bromobenzene (Scheme 1,
R =H) with styrene (or methyl arcylatell) published in the literature very recently.

Catalyst Catalyst T t Yield 3-5 TON [l TOF I Reference
[mol % Pd]i [°Cl (h] [%] (']
Pd/mesoporous silica 0.1 170 48 39 390 8 [81]
Polymer supported Pd carbenes 0.02 150 60 75 3750 63 [5a]
Pd/Cl > 1 160 12 <20 <20 2 [7h]
3W (E 105 CA/W 5% Pd) 0.005 140 2 90 18000 9000 this paper
Pd/zeolites 0.05 140 0.5 96 1920 3840 [9c]
Palladacycle 0.0001 130 72 29 290000 4028 [3a]
Pd carbenes 5 184 1 100 20 20 [3s]
Pd(OAc), 0.0009 130 96 85 94400 984 [3b]

[a] Moles of Pd/moles of bromobenzene. [b] Moles of coupling products (all isomers)/(moles of Pd). [c] TOF = moles of coupling products (all isomers)/
moles of Pd per hour. [d] Reaction of bromobenzene and methyl acrylate. High selectivity (up to 80 %) to undesired benzene (dehalogenation).
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area (decreasing Pd crystallite size) is expected to increase the
activity in a heterogeneous reaction. However, an increased
surface area could also promote the dissolution of Pd into the
solvent (leaching), and these aspects must be included in a
discussion of the mechanism (see below). Nevertheless,
different Pd dispersion, catalyst preparation, and pretreat-
ment conditions may explain the differences in the catalytic
activity of the various Pd/C catalysts reported in the
literature™ in comparison to the high activity of catalyst
3W. The low activity of Pd/C for the activation of aryl
bromides reported by Arai et al.l’" can thus be expected from
the drastic pretreatment conditions (reduction of Pd/C at
350°C). The influence of the Pd oxidation state (0 or +2) can
be interpreted in the context of Pd dispersion as well: Each
thermal treatment under a gaseous atmosphere (hydrogen,
inert gas, air) to produce Pd’, which is generally accepted as
the active state,” is connected with a decrease in Pd
dispersion (Table 3). Clearly, the in situ reduction of Pd!
under Heck reaction conditions leads to the best catalysts
with the highest dispersion. The presence of water (see
Table 3, entries 1 and 8) possibly prevents the precipitation of
sodium bromide or base near the reaction center(s). The
tolerance of water in the reaction mixture is an interesting
advantage of these catalysts. They can be used without
exclusion of air in undried solvents (Table 6 and Table 7,
entry 4). Uniformly impregnated Pd/C catalysts show higher
activities than eggshell catalysts. This underlines that diffusion
limitations, which were never indicated in any experiment
performed in this work, do not play a role. However, it also
supports the hypothesis that leached Pd is the active species,
for which the solid (fresh) Pd/C catalyst acts as a reservoir that
delivers catalytically active Pd species into solution. This is
favored by a uniform distribution of Pd over the activated
carbon support.

The optimization of catalyst and reaction parameters
allowed the development of a high-performance catalyst for
the reaction of bromoarenes with olefins that exceeds the
activity of any heterogeneous palladium catalysts reported in
the literature by at least an order of magnitude (Table 9). No
dehalogenation of bromoarenes occurred in any experiment,
in contrast to the results of Arai et al.l’ who observed up to
80% formation of benzene by dehalogenation. Bromoben-
zene can be converted to 90% in 2 h with catalyst concen-
trations of only 0.005 mol % Pd. Turnover numbers (TON) of
up to 18000 and turnover frequencies (TOF) of up to 9000 h~!
are obtained (Table 7, entry 5). Even deactivated bromoar-
enes (p-bromoanisole) can be coupled with yields of up to
95% (Table 7, entries 6-9). p-Bromoacetophenone can be
converted completely even at temperatures as low as 80°C
(Table 5, entry 3). Similarly high TONs are only reached by
the highly active Pd/zeolite systems reported recently.” Even
without exclusion of air/moisture (no purging with argon)
bromobenzene can be converted within 3h at catalyst
concentrations of only 0.01 mol% palladium (Table 7, en-
try 4). The selectivities for the main coupling products are
generally 90 % or more. The catalysts combine all important
demands for practical application: high activity and selectivity
without exclusion of air and moisture, extremely low Pd
concentrations (0.005-0.1 mol %), easy and complete sepa-
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ration from the product mixture, easy and quantitative
recovery of palladium, and commercial availability.

However, the TONS are still clearly lower than those of the
best homogeneous catalyst systems for the activation of aryl
bromides? (Table 9). However, even the best of them do not
reach the TOF of the Pd/C system 3W (Table 9). This shows
that the reaction rate of the Pd/C system can be even higher
than that of homogeneous systems. The activity at the
beginning of the reaction seems to be extremely high before
deactivation of the catalyst occurs. The Pd/C catalyst possibly
represents an excellent reservoir for active palladium species
in solution (see below). However, in contrast to the homoge-
neous catalysts listed in Table 9, aryl chlorides can only be
converted to a very low extent under the conditions inves-
tigated for catalyst 3W. Nevertheless, the optimized Pd/C
catalyst presented here can be regarded as an important step
towards surprisingly simple systems that meet the needs of
synthetic organic chemists, and towards the commercial
application of heterogeneous catalysts in C—C coupling
reactions.

The approach described above gave new information about
the role of different palladium species (solid particles,
complexes, or clusters) in this complex reaction. However,
for a deeper understanding it is necessary to answer the main
question of these solid —liquid reactions: Does palladium act
as heterogeneous catalyst or are Pd complexes or colloids in
solution the catalytically active species in the Heck reaction?
Extensive studies of the Pd content in solution after separa-
tion of the catalyst from the reaction mixture but also during
the reaction were therefore performed.

The palladium concentration in solution is the highest at the
beginning of the reaction (Figure 2), but drops to less than a
few parts per million after completion of the reaction. Under
optimized reaction conditions with 0.01 mol % Pd the palla-
dium concentration in solution can be minimized to 0.3-
2.3 ppm by simply filtering the hot reaction mixture. The Pd
concentration in solution correlates with the progress of the
reaction, the nature of the starting materials and products, the
temperature, the solvent, the base and the atmosphere (argon
or air). Lower temperatures, higher concentrations of the
bromoarenes, and strong coordinating ability of the bromoar-
enes towards palladium (p-bromoacetophenone)™ clearly
increase Pd leaching. Higher temperatures seem to favor
precipitation (Table 4, entries 2—4). While these effects are
easy to rationalize, the influence of the atmosphere (air,
argon) remains subject of speculation (Table 6). Oxidic Pd
species, the content of which should be higher in the presence
of air, are perhaps more easily leached than Pd’.

The experimental results, in particular the direct correlation
of conversion and concentration of palladium in solution
(Figure 2), indicate a quasihomogeneous reaction mechanism,
that is, Pd complexesl- 13 3¢ or colloidal particlest?® 131 are
the active species in solution, as was already proposed earlier.
A distinction between these two kinds of Pd species is not
possible on the basis of our results. Although there are still
several inconsistencies, the present investigations are in good
agreement with the detailed studies on this subject by Arai
et al., ], Biffis et al.,’® and Shmidt et al.l'3* 13 The claim that
classical homogeneously catalyzed Heck reactions and Pd/C-
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catalyzed Heck reactions proceed by a similar mechanism is
supported by the identical selectivity. According to Arai
et al.l™ who used Pd on activated carbon (thermally treated at
200-350°C) as catalyst, a heterogeneous mechanism (Pd
surface reaction) would lead to dehalogenation (at higher
temperatures), whereas the coupling reaction is supposed to
be catalyzed by Pd leached into solution. In their experiments
Pd/C almost exclusively gave benzene as product. At present,
however, we would not generalize these ideas for all hetero-
geneously catalyzed Heck reactions.

These results do not limit the practical advantages of the
heterogeneous system studied, because the Pd is re-precipi-
tated onto the support at the end of the reaction and can thus
be recovered almost quantitatively from the product mixture
(<1 ppm Pd in the reaction mixture after filtration). This re-
precipitation process can be controlled by careful choice of
the reaction parameters (at the end of the reaction), which
could be deduced from a large number of catalytic experi-
ments and by employing statistical methods (design of
experiments). Unfortunately, the re-precipitation significantly
changes the state of the palladium catalyst (Figure 3 and 4),
decreases its activity, and making its re-use unattractive.

Experimental Section

Catalyst preparation: All catalysts were obtained by wet impregnation.!'®]
All catalysts were prepared with H,PdCl, at a constant Pd loading of
5 wt%. The support material (BET specific surface area 1120 m*g~!; mean
grain size 23 um) was first suspended in distilled water. Then an aqueous
solution of the Pd compound was added. After impregnation and heating to
80°C the suspension was adjusted to pH 10 by adding sodium hydroxide.
After agitation Pd was reduced by adding formaldehyde (2W, 4W, and
SW) or hydrazine (6 W). After further agitation the catalyst was collected
by filtration and washed with distilled water. Catalysts 1W and 3W were
collected by filtration immediately after the heating phase without
reduction. The dry catalysts were prepared by drying an infrared dryer at
100°C to constant weight.

General reaction procedures: The catalytic reactions were carried out in
pressure tubes in air or under argon. All reactants and solvents were
obtained from Aldrich/Fluka or Merck (grade p.a.) and were used as
received without further purification or drying. The qualitative and
quantitative analysis of the reactants and products was performed by
GLC or GC-MS. Products were identified by comparison with authentic
samples. Conversion and selectivity are represented by product distribution
(relative area of GLC signals) and GLC yields (relative area of GLC signals
referred to an internal standard calibrated to the corresponding pure
compound, A, <+10%). The term “activity” is used in a rather general
sense, that is, the conversion during the total reaction time. Note, however,
that the reaction time varies significantly and differences in catalyst
deactivation characteristics may be relevant. Conversion/total reaction
time values are thus not an accurate measure for a variety of experiments.
However, the kinetic data shown in Figure2 describe the activity
accurately.

Procedures for catalytic tests: Bromoarene (10 mmol), styrene (1.562 g,
15 mmol), base (12 mmol; usually sodium acetate, 0.984 g), diethylene
glycol n-butyl ether (0.500 g, as internal standard for GC analysis), and
0.01-1.0 mol % of Pd as heterogeneous catalyst (e.g., 3W) were introduced
into a pressure tube. Solvent (10 mL, usually NMP or DMAc) was added.
For experiments with a Pd concentration of 0.005 mol %, bromobenzene
(3.141 g, 20 mmol), styrene (3.124 g, 30 mmol), sodium acetate (1.968 g,
24 mmol), diethylene glycol n-butyl ether (1 g), and NMP (20 mL) were
used. The mixture was optionally de-aerated by purging with argon for
5 min. The reactor was placed in a preheated oil bath at the reaction
temperature (60-160°C) with vigorous stirring of the reaction mixture.
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After the reaction was complete a small sample of the reaction mixture was
collected for GLC analysis, and the remainder was separated by hot
filtration (110-120°C for a reaction temperature of 140°C). A sample was
taken from the filtrate for Pd analysis.

For time-resolved investigations of activity and Pd leaching, bromobenzene
(31.408 g, 200 mmol), sodium acetate (19.690 g, 240 mmol), diethylene
glycol n-butyl ether (10 g), and 1.0 mol % Pd (4.26 g 3W) were introduced
with DMAc (200 mL) into a three-necked flask (500 mL) equipped with a
septum and a reflux condenser. After the mixture was de-aerated by
purging with argon for 20 min, styrene (31.24 g, 300 mmol) was added. The
reactor was placed in a pre-heated oil bath at the reaction temperature
(140°C) with vigorous stirring of the reaction mixture. From time to time
samples (ca. 8 mL) of the reaction mixture were collected while the
reaction was running, and the Pd content in solution was determined by
GLC and ICP-OES or ICP-MS.

For re-use studies the Pd/C catalyst was washed twice with dichloro-
methane (2 x 10 mL) or washed twice with dichloromethane (2 x 10 mL)
and subsequently purified water (2 x 10 mL) after hot filtration. The
catalyst was dried at room temperature and then re-used in Heck coupling.

For the GLC analyses the sample (1 mL) taken from the reaction mixture
before filtration was quenched with water (2mL) in a test tube. This
mixture was extracted with dichloromethane (2 mL), and the organic layer
was filtered and dried over MgSO,. The resulting dry organic layer was
analyzed by GLC or GC-MS.

Investigation of Pd leaching: For the determination of the Pd content in
solution, a maximum amount of the clear filtrate was collected for better
and more precise Pd analysis (usually half of the reaction mixture, i.e., 4 -
5mL). A defined amount of the clear filtrate was collected in a glass vessel
immediately after hot filtration. After careful evaporation of the organic
compounds, the sample was treated with aqua regia and diluted, and the
solution was filtered and analyzed by ICP-OES or ICP-MS. For better
accuracy, multiple analysis was performed for each sample.

Methods: Gas-liquid chromatography was performed on a HP 6890 series
chromatograph equipped with a FID detector and a HP-1 column (cross-
linked methylsiloxane, 30 m x 0.25 mm x 0.25 um film thickness). GC-MS
analysis was performed on a HP 5890 instrument with a HP 5970 mass
detector and a HP-1 column.

The palladium content in solution was determined by ICP-OES on a Perkin
Elmer Optima 3300DV spectrograph and ICP-MS on a VG Elemental
Plasmaquad2 + spectrograph.

Transmission electron microscopy (TEM) was carried out on a Hitachi
H500H microscope.

The XRD measurements were performed on a Stoe spectrometer with
Cug, X-ray emission radiation.
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First Use of Axially Chiral Thioamides for the Stereocontrol

of C—C Bond Formation

Shubhada Dantale,'®! Vincent Reboul,?! Patrick Metzner,*'?! and Christian Philouze!"!

Abstract: Several ~ N-aryl-substituted
thioamides with an axis of chirality
along the N—C(aryl) bond were pre-
pared in good to excellent yields. NMR
spectra revealed preferences for the E

Claisen rearrangement. LDA deproton-
ation led selectively to the enethiolates
of Z stereochemistry, and subsequent
reaction with a variety of allyl halides
furnished S-allyl keteneaminothioace-
tals. These intermediates were not de-

tected as they rearranged readily to y-
unsaturated thioamides in good to high
yields and diastereoselectivities up to
88:12. Chemical correlation allowed the
assignment of the (aR*2R*) configura-

rotamer (along the N—C(=S) bond).
X-ray crystallographic analysis showed
that the planes of the aryl and thioamide
groups were almost perpendicular (79°).
For the first time, these atropisomeric
thioamides were used for an asymmetric

thesis -

Introduction

Amongst the major advances of asymmetric synthesis is the
use of axial chirality. Most examples involve binaphthyl-type
auxiliaries.l' 2 Non-biaryl structures have been investigated
only recently.’! The observation that a number of aromatic
compounds, such as benzenecarboxamides or anilides are not
flat has been made earlier, but overlooked in terms of
synthetic applications. The groups of Fuji,[*3 Curran,/®7
Clayden,® ! Simpkins!'>!! and Taguchil'>®! have very re-
cently prepared a number of axially chiral amides, bearing the
aromatic and amide planes in an almost orthogonal orienta-
tion. Introduction of steric hindrance has led to acceptable or
significant barriers to rotation along the axis of chirality and
opened the way to “atroposelectivity”. Reactions that have
been stereocontrolled in this fashion include the alkylation
and aldol reactions of enolates,'> ' 4 13l nucleophilic addition
to carbonyl derivatives!'® 'l and iminium salts,['*] addition of
electrophiles to ortho or laterally metalated naphth-
amides,> 2! Diels— Alder and dipolar cycloadditions,!'> 22
and radical reactions.[% %]
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tion to the major diastereoisomer. A
model was proposed to explain the
stereochemical course of the thio-Clais-
en rearrangement.

We wished to replace the oxygen atom of amides by a sulfur
atom, as there seems to be no precedent for the use of
atropisomeric thioamides in asymmetric synthesis, and be-
lieve that this will present a number of useful characteristics.
Two features are necessary: 1) the perpendicularity of the
planes of the arene ring and the thioamide moiety and 2) a
high barrier to rotation to allow configurational stability.
Although, to our knowledge, there is no data available, we
assumed by analogy with thiobenzamides that these features
would favour thioamides rather than amides.

The attractive characteristics of thioamides?* are their ease
of preparation,? 2l their stability in air, their crystallinity, the
acidity of protons located a to the thiocarbonyl group, the
regiospecific S-alkylation of resulting enethiolates, their high
nucleophilicity and their facile desulfurization reactions.?” 28]

Our aim was to prepare a number of thioamides, such as 1,
to examine their structures and explore their stereochemical
behaviour in the thio-Claisen rearrangement (Scheme 1).

Deprotonation of thioamides?? selectively leads to ene-
thiolates 2. These intermediates exhibit soft character (as
compared to enolates) and react with allyl halides by specific
S-alkylation.* 3 The [3,3]sigmatropic rearrangement of allyl
vinyl sulfides?* 333 generally takes place under mild con-
ditions leading to good yields of y-unsaturated thiocarbonyl
compounds. The facile nature of the transformation, as
compared to the oxygen series, is mainly of kinetic origin3¥
and is explained by the cleavage of the C—S bond being easier
relative to the C—O bond.

We report here that this strategy has been successful and
that interesting selectivities have been attained.
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Scheme 1. [3,3]Sigmatropic rearrangement of S-allyl keteneaminothioacetals 3 to y-unsaturated thioamides 4.

Results

Synthesis of thioamides: The necessity of configurational
stability and unsymmetrical substitution of the arene led us to
study amines having a bulky group in the ortho-position. We
started from commercially available 2-tert-butylaniline and
2,5-di-tert-butylaniline and transformed them according to the
literaturel”l into amides 5a—c (Table 1) by N-methylation and
acylation (acetyl chloride or propionyl chloride). We also
prepared the secondary amide 5d and two tertiary amides Se
and 5f bearing 1-naphthyl and 2-methyl-1-naphthyl groups
respectively. Thionation was effected with Lawesson’s re-
agent. Our usual conditions (THF, room temperature) did not
cause conversion, revealing the sensitivity of this reaction to
steric hindrance. Carrying out the transformation under reflux
in toluene afforded good to excellent yields of thioamides
1la—f (Table 1).

Table 1. Conversion of amides 5 to thioamides 1 with Lawesson’s
reagent.l?)

Entry Amide Time [h]

Thioamide

8
)J\N,Me

Yield [%] E/Z [%]

1 S5a 5 1a Bu 82 100:0
S
\)J\N,Me
2 5b 5 1b 8 87 100:0
t ~Bu
S
\)J\N,Me
3 £ 6 1c By 90 100:0
Bu
S
\)J\ H
N
4 5d 6 1d 60 50:50
Bu
5 Se 6 le

6 S5f 4 1f 90 100:0

[a] In all the above thionation reactions, 0.6 equivalents of Lawesson’s
reagent was used.

Chem. Eur. J. 2002, 8, No. 3
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S Structure of thioamides: Thio-
amides 1 may exhibit two types
of atropisomerism, along the
N—C=(X) bond and along the
N—C(aryl) bond (Figure 1). The
first type is commonly observed
with thioamides,? 3! which are
known to have higher barriers
of rotation relative to the oxy-
gen series,’’l with a difference of 5-7 kcalmol~!, and for
increased proportions of the main £ or Z isomer. A rule of
thumb, in terms of steric hindrance, is that the more stable
configuration has the two largest substituents trans to each
other along the single bond: usually the chain linked to the
thiocarbonyl and the carbon chain on nitrogen.

1 2 1\/11
R \)yLN,R R '?‘/Q
f R3 R2 RS

(E) 1X=8 (2
5 X=0

Figure 1. E and Z rotamers of thioamides 1 and amides 5 along the
N—C(=X) bond.

Very few examples of N-aryl thioamides have been
reported.’3#1 More information is available for the oxygen
series. For secondary anilides!” *!l the main isomer is the Z one,
which is also the usual configuration observed in peptides.
Replacement of the N-hydrogen by a methyl group causes a
surprising inversion of stereochemistry, studied extensively by
Itai 41 and confirmed by Curran” *! for compounds Sa—c.
The major isomer is now the E one and the aryl group behaves
as a “small group”, relative to the methyl, by adopting a
perpendicular arrangement. We have examined the structure
of thioamides 1 both by NMR spectroscopy in solution and by
X-ray diffraction of single crystals.

For the secondary thioamide 1d (R'=Me, R?=H, R*=
Bu), the NMR spectrum revealed a 1:1 mixture of rotamers
with two triplets for Me at 0 =1.27 and 1.44 and two quartets
for CH, at 6 =2.46 and 2.90. The E configuration was assigned
to the upfield shifts by analogy with Curran’s data on
corresponding amides.”) Crystallisation of this mixture in
dichloromethane/petroleum ether provided single crystals.
X-ray diffraction analysis showed a homogeneous arrange-
ment of Z configuration. We believe that, in solution, a rapid
equilibrium takes place between E and Z rotamers and that it
is the equilibrium ratio that is monitored by NMR spectros-
copy. During crystallisation, the Z rotamer is isolated, because
of lower solubility. The equilibrium proceeds faster than the
crystallization, and, thus, the initial mixture is fully converted
into the Z isomer. We consider this as analogous to “dynamic
kinetic resolution”.

The X-ray structure of (Z)-1d (Figure 2) revealed several
points. The angle between the phenyl ring and the thioamide
planes has a mean value of 68°. The steric bulk of the tert-butyl
group deviates from the planarity of the thioamide by
about 7°.
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Figure 2. Crystal structure of 1d (N-(2-fert-butylphenyl)propanethio-
amide). Selected interatomic distances (A), bond angles (°) and torsion
angles (°): S1-C7 1.661(3), N1-C7 1.327(4), N1-C1 1.433(4), C2—C10
1.538(5), S1-C7-N1 123.1(2), S1-C7-C8 122.2(2), C1-N1-C7 125.2(3), N1-
C1-C2 123.1(3), N1-C1-C6 115.4(3), C1-C2-C10 126.0(3), S1-C7-N1-C1
5.9(5), S1-C7-C8-CY — 84.2(4), N1-C1-C2-C10 6.5(5), N1-C7-C8-C9 94.0(4),
C2-C1-N1-C7 —113.0(4), C6-C1-N1-C7 70.8(4).

Tertiary thioamides 1a—c were examined by NMR spec-
troscopy, and we observed a single isomer in all cases, to which
we assigned the E configuration (N—Me singlet at 6 =3.62).
For amides 5a and 5b the analogous E isomer is favoured,
with an E:Z ratio of 22:1 and 15:1, respectively. A noticeable
feature for 1b and 1c is that their CH, signals were not single
quartets but two quartets, providing evidence of diastereoto-
picity. To estimate the barrier to rotation along the N—C(aryl)
bond of 1b, we heated a sample in [Dg]DMSO up to 140°C
and were not able to observe coalescence of the above signals.
This means that the barrier to rotation is rather high and
cannot be measured under these conditions. This gave us
confidence about the configurational stability necessary for
any practical asymmetric induction.

A single crystal of propanethioamide 1¢ bearing two tert-
butyl substituents at the 2- and 5-positions was analyzed by
X-ray diffraction (Figure 3). The first observation was the E
geometry along the N—C(=S) bond in agreement with the
NMR spectrum of the compound in solution. Therefore, we
have in the sulfur series the same inversion as with the amides:
preferred Z structure for secondary thioanilides and E
configuration for tertiary thioanilides. The second important
feature is that the planes of the thioamide moiety and the
aromatic ring are almost perpendicular with an angle of 79°
(C16—C17-N1-C18).

An interesting feature (in the solid state) is the conforma-
tion along the C18—C9 propane — thioamide bond. The methyl
group and the sulfur atom bonds*! make an angle of 6°. This
is in agreement with the conformations usually observed with

634 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Figure 3. Crystal structure of 1c¢ (N-(2,5-di-tert-butylphenyl)-N-methyl-
propanethioamide). Selected interatomic distances (A), bond angles (°)
and torsion angles (°): S1—C18 1.661(2), N1-C17 1.452(2), N1-C18
1.339(2), C9-CI8 1.500(3), C6-N1-C17 115.7(1), C6-N1-C18 121.1(2),
C17-N1-C18 122.3(2), S1-C18-N1 121.5(2), S1-C18-C9 122.1(1), S1-C18-
C9-C11 6.0(3), N1-C18-C9-C11 —173.9(2), C6-N1-C17-C15 —88.1(2), C6-
N1-C17-C16 89.9(2), C15-C17-N1-C18 102.7(2), C16-C17-N1-C18
—~79.3(2).

Et—C(=0)—X compounds (aldehydes, esters) for which the
methyl and oxygen are almost eclipsed.[*!

These structural observations encouraged us and we
initiated our synthetic study with racemic thioamides 1.

Metallation of 1b: Suitable conditions were found by reaction
with a variety of bases. Monitoring the formation of the
corresponding enethiolate 2b was achieved by quenching with
Mel and NMR spectroscopic detection of S-methyl ketene-
aminothioacetal (3b) (Scheme 2).

SLi SMe
\/ﬁ\N,Me A Me Py Me

1) LDA 2) Mel
By ———» tBu _— Bu
THF ~78°C -RT
-78°C

73%
1b 2b 3b
Scheme 2. Stereoselective deprotonation and S-alkylation of 1b to (Z)-

keteneaminothioacetal 3b.

n-Butyllithium or tert-butyllithium proved ineffective, even
at ambient temperature. Sodium 1,1,1,3,3,3-hexamethyldisila-
zane (NaHMDS) achieved only minor deprotonation (—78°C
to room temperature). Quantitative formation of 3b was
obtained with lithium diisopropylamide (LDA; 2.1 equiv)
provided that, after addition at — 78 °C, the reaction mixture
was brought to ambient temperature. This S-alkylation has
the advantage of furnishing important information about the
stereochemistry of the carbon-carbon double bond of
product 3b. It has been demonstrated that it reflects the
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configuration of the intermedi-
ate enethiolate, as the allylation
takes place with retention of
configuration.[?30. 47481 Apoth-
er characteristic of thiocarbonyl
compounds is that their kinetic
deprotonation leads to enethio-
lates with a cis structure, with
respect to the S-lithium and
olefinic methyl groups. The
'H NMR of the crude S-methyl
keteneaminothioacetal ~ (3b)
showed a single set of signals,
including S-Me at 0 =2.21, the
olefinic methyl at 1.80 and pro-
tons at 4.49. Thus, deprotona-
tion occurs in a stereoselective
fashion and, by analogy with
previous results” %! we as-
signed the Z configuration to 3b.

Thio-Claisen rearrangement:
We allowed racemic thioamides
la-ftoreact with LDA at 0°C;
subsequent addition of allyl
halides (allyl and methallyl io-
dides 6a, 6b, respectively, and
prenyl bromide 6¢). As the
S-allylation was sluggish at am-
bient temperature, it was nec-
essary to heat under reflux with
THEF (67°C). Under these con-
ditions, we observed direct for-
mation of y-unsaturated thio-
amides 4. The intermediate ke-
teneaminothioacetals 3 were
not detected. Therefore the
S-allylation appears to be the
rate-determining step, followed
by a fast [3,3]sigmatropic shift
(Scheme 3, Table 2).

The first examples (entries 1
and 2) involved rearrangement
without any stereochemical
concern. For entries 3-8 an
asymmetric centre is created in
the a-position to the thiocar-
bonyl group. The presence of
two diastereomers was ob-
served in the NMR spectra of
thioamides 4ba, 4bb, 4bc, 4ca,
4cb, and 4ea, as anticipated

from the two stereochemical elements (axis and centre of
chirality). The isomer ratio is around 80:20 for the introduc-
tion of allyl and methallyl chains. It increases to 86:14
(entry 5) with prenyl bromide, leading to creation of a C—C
bond with a quaternary carbon and greater steric hindrance.
The product 4bc has an inverted allyl chain, thus supporting a
mechanism by S-allylation (with retention of allylic config-

Chem. Eur. J. 2002, 8, No. 3
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R3
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N’Me "1 = N~Me W

[33] :
/@/YBU l)_EEA_..) /@/Bu —>» R3 5/©/18U + R3
R4 m)Y\x R4 R4
6a-c 3

2) a2
R3

1b,c
R4 =H, Bu

Scheme 3. Asymmetric thio-Claisen rearrangement.

Table 2. Thio-Claisen rearrangement of thioamides 1.

4B
(aR*28%)

Entry Thioamide Allyl halide® LDA [equiv] Reflux [h] Product

Yield [%] drl®

4
)
z
\
=
[o1]

4aa

4 y
) )
e Nas
= =<
2 ° @

4ba Bu

AE/:M
O
A\
=4
am
c

4bb

4
" W
Z
\
4
)

o
c

4bc

é/
Z
\
=
@

@

& o
@
C

4ca

4cb

H
c i
Z
\
=
® @
c

4ea

s

75 -

47 -

82 80:20

80 79:21

78 86:14

84 80:20

85 88:12

65 60:40

[a] Compound 6a: allyl iodide, 6b: methallyl iodide, 6¢: prenyl bromide. [b] dr = diastereomer ratio.
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uration) and subsequent rearrangement (with allyl inversion).
This example demonstrates that, despite steric hindrance and
heating, good yields can be obtained. Using an aromatic
moiety with two tert-butyl groups (2- and 5-positions) led to
the best selectivity, 88:12 (entry 7) with 84 % yield.

In all of the above cases we have observed only one rotamer
along the N—C(=S) bond, to which we assign the E config-
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uration by an NMR spectroscopic comparison with the
starting thioamides 1a—c.

We have not observed a variation of the diastereomer ratio
versus time or temperature for a specific example. Even at
lower conversion, the ratio had the value reported in Table 2.
Therefore, we assume that the product isomers 4 are under
kinetic control, though we were not able to provide final
evidence. As noted above, we also believe that the barrier to
rotation in this series is rather high and prevents thermody-
namic equilibration.

Other structures were examined but were less rewarding.
Secondary thioamide 1d led to a bis-allylated product (C and
N), but the analysis of the isomer ratio was not successful. N-
(1-naphthyl)-N-phenylpropanethioamide le (entry 8) could
be used but the stereoselectivity was poor, 60:40. With N-
methyl-N-(2-methyl-1-naphthyl)propanethioamide (1f) the
key step could not be conducted to completion and it was
unselective, 51:49.

We have also attempted the introduction of a crotyl chain
using corresponding bromides or iodides as allylating agents
with thioamides 1a and 1b. Unfortunately, we were not able
to obtain allylated thioamides 4 with an acceptable level of
conversion and isolation.

Assignment of stereochemistry: This was carried out by
chemical correlation with the corresponding amide Sb,
reported by Simpkins and co-workers.''! This group has
shown that deprotonation and direct allylation of amide 5b
led to unsaturated amide 7 in a 80:20 ratio of diastereomers in
favour of an (aR*,2R*) configuration. We wished to convert
our thioamide 4ba into Simpkin’s amide 7 and correlate the
NMR spectra. The thioamide 4ba was treated with meta-
chloroperbenzoic acid (1.5 equiv) to obtain the amide 7 in
65 % yield as an oil (Scheme 4).2”?7NMR spectroscopy showed
no change in the diastereoisomer ratio, 80:20. For the main
isomer, the methyl doublet was observed at 0 =1.06 (minor at
0=0.99).

We attempted to allylate the amide Sb, according to
Simpkin’s procedurel'!! (deprotonation at —78°C followed
by allylation), but we were unsuccessful and had to modify the
procedure. The amide was deprotonated at 0°C with LDA
and treated with allyl iodide. Warming the reaction mixture
up to room temperature and refluxing in THF gave the amide
7 in 95% yield. From NMR spectroscopy we observed a
diastereoisomer ratio of 80:20 and the methyl doublet at 6 =
1.06 for the major isomer. These data are the same as those of
products from the thio-Claisen rearrangement and thioamide
to amide conversions. Thus the major diastereomer of 4ba has
an (aR*2R*) configuration. Homogeneous 'H and *C NMR
shifts, observed for other thioamides 4bb, 4bc, 4ca, and 4cb,
led us to propose assignment of the same stereochemistry.

\/\/ﬁ\NzMe mCPBA v\j\N,Me

Discussion

We have achieved the first examples of Claisen rearrange-
ments stereocontrolled by an axis of chirality in thioamides,
neither is there a precedent available for amides. The closest
case of sigmatropic shift in literature is that of imidates
reported from binaphthyl derivatives by Metz and his
group.b% The severe steric hindrance of anilides bearing an
ortho-tert-butyl group obliged us to force somewhat the
traditional conditions for deprotonation (0°C instead of
—78°C) and S-allylation (refluxing in THF). On the other
hand, the rearrangement step took place readily, stressing
once again its relatively facile nature in the sulfur se-
ries.?* 3132 Thus, in a number of cases, yields around 80 %
were obtained for unsaturated thioamides 4.

The best diastereoselectivity was obtained with thioanilide
1c (Table 2, entry 7) bearing a N-methyl group and two tert-
butyl groups in the 2- and 5-positions. Examples with only one
such latter group (in the 2-position, entries 3-5) were just
slightly less selective. Attempts with the naphthalenides 1e
(entry 8) and 1f showed that the peri-interactions are rather
weak and provide poor or no selectivity.

Thioamide 4ba was established as having an (aR*2R*)
configuration by chemical correlation. We wish to propose a
model to interpret this selectivity. In the acyclic series, the
Claisen rearrangement is assumed to involve a pseudo-chair
transition state.”> 3% The double bond of the keteneamino-
thioacetal has a Z configuration. It is probable that the
nitrogen atom of the enamino part is mainly planar to allow
some orbital overlap with the aromatic ring and with the
acyclic double bond, as observed by X-ray analysis of related
structures.” > Such a situation raises the question of
orientation of both substituents on the nitrogen atom relative
to the groups on the enamino double bond.
It might reflect the stereochemistry of the tertiary thioamide
1b: a stereospecific deprotonation and selective S-allyla-
tion would lead to an arrangement with the N-methyl
and the sulfur atom on the same side of the N—C(=C) bond.
We do not know how high the rotation barrier would be for
this bond.

Another point concerns the orientation of the aromatic
plane with respect to the preceding C=C plane. We assume
that it is largely perpendicular, although we were not able to
grow single crystals of S-methyl keteneaminothioacetal 3b for
X-ray analysis.

We propose the model for the formation of the two isomers
(Figure 4). Front approach B of the S-allyl moiety is
largely hindered by the ortho-tert-butyl group on the perpen-
dicular arene plane (Si face). Back approach A now
faces the same plane but on the side bearing the
ortho-hydrogen. It is therefore favoured.

In terms of synthetic interest,
Me the sequence reported here has

H (1.5 equiv) 1) LDA N the advantage of easy availabil-
- Bu ————> : Bu <5 Bu . . .

CH,Cl, N ity from commercially available

°6§;/°RT 0°C :;/ reflux compounds. It nicely comple-

4ba 7 sb mepts the direct allylation of

dias = 80:20 80:20 amide enolates reported by

Scheme 4. Stereochemical assignment for 4ba (aR*,2R*) by chemical correlation with the corresponding amide 7.
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H= tBu H tBu
A B
major minor

Figure 4. Proposed pseudo-chair transition-state model.

Comparable results have been obtained with the unsubsti-
tuted allyl chain. With a substituted chain, such as the prenyl
one (entries 2 and 5), we have achieved allyl inversion and
creation of a quaternary centre adjacent to the asymmetric
carbon, which is usually not possible by direct enolate
alkylation.

As noted earlier,?* 5% thioamides exhibit specific or
enhanced reactivity, as compared to amides, and, thus, the
unsaturated thioamides, prepared here with relative control of
stereochemistry, may be converted to a variety of compounds.

So far our study has involved thioamides in the racemic
form. Development of this chemistry will necessitate prepa-
ration of enantioenriched thioamides. A number of routes
may be envisioned:['>?% %! one approach has been achieved
for the synthesis of enantiopure amide Sb starting from ethyl
S-lactate,["'] which appears applicable to the further conver-
sion to thioamide 1b. Another very recent approach involves
tartrate ortho-anilides as starting materials.

Conclusion

We have used thioamides with axial chirality for the stereo-
controlled formation of C—C bonds. Synthesis of thioanilides
with the requisite structure was straightforward. We have
achieved the first Claisen rearrangement of atropisomeric
(thio)amides. It proceeded in good to high yields and
diastereoselectivities of up to 88:12. The structural study of
thioanilides bearing an ortho-tert-butyl group showed that
they have the requisite features. The chemical sequence
involved deprotonation with LDA, S-allylation with a variety
of allyl halides and facile [3,3]sigmatropic shifts. We were able
to assign the (aR*2R*) stereochemistry to the major diaster-
eoisomer by chemical correlation and have proposed a model
to explain this stereoselectivity. Our studies on atropisomeric
thioamides are continuing.

Experimental Section

Melting points were measured on an Electrothermal 9200 apparatus. NMR
spectra were recorded with a Bruker ACDPX spectrometer in CDCI; with
TMS (tetramethyl silane) as an internal standard. The coupling constants
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are given in Hertz. Mass spectra were recorded on a Nermag Riber R10
10H mass spectrometer at 70 eV in the EI mode. Micro-analyses were
performed on a CHNS-O (Thermoquest) apparatus. Reactions were
monitored by thin-layer chromatography (TLC) on TLC plastic sheets
silica gel 60 F,s,. Silica gel (0.063 -0.200 mm, Merck) was used for column
chromatography. The petroleum ether used was distilled over P,O5 and had
a boiling point range of 40-60°C. THF was freshly distilled over sodium
and benzophenone. All reactions were carried out under nitrogen.

N-(2-tert-butylphenyl)-N-methylacetamide (5a), N-(2-tert-butylphenyl)-N-
methylpropionamide (5b) and N-(2,5-di-fert-butylphenyl)-N-methylpro-
pionamide (5¢) were prepared by a reported procedure.”l Similarly,
secondary thioamide N-(2-tert-butylphenyl)propionamide (5d) was pre-
pared by using the above procedure. N-(1-naphthyl)-N-phenylpropion-
amide (5e) was prepared from the commercially available N-phenyl-1-
naphthylamine and propionyl chloride in the presence of pyridine as a base.
N-(2-Methyl-1-naphthyl)-N-methylpropionamide (5f) was prepared from
1-amino-2-methylnaphthalene and propionyl chloride by a similar proce-
dure as amides 5a—c. 1-Amino-2-methylnaphthalene was prepared from
commercially available 2-methylnaphthalene by nitration with conc. HNO;
and reduction of the nitro compound with iron powder.[®}

Typical procedure to prepare (E)-N-(2-tert-butylphenyl)-N-methylacetyl-
thioamide (1a): N-(2-fert-butylphenyl)-N-methylacetamide (0.74 g,
3.6 mmol) was dissolved in toluene (15mL), and Lawesson’s reagent
(0.87 g,2.1 mmol; 0.6 equiv) was added. The reaction mixture was refluxed
whilst stirring. Disappearance of the starting amide was monitored by TLC
(5 h). Toluene was removed under reduced pressure, and the crude mixture
purified by column chromatography on silica gel, eluting with petroleum
ether/ethyl acetate (95:5) to give the thioamide 1a as a solid (0.65 g,
2.94 mmol) in 82 % yield. The NMR spectrum showed a single isomer, N-
Me singlet at 0 =3.63 to which the E configuration was assigned. M.p.
101°C;'HNMR (250 MHz, CDCl,): 6 =1.36 (s, 9H; rBu), 2.34 (s, 3H; Me),
3.63 (s, 3H; N-Me), 6.95 (dd, J=1.6, 7.7 Hz, 1H; ArH), 7.23 (dt, /=1.6,
72 Hz, 1H; ArH), 7.30 (dt, J=1.6, 72 Hz, 1H; ArH), 752 (dd, J=1.6,
7.7 Hz, 1H; ArH); ®C NMR (62.9 MHz, CDCl,): 6 =32.1 (Me), 34.7 (Me),
36.2, 474 (N-Me), 128.1, 129.3, 130.4, 143.9, 144.7, 202.4 (C=S); MS (70 eV,
EI): m/z (%): 221 (25) [M]*, 96 (77), 78 (33), 60 (100), 57 (78); elemental
analysis calcd (%) for C;3H;oNS (221.36): C 70.54, H 8.65, N 6.33, S 14.48;
found: C 70.10, H 8.65, N 6.42, S 14.32.

(E)-N-(2-tert-Butylphenyl)-N-methylpropanethioamide (1b): This was
prepared by the above-mentioned procedure from N-(2-fert-butylphen-
yl)-N-methylpropionamide (2.0 g, 9.13 mmol) and Lawesson’s reagent
(221 g, 5.47 mmol, 0.6 equiv). Column chromatography on silica gel,
eluting with petroleum ether/ethyl acetate (95:5), gave the pure thioamide
1a as a white solid (1.85 g, 7.8 mmol) in 87 % yield. The NMR spectrum
showed a single isomer, N-Me singlet at 0=3.62 to which the E
configuration was assigned. M.p. 78°C (dichloromethane/petroleum
ether); '"H NMR (250 MHz, CDCl,): 6 =1.20 (t, J=17.5 Hz, 3H; Me), 1.35
(s, 9H; Bu), 2.37 (m, 2H; CH,), 3.62 (s, 3H; N-Me), 6.95 (dd, J=1.6,
7.7Hz, 1H; ArH), 722 (dt, J=1.6, 7.6 Hz, 1H; ArH), 7.30 (dt, J=1.6,
7.6 Hz, 1H; ArH), 7.52 (dd,J=1.6,7.7 Hz, 1H; ArH); *CNMR (62.9 MHz,
CDCly): 0=13.7 (Me), 31.3 (Me), 35.4 (CH,), 37.0, 46.5 (N-Me), 1271,
127.3, 128.4, 129.4, 142.8, 143.9, 207.6 (C=S); MS (70 eV, EI): m/z (%): 235
(53) [M]*, 102 (100), 93 (66); elemental analysis calcd (%) for C;;H, NS
(235.39): C 71.45, H 9.00, N 5.96, S 13.60; found: C 71.31, H 9.16, N 5.74, S
13.39.

(E)-N-(2,5-Di-tert-butylphenyl)-N-methylpropanethioamide (1c): This
was prepared by the above-mentioned procedure from N-(2,5-di-tert-
butylphenyl)-N-methylpropionamide (0.90 g, 3.2 mmol) and Lawesson’s
reagent (0.79 g, 1.9 mmol, 0.6 equiv). Column chromatography on silica gel,
eluting with petroleum ether/ethyl acetate (90:10) gave the pure thioamide
1c as a white solid (0.87 g, 2.98 mmol) in 90 % yield. The NMR spectrum
showed a single isomer, N-Me singlet at 0=3.63 to which the E
configuration was assigned. M.p. 89°C (dichloromethane/petroleum
ether); '"H NMR (250 MHz, CDCl;): 6 =1.20 (t, J=7.5 Hz, 3H; Me), 1.29
(s, 9H; rBu), 1.32 (s, 9H; Bu), 2.38 (m, 2H; CH,), 3.63 (s, 3H; N-Me), 6.85
(d, /J=22Hz, 1H; ArH), 736 (dd, /=22, 8.5 Hz, 1H; ArH), 7.52 (d, /=
8.5 Hz, 1H; ArH); *C NMR (62.9 MHz, CDCl,): 6 =15.8 (Me), 32.6 (Me),
32.3 (Me), 35.8, 36.9, 39.1, 48.5 (N-Me), 126.1, 1273, 131.0, 142.5, 144.4,
152.4,209.5 (C=S); MS (70 eV, EI): m/z (%): 291 [M]*, 234 (100), 218 (26),
91 (22), 73 (43), 70 (40), 57 (47), 45 (28); elemental analysis calcd (%) for
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C,sHNS (291.49): C 74.17, H 10.03, N 4.81, S 11.0; found: C 74.45, H 9.90,
N 4.92, S 10.84.

N-(2-tert-butylphenyl)propanethioamide (1d): This was prepared by the
above-mentioned procedure from N-(2-fert-butylphenyl)propionamide
(0.45 g, 2.19 mmol) and Lawesson’s reagent (0.53 g, 1.30 mmol, 0.6 equiv).
Column chromatography on silica gel, eluting with petroleum ether/ethyl
acetate (80:20) gave the thioamide 1d as a white solid (0.30 g, 1.35 mmol) in
60% yield. The NMR spectrum showed both E and Z isomers in an
approximately 1:1 ratio, with two sets of triplets for CH; at d =1.27 and 1.44
and for CH, two sets of quartet at 0=2.46 and 2.90. M.p. 100°C
(dichloromethane/petroleum ether); 'H NMR (250 MHz, CDCl;): 6=
1.27 (t, J=74 Hz, 3H of E isomer; Me), 1.38 (s, 9H; rBu), 1.44 (t, /=
75 Hz, 3H of Z isomer; Me), 2.46 (q, /=74 Hz, 2H; CH,), 2.90 (q, /=
74 Hz, 2H; CH,), 720 (dd, J=1.5, 7.8 Hz, 1H; ArH), 722 (dt, /=15,
76 Hz, 1H; ArH), 750 (dt, J=1.5, 7.6 Hz, 1H; ArH), 7.62 (dd, J=1.5,
78 Hz, 1H; ArH), 8.5 (brs, 1H; N-H), 9.15 (brs, 1H; N-H); C NMR
(62.9 MHz, CDCl;): 6 =13.6 (Me), 14.0 (Me), 30.9 (Me), 31.2 (Me), 33.8,
353 (CH,), 35.5 (CH,), 41.2, 1271, 1275, 1276, 127.6, 128, 128.6, 129.3,
129.9, 131.3, 136.7, 137.6, 145.7, 146.1, 207.5 (C=S), 211.0 (C=S); MS (70 eV,
EI): m/z (%): 221 [M]*, 165 (98), 164 (100), 149 (26), 91 (39), 77 (28), 73
(29), 44 (41), 45 (36); elemental analysis caled (% ) for C;3H (NS (221.36): C
70.54, H 8.65, N 6.33, S 14.48; found: C 70.83, H 8.93, N 6.22, S 14.77.

N-(1-Naphthyl)-N-phenylpropanethioamide (le): This was prepared by
the above-mentioned procedure from N-(1-naphthyl)-N-phenylpropion-
amide (0.45¢g, 1.63 mmol) and Lawesson’s reagent (0.397 g, 0.97 mmol,
0.6 equiv). Column chromatography on silica gel, eluting with petroleum
ether/ethyl acetate (90:10), gave the thioamide 1e as a yellow sticky oil
(0.41 g, 1.40 mmol) in 87 % yield. The NMR spectrum showed a mixture of
both E and Z isomers in a 60:40 ratio, with two clear sets of triplets for Me
at 0 =1.27 and 1.42 and two sets of quartets for CH, at 6 =2.46 and 2.89.
'"H NMR (250 MHz, CDCL,): 6 =1.27 (t,J="7.3 Hz, 3H of E isomer; Me),
1.42 (t,/ =73 Hz,3H of Zisomer; Me), 2.46 (q,J =7.3 Hz, 2H of E isomer;
CH,), 2.89 (q,J =73 Hz, 2H of Z isomer; CH,), 7.20-8.15 (m, 12H; ArH);
BBCNMR (62.9 MHz, CDCl,): 6 =15.0 (Me), 38.0 (CH,), 123.2,123.6, 125.7,
126.1;126.3, 126.7, 1272, 127.4, 127.9, 128.4, 128.8, 129.7, 130.2, 135.1, 141.5,
147.1,202.2 (C=S), 212.5 (C=S); MS (70 eV, EI): m/z (%): 291 (47) [M]*, 85
(34), 78 (68), 50 (100).

(E)-N-(2-Methyl-1-naphthyl)-N-methylpropanethioamide (1f): This was
prepared by the above-mentioned procedure from N-(2-methyl-1-naph-
thyl)-N-methylpropionamide (0.30 g, 1.32 mmol) and Lawesson’s reagent
(032 g, 0.79 mmol, 0.6 equiv). Column chromatography on silica gel,
eluting with petroleum ether/ethyl acetate (95:5), gave the thioamide 1f as
a pale yellow oil (0.29 g, 1.19 mmol) in 90% yield. The NMR spectrum
showed a single isomer, N-Me singlet at 6=3.74 to which the E
configuration was assigned. 'H NMR (250 MHz, CDCl,): 6 =t, J=7.4 Hz,
H; Me), 2.67 (m, 2H; CH,), 2.32 (s, 3H; Me), 3.74 (s, 3H; N-Me) 7.38 -7.90
(m, 6H; ArH); *C NMR (62.9 MHz, CDClLy): 6 =14.5 (Me), 18.1 (Me),
36.2 (CH,), 44.1 (N-Me), 122.3,126.5,128.2,128.7,129.0, 129.1, 129.3, 131.6,
133.5,140.0,209.1 (C=S); MS (70 eV, E1): m/z (%): 243 (21) [M]*, 70 (100),
42 (28).

Deprotonation of thioamide 1b with LDA to give S-methyl keteneamino-
thioacetal (3b): LDA was freshly prepared by adding 1.6M n-BuLi
(0.78 mL, 1.15mmol, 2.1equiv) to a solution of diisopropylamine
(0.17 mL, 1.15 mmol, 2.1 equiv) in THF (2.5mL) at —78°C. To it was
added a solution of N-(2-fert-butylphenyl)-N-methylpropanethioamide
(0.13 g, 0.55 mmol) at —78°C. The reaction mixture was stirred at —78°C
for 30 min, Mel (0.077 mL, 1.15 mmol, 2.1 equiv) was then added, stirring
maintained at —78°C for 20 min, and then the mixture slowly warmed up to
room temperature (1 h). TLC showed the thioamide had disappeared. The
reaction mixture was quenched with a saturated NH,Cl solution (5 mL) and
extracted with CH,Cl, (3 x25mL). The organic layer was washed once
with brine (5 mL) and dried over MgSO,. Solvent evaporation gave a crude
product (0.100 g, 0.40 mmol) in 73% yield as a viscous liquid that slowly
solidified upon cooling in the refrigerator. The NMR spectrum showed the
S-methylated product 3b as a single isomer, to which the Z configuration
was assigned. 'H NMR (250 MHz, CDCL;): 6 =1.35 (s, 9H; /Bu), 1.80 (d,
J=6.7Hz, 3H; Me), 2.21 (s, 3H; S-Me), 3.04 (s, 3H; N-Me), 4.49 (q, /=
6.7Hz, 1H; CH), 711 (dd, J=1.6, 7.8 Hz, 1H; ArH), 722 (dt, /=1.6,
76 Hz, 1H; ArH), 730 (dt, J=1.6, 7.6 Hz, 1H; ArH), 742 (dd, J=1.6,
78 Hz, 1H; ArH).
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Typical procedure for the thio-Claisen rearrangement affording (E)-N-(2-
tert-butylphenyl)-N-methylpent-4-enethioamide (4aa): LDA was freshly
prepared by adding 1.6m n-BuLi (0.21 mL, 0.33 mmol, 1.5equiv) to a
solution of diisopropylamine (0.047 mL, 0.33 mmol, 1.5 equiv) in THF
(1.5 mL) at 0°C. To this was added a THF solution of thioamide 1a (0.050 g,
0.22 mmol) at 0°C and stirring continued for 30 min. Allyl iodide (0.03 mL,
0.33 mmol, 1.5 equiv) was added, and the mixture stirred for 20 min at 0°C.
It was warmed up to room temperature and refluxed (6 h). The reaction
mixture was quenched with saturated NH,Cl solution (5 mL) and extracted
with CH,Cl, (3 x 25 mL). The organic layer was washed once with brine
(5 mL) and dried over MgSO,. Solvent evaporation gave the crude mixture,
which was purified by column chromatography on silica gel; eluting with
petroleum ether/ethyl acetate (95:5) gave the pure 4aa as an oil (0.044 g,
0.16 mmol) in 75% yield. The NMR spectrum showed the presence of a
single isomer having E conformation around the N—C(=S) bond. 'H NMR
(250 MHz, CDCl;): 6 =s H; rBu), 2.49 (m, 4H), 3.63 (s, 3H; N-Me), 4.95
(m,2H),5.72 (m, 1H), 6.92 (dd, J=1.5, 8.0 Hz, 1 H; ArH), 7.26 (dt,J=1.5,
78 Hz, 1H; ArH), 7.36 (dt, J=1.5, 7.8 Hz, 1H; ArH), 7.60 (dd, /=125,
8.0 Hz, 1H; ArH); ®*C NMR (62.9 MHz, CDCLy): 6 =32.2 (Me), 34.4,36.2,
40.4,43.8,47.3 (N-Me), 115.6 (CH,=), 127.9, 128.3, 129.4, 130.3, 136.8, 137.6,
144.8,205.9 (C=S); MS (70 eV, EI): m/z (%): 261 (93) [M]*, 244 (100), 204
(92).

(E)-N-(2-tert-Butylphenyl)-N-methyl-3,3-dimethylpent-4-enethioamide
(4ac): This was prepared by the above-mentioned procedure from la
(0.050 g, 0.22 mmol) and prenyl bromide (0.038 mL, 0.33 mmol, 1.5 equiv)
and refluxing for 8 h. Column chromatography on silica gel, eluting with
petroleum ether/ethyl acetate (95:5), gave the pure 4ac as an oil (0.030 g,
0.10 mmol) in 47 % yield. The NMR spectrum showed two separate signals
for CH, at 6 =2.34 and 2.60, diastereotopic protons in relation to the
C(aryl)-N axis of chirality. 'H NMR (250 MHz, CDCl;): 6 =1.05 (s, 3H;
Me), 1.13 (s, 3H; Me), 1.32 (s, 9H; tBu), 2.34 (d, /=13.6 Hz, 1H), 2.60 (d,
J=13.6 Hz,1H), 3.63 (s, 3H; N-Me), 4.90 (dt,/ =1.1,10.7 Hz,2H), 5.91 (q,
J=10.7Hz, 1H), 6.99 (dd, /=15, 8.0Hz, 1H; ArH), 723 (dt, J=1.5,
74 Hz, 1H; ArH), 7.34 (dt, J=1.5, 74 Hz, 1H; ArH), 754 (dd, /=15,
8.0 Hz, 1H; ArH); "C NMR (62.9 MHz, CDCl,): 6 =28.2 (Me), 32.3 (Me),
36.2, 38.6,47.4 (N-Me), 55.0 (CH,), 110.7 (CH,=), 127.3, 129.1, 129.6, 130.2,
143.7, 145.0, 148.3, 203.5 (C=S); MS (70 eV, EI): m/z (%): 289 (35) [M]*,
274 (100), 232 (81), 188 (44), 164 (38).

(E)-N-(2-tert-Butylphenyl)-N-methyl-2-methylpent-4-enethioamide
(4ba): This was prepared by the above-mentioned procedure from 1b
(0.050 g, 0.21 mmol) and allyl iodide (0.025 mL, 0.23 mmol, 1.1 equiv),
refluxing for 5h. Column chromatography on silica gel, eluting with
petroleum ether, gave the pure 4ba as a solid (0.048 g, 0.17 mmol) in 82 %
yield. The NMR spectrum showed the presence of two isomers A/B:
(aR*28*)/(aR*,2R*) in a 80:20 ratio. A single E geometry around the
N—C(=S) bond was observed. M.p. 65°C; 'H NMR (250 MHz, CDCL;): d =
1.08 (d,/=6.0 Hz, 3H of B; Me), 1.21 (d,/=6.0 Hz, 3H of A;Me), 1.33 (s,
9H; rBu), 2.18 (m, 1H), 2.60 (m, 2H), 3.61 (s, 3H; N-Me), 4.91 (m, 2H),
5.41 (m, 1H), 6.97 (dd, J=1.6, 8.0 Hz, 1H; ArH), 724 (dt, /=1.6, 7.8 Hz,
1H; ArH), 7.36 (dt,/=1.6, 7.8 Hz, 1 H; ArH), 7.57 (dd, J=1.6, 8.0 Hz, 1H;
ArH); BC NMR (62.9 MHz, CDCL,): 6 =20.1 (Me of A), 20.9 (Me of B),
32.4 (Me), 36.3,41.8 (CH,), 42.6 (CH,), 44.1 (CH of A), 44.3 (CH of B), 47.3
(N-Me), 47.4 (N-Me), 117.1 (CH,=), 117.3 (CH,=), 127.5,128.5, 129.3, 130.5,
136.1, 143.2, 145.1, 211.8 (C=S); MS (70 eV, EI): m/z (%): 275 [M]*, 115
(56), 103 (25), 91 (100), 77 (56), 57 (23), 45 (76); elemental analysis calcd
(%) for C;;H,sNS (275.45): C74.13, H 9.15, N 5.08, S 11.64; found: C 74.24,
H 9.10, N 5.19, S 11.47.

(E)-N-(2-tert-Butylphenyl)-N-methyl-2,4-dimethylpent-4-enethioamide

(4bb): This was prepared by the above-mentioned procedure from 1b
(0.050 g, 0.21 mmol) and methallyliodide (0.037 g, 0.23 mmol, 1.1 equiv)
under reflux for 5h. Column chromatography on silica gel, eluting with
petroleum ether, gave the pure 4bb as a solid (0.047 g, 0.16 mmol) in 80 %
yield. The NMR spectrum showed the presence of two diastereoisomers
A/B in a 79:21 ratio. A single E geometry around the N—C(=S) bond was
observed. M.p. 68°C; '"H NMR (250 MHz, CDCl;): 6 =1.04 (d, J=6.3 Hz,
3H of B; Me), 1.17 (d,/=6.3 Hz, 3H of A; Me), 1.35 (s, 9H; rBu), 2.17 (m,
3H; Me), 2.75 (m, 3H), 3.62 (s, 3H; N-Me), 4.61 (d, J=5.3 Hz, 2H), 6.98
(dd,J=15,78 Hz, 1H; ArH), 7.28 (dt, /=1.5, 8.0 Hz, 1H; ArH), 7.36 (dt,
J=15, 8.0Hz, 1H; ArH), 761 (dd, J=15, 7.8 Hz, 1H; ArH); *C NMR
(62.9 MHz, CDCL;): 6 =19 (Me of B), 19.9 (Me of A), 21.4 (Me), 30.6 (Me),
34.6, 40.4 (CH,), 43.3 (CH of B), 444 (CH of A), 45.5 (N-Me), 111.8
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(CHy), 126.0, 126.6, 127.6, 128.8, 140.9, 141.4, 143.5, 210.5 (C=S); MS
(70 eV, EI): miz (%): 289 [M]*, 232 (61), 202 (100), 178 (99), 162 (35), 117
(26), 77 (63), 70 (27), 65 (30), 45 (31); elemental analysis calcd (%) for
C,sH,;NS (289.48): C 74.69, H 9.40, N 4.84, S 11.07; found: C 74.67, H 9.45,
N 4.94, S 10.72.
(E)-N-(2-tert-Butylphenyl)-N-methyl-2-methyl-3,3-dimethylpent-4-ene-
thioamide (4bc): This was prepared by the above-mentioned procedure
from 1b (0.050 g, 0.21 mmol) and prenyl bromide (0.017 mL, 0.23 mmol,
1.1 equiv) under reflux for 6 h. Column chromatography on silica gel,
eluting with petroleum ether/ethyl acetate (98:2), gave the pure 4bc as a
viscous liquid (0.050 g, 0.16 mmol) in 78% yield. The NMR spectrum
showed the presence of two isomers A/B in a 86:14 ratio. A single E
geometry around the N—C(=S) bond was observed. 'H NMR (250 MHz,
CDCl;): 6 =1.02 (s,3H; Me), 1.06 (s, 3H; Me), 1.19 (d,/ = 6.0 Hz, 3H of B;
Me), 1.22 (d,/=6.0 Hz,3H of A; Me), 1.35 (s, 9H; rBu), 2.67 (m, 1 H), 3.63
(s,3H; N-Me), 4.89 (dt,/=1.2,10.8 Hz, 2H), 5.91 (q,/ =10.8 Hz,1 H), 6.90
(dd, J=1.6,7.7 Hz, 1H; ArH), 7.25 (dt, /= 1.6, 8.0 Hz, 1 H; ArH), 7.30 (dt,
J=16, 8.0 Hz, 1H; ArH), 7.62 (dd, J=1.6, 7.7 Hz, 1H; ArH); *C NMR
(62.9 MHz, CDCl,): 6 =17.5 (Me of B), 18.3 (Me of A), 25.1 (Me), 26 (Me),
32.6 (Me), 36.5, 41.3, 48 (N-Me), 49.2 (CH of B), 50.7 (CH of A), 111.6
(CHy), 126.8, 128.9, 130.4, 131.1, 142.8, 145.6, 147.6, 211.5 (C=S); MS
(70 eV, EI): m/z (%): 303 (7) [M]*, 70 (99), 58 (100), 42 (62); elemental
analysis calcd (%) for CoH,NS (303.50): C 75.19, H 9.63, N 4.61, S 10.56;
found: C 75.08, H 9.60, N 4.72, S 10.80.
(E)-N-(2,5-Di-tert-Butylphenyl)-N-methyl-2-methylpent-4-enethioamide
(4ca): This was prepared by the above-mentioned procedure from 1e¢
(0.050 g, 0.17 mmol) and allyl iodide (0.023 mL, 0.25 mmol, 1.5 equiv),
refluxing for 5h. Column chromatography on silica gel, eluting with
petroleum ether/ethyl acetate (95:5), gave the pure 4ca as a solid (0.047 g,
0.14 mmol) in 84 % yield. The NMR spectrum showed the presence of two
isomers A/B in a 80:20 ratio. A single E geometry around the N—C(=S)
bond was observed. M.p. 70°C; 'H NMR (250 MHz, CDCl;): 6 =1.08 (d,
J=6.0Hz, 3H of B; Me), 1.20 (d, /=6.0 Hz, 3H of A; Me), 1.29 (s, 9H;
tBu), 1.32 (s,9H; tBu), 2.17 (m, 1 H), 2.70 (m, 2H), 3.63 (s, 3H; N-Me), 4.91
(m, 2H), 5.45 (m, 1H), 6.88 (d, J=22Hz, 1H; ArH), 7.37 (dd, /=22,
8.5Hz, 1H; ArH), 748 (d, J=8.5Hz, 1H; ArH); *C NMR (62.9 MHz,
CDCly): 6 =20.1 (Me of A), 20.9 (Me of B), 31.4, 32.8, 34.6, 35.8, 42.6, 43.9
(CH of B), 44.3 (CH of A), 474 (N-Me), 117.1 (CH,=), 125.0, 126.3, 130.2,
136.0, 141.7, 142.8, 150.9, 211.7 (C=S); MS (70 eV, EI): m/z (%): 331 [M]*,
261 (64), 219 (45), 115 (23), 91 (65), 79 (25), 57 (100), 55 (70); elemental
analysis caled (%) for C, H33NS (331.56): C 76.07, H 10.03, N 4.22, S 9.67;
found: C 75.78, H 10.02, N 4.47, S 9.67.
(E)-N-(2,5-Di-tert-butylphenyl)-N-methyl-2,4-dimethylpent-4-enethio-
amide (4cb): This was prepared by the above-mentioned procedure from
1c (0.050g, 0.17mmol) and methallyl iodide (0.034 g, 0.18 mmol,
1.1 equiv), refluxing for 5 h. Column chromatography on silica gel, eluting
with petroleum ether/ethyl acetate (95:5), gave the pure 4cb as a solid
(0.050 g, 0.14 mmol) in 85% yield. The NMR spectrum showed the
presence of two diastereoisomers A/B in 88:12 ratio. A single E geometry
around the N—C(=S) bond was observed. M.p. 73°C; '"H NMR (250 MHz,
CDCl;): 0=1.08 (d,/=6.2 Hz,3H of B; Me), 1.15 (d,/=6.2Hz,3H of A;
Me), 1.28 (s, 9H; tBu), 1.32 (s, 9H; tBu), 2.14 (m, 3H; Me), 2.95 (m, 2H),
3.63 (s,3H; N-Me), 4.61 (d,J=5.5 Hz, 2H), 6.88 (d,/=2.2 Hz, 1 H; ArH),
7.37(dd,J=2.2,8.5 Hz,1H; ArH), 7.52 (d,/ =8.5 Hz, 1 H; ArH); *CNMR
(62.9 MHz, CDCl;): 6 =19.3 (Me of A), 20.7 (Me of B), 21.8 (Me), 23.1
(Me), 31.4 (Me), 32.3, 34.6, 35.9, 42.0 (CH,), 45.1 (CH of B), 45.8 (CH of
A), 473 (N-Me), 113.2 (CH,=), 124.7,125.2, 126.5, 130.2, 141.7, 142.4, 150.9,
212.0 (C=S); MS (70 eV, EI): m/z (%): 345 [M]*, 288 (24), 234 (40), 91 (36),
70 (28), 57 (100); elemental analysis calcd (%) for C,,H;sNS (345.59): C
76.46, H 10.21, N 4.05, S 9.28; found: C 76.38, H 10.08, N 4.33, S 9.09.
N-(1-Naphthyl)-N-phenyl-2-methylpent-4-enethioamide (4ea): This was
prepared by the above-mentioned procedure from 1e (0.055 g, 0.18 mmol)
and allyl iodide (0.026 mL, 0.28 mmol, 1.5 equiv), refluxing for 6 h. Column
chromatography on silica gel, eluting with petroleum ether/ethyl acetate
(95:5), gave the pure 4ea as a pale yellow oil (0.040 g, 0.12 mmol) in 65 %
yield. The NMR spectrum showed four isomers, namely two isomers due to
the created asymmetric carbon and another two isomers A and B due to
rotation around the N—C(S) bond. Isomer A has the naphthyl group trans
to the thiocarbonyl and isomer B has the naphthyl group cis to the
thiocarbonyl. These four isomers (E)-A, (E)-B, (Z)-A and (Z)-B represent
the two pairs of diastereoisomers of the rotamers A and B, with the
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doublets at 0 =1.18, 1.23 (major) and 0 =1.36, 1.42 (minor) in the ratio of
(60:40). The doublets for Me at 6 =1.18 and 1.23 are for the (E)-A and (E)-
B isomers, respectively, while the allyl group attack is anti. The downfield
doublets at d = 1.36 and 1.42 are for (Z)-A and (Z)-B isomers respectively,
while the allyl group attack is syn. The isomers (E)-A/(E)-B/(Z)-A/(Z)-B
ratio is 3:3:2:2: 'H NMR (250 MHz, CDCL;): 6=1.18 (d, J=6.4 Hz, 2H;
Me of A), 1.23 (d,/=6.4 Hz,2H; Me of A), 1.36 (d,/=6.4 Hz, 2H; Me of
B), 1.42 (d, J=6.4 Hz, 2H; Me of B), 2.25-2.60 (m, 3H), 5.10-5.80 (m,
3H), 710-8.22 (m, 12H; ArH); ®C NMR (62.9 MHz, CDCL,): 6 =22.0
(Me of A), 22.4 (Me of B), 42.6,43.3,44.1 (CH of A), 44.3 (CH of A), 44.9
(CH of B), 45.7 (CH of B), 117.3 (CH,=), 123.4, 126.0, 126.3, 126.5, 126.8,
1273, 1275, 1279, 128.2, 128.7, 129.0, 129.2, 129.6, 129.7, 130.2, 130.6, 136.2,
136.7, 202.2 (C=S), 216.3 (C=S); MS (70 eV, EI): m/z (%): 331 [M'], 219
(28), 180 (26), 172 (22), 84 (25), 49 (100), 51 (57).
(E)-N-(2-tert-Butylphenyl)-N-methyl-2-methylpent-4-enamide (7)

From thioamide 4ba: A solution of N-(2-tert-butylphenyl)-N-methyl-2-
methylpent-4-enethioamide 4ba (0.11 g; 0.4 mmol) in CH,Cl, (5 mL) was
cooled to 0°C. Purified 3-chloroperoxybenzoic acid (mCPBA) (0.138 g,
0.8 mmol, 2 equiv) was added, and the reaction mixture stirred at 0°C for
3 h. The reaction mixture was then slowly warmed up to room temperature.
After 2 h stirring, TLC showed that the starting thioamide has disappeared.
Saturated NaHCO; solution (2 mL) was added and extracted with CH,Cl,
(3 x30 mL). The organic layer was washed once with brine (5 mL) and
dried over MgSO,. Solvent evaporation gave the crude mixture, which was
purified by column chromatography on silica gel, eluting with petroleum
ether/ethyl acetate (80:20) to furnish the amide 7 as an oil (0.067 g,
0.259 mmol) in 65 % yield. The NMR spectrum showed the presence of two
diastereoisomers A/B in a ratio of 80:20.

From amide 5b: LDA was freshly prepared by adding 1.6M n-BuLi
(0.90 mL, 1.42 mmol, 2.5 equiv) to a solution of diisopropylamine (0.20 mL,
1.42 mmol, 2.5 equiv) in THF (1.5 mL) at 0°C. To this was added a solution
of amide 5b (0.125 g, 0.57 mmol) in THF (1 mL) at 0°C and the resulting
mixture was stirred for 30 min. Allyl iodide (0.13 mL, 1.42 mmol, 2.5 equiv)
was added and stirring was continued for 20 min at 0°C. The reaction
mixture was warmed up to room temperature and refluxed for 8 h. The
reaction mixture was cooled to room temperature, quenched with saturated
NH,Cl solution (5 mL) and extracted with CH,Cl, (3 x 25 mL); the organic
layer washed once with brine (5mL) and dried over MgSO,. Solvent
evaporation gave the crude mixture, which was purified by column
chromatography on silica gel, eluting with petroleum ether/ethyl acetate
(80:20) to give pure 7 as a pale yellow oil (0.14 g, 0.40 mmol) in 95 % yield.
The NMR spectrum showed the presence of two diastereoisomers A/B in a
ratio of 80:20. 'H NMR (250 MHz, CDCL): 6 =0.99 (d, /=6.1 Hz, 3H of
B; Me), 1.06 (d, J=6.1 Hz, 3H of A; Me), 1.35 (s, 9H; rBu), 1.84 (m, 1 H),
2.24 (m, 2H), 3.18 (s, 3H; N-Me), 4.94 (m, 2H), 5.65 (m, 1 H), 7.05 (dd, /=
1.5, 78 Hz, 1H; ArH), 722 (dt, J=1.5, 74 Hz, 1H; ArH), 7.32 (dt, J=1.5,
74 Hz, 1H; ArH), 757 (dd, J=1.5, 7.8 Hz, 1 H; ArH); ®*C NMR (62.9 MHz,
CDCl;): 6 =16.1 (Me of A), 175 (Me of B), 32.4 (Me), 36.4,37.2 (CH of A),
374 (CH of B), 38.9 (CH,), 39.4 (N-Me); 117 (CH,=), 1274, 128.8, 130,
130.8, 136.1, 141.9, 146.8, 177.3 (C=0); MS (70 eV, EI): m/z (%): 259 [M]*,
202 (100), 162 (39), 132 (36), 91 (22); elemental analysis calcd (%) for
C,;H,sNO (259.39): C78.72, H 9.71, N 5.40; found: C 78.66, H 9.66, N 5.67.

X-ray crystal data of 1¢ and 1d: Crystallographic data for compounds 1¢
and 1d are given in Table 3. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
nos. CCDC-166137 and 166138. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (+44)1223 336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Table 3. Crystal data and refinement for compounds 1¢ and 1d. [23]
1c 1d [24]
formula C,sH,NS C3HoNS [25]
M, 284.44 221.36
crystal system monoclinic orthorhombic
space group P2,/a Pbca [26]
a[A] 11.27(1) 10.236(5)
b [A] 9.828(5) 17.168(8)
c[A] 16.188(8) 15.662(8) [27]
a[] 90 90
BI°] 95.4(1) 90 [28]
v ] 90 90 [29]
V[A] 1785(2) 2752(2)
z 4 8 [30]
T[K] 2932 2932 [31]
Pearea [gem 3] 1.058 1.068
u(Mog,) [mm™3] 0.7107 0.7107 [32]
R 0.0646 0.0808
wR 0.0994 0.0856 [33]
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Computational Studies on 3-Aza-Cope Rearrangements: Protonation-
Induced Switch of Mechanism in the Reaction of Vinylpropargylamine

Rainer F. Winter® and Guntram Rauhut*!?!

Abstract: The 3-aza-Cope rearrangements of 3-azoniahexa-1,5-diene (1), 3-azonia-
hex-1-ene-5-yne (3), and 3-azahex-1-ene-5-yne (5) were investigated up to the

coupled-cluster level, CCSD(T), by using a valence triple-C basis set. Activation
barriers and geometrical parameters of the transition states are provided. Conforma-
tional studies were performed for all reactants and products of the reactions. Solvent
effects were estimated from self-consistent reaction field calculations. In contrast to

Keywords: ab initio calculations -
conformation analysis Cope
rearrangement . reactive
intermediates - solvent effects

the other two species, the Cope rearrangement of § was found to proceed by a

stepwise mechanism.

Introduction

Cope-type rearrangements constitute a highly efficient means
for carbon-carbon bond formation. They offer high regio-
and stereocontrol, which renders these processes especially
valuable in natural product synthesis. This is especially true
for the Claisen- (X=0) and the 3-aza-Cope (X=NR, see
Scheme 1) variants. The products of these [3,3]-sigmatropic
processes are y,0-unsaturated aldehydes (for X =NR after

\Q~———~/
y

Scheme 1. Classification of Cope rearrangements.

X =CH,: Cope
X = O: Claisen
X = NH: Aza-Cope

subsequent hydrolysis of the initially formed imines), which
themselves are valuable synthons owing to their intrinsically
different reactivities inherent to the terminal functional
groups.

The 3-aza-Cope rearrangement has some additional bene-
fits over its oxo counterpart, most notably the higher degree
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of E/Z stereocontrol for the formation of the enamine as
compared to vinyl ethers and the possibility to generate
additional stereocenters by utilizing optically active allyl-
amines, which are available from the chiral pool. Never-
theless, the 3-aza-Cope rearrangement has one severe draw-
back, namely the elevated temperatures of typically 170-
250°C required to induce the thermal rearrangement.'# This
has initially crippled the synthetical utility of this otherwise
highly attractive reaction. Another issue, namely the conven-
ient synthesis of a wide variety of the respective functional-
ized amines has now successfully been tackled.> ! For vinyl-
propargylamine derivatives even higher activation energies of
at least 260°C are required.”®! Here, the rearrangement
furnishes allenic imines, or, after hydrolysis, the respective
aldehydes. Besides being rather inconvenient for the exper-
imentalist, the rather harsh conditions in many cases are
incompatible with the presence of certain functional groups in
the allyl- or propargylenamine precursor. This has led to
considerable efforts directed at reducing the activation
barriers. One practical method is to increase the electron
density on the nitrogen atom through incorporation of more
electron-rich ene functions.”''I Deprotonation to allylamide
enolates!'? or zwitterionic substrates['®l also provides signifi-
cantly decreased rearrangement temperatures. The most
common approach, however, relies on rendering the nitrogen
atom electron-poor. To these ends different strategies have
been successfully applied!"*'¢: 1) Brgnsted acid cataly-
sisl> & 17181 2) Lewis acid catalysis!® 1821 3) quaternization to
the respective ammonium salts,['* 1> 2131 and 4) combined
Brgnsted acid/Pd complex catalysis.*?l One of us has recently
reported that allylvinylammonium salts with a trans-
{Cl(dppm),Ru-C=C} moiety (dppm = bis(diphenylphosphi-
no)methane) attached to the vinylic carbon adjacent to the
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nitrogen atom smoothly rearrange under ambient conditions
to the corresponding iminium salts, which in this case are
3-butenyl-substituted aminoallenylidene complexes.*’!

In spite of the wealth of practical applications only few
experimental data concerning the thermodynamic activation
parameters of these transformations are known. For the
aromatic (Claisen-type) uncatalyzed process AG* values of
some 40.6 to 48.5 kcalmol ! have been determined, while AH*
ranges from 34 to 40 kcalmol~!, depending on the degree of
methyl substitution on the allyl moiety.'”? Strongly negative
AS* values are indicative of highly ordered transition states
and support the concerted nature of this process. Jolidon et al.
report values between —12 and — 19 eu for N-allylanilines.['”]
The experimentally obtained AG* and AH* values of Jolidon
and Hansen consistently drop by some 6-10 (AH*) and 15—
17 kcalmol~! (AG®) under acidic conditions. For the neutral
aliphatic systems investigated here and for those of Walters,!
theoretical calculations give considerably lower numbers that
agree well with experimental evidence (vide infra). For the
aliphatic processes experimentally derived activation energies
have seemingly not been reported to date. In agreement with
observations on other Cope-type rearrangements, solvent
effects on the energy barriers appear to be rather small and
this is even more true for the neutral processes.”]

Since quantum-chemical calculations at low theoretical
levels were not solely conclusive, there has been a long debate
about the nature of the lowest pathway of the Cope
rearrangement.’**! The central question being discussed is
whether the reaction proceeds via a concerted aromatic
transition state or involves a biradical intermediate. Mean-
while, it has commonly been accepted that, irrespective of the
constituent at the 3-position (CH,, NH, O), the lowest energy
pathway is concerted and proceeds via a chair-like aromatic
structure.’® 1 Of course, the question concerning the elec-
tronic nature also pertains to the stepwise mechanism. There
are very few examples only where a stepwise mechanism has
been observed,[** 47! and the reactive intermediates involved
in these mechanisms may be biradical in nature or not. Based
on the evidence provided by the computational studies cited
above we initially started our investigation by searching for
concerted transition states at the restricted DFT level
However, for the last system investigated here, a stepwise
mechanism was found to be most relevant and consequently
particular effort was made to analyze the electronic nature of
the molecular structures involved.

Quite recently, Walters reported a computational study of
three 3-aza-Cope rearrangements, namely of 3-azahexa-1,5-
diene, 3-azoniahexa-1,5-diene, and 3-azahexa-1,2,5-triene.’¥
At the MP4(SDTQ)/6-31G*//MP2/6-31G* level he obtained
activation energies of AE*=34.6, 21.4, and 17.7 kcalmol~,
respectively. These barriers apply to the chair-like transition
states and the corresponding reactants. Unfortunately, the
conformational flexibility of the hexadiene and hexatriene
derivatives was not taken into account. In order to judge the
importance of conformational aspects we used the rearrange-
ment of 3-azoniahexa-1,5-diene (1) as a benchmark system
and reinvestigated it using a slightly different methodology
than Walters (see below). This reaction and the aza-Cope
rearrangements of 3-azoniahex-1-ene-5-yne (3) and 3-azahex-
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1-ene-5-yne (5) were studied up to the CCSD(T)/cc-
pVTZ(f,p) level. To the best of our knowledge no computa-
tional or experimental results pertaining to the activation
energies of these processes have been reported to date.
While most studies concerning the nature of the transition
state do not pay respect to the conformational flexibility of
the reactants and products, this particular aspect has been
tackled in the context of improving molecular mechanics
approaches. 5! These studies mainly focus on simple hydro-
carbons rather than nitrogen-substituted compounds. Per-
forming a conformational analysis for 1,5-hexadiene, Gung
et al.;% found that the lowest energy conformer does not
exhibit C; or C,, symmetry as has been assumed by most
authors studying transition states.’ 4 In case of 1,5-hexa-
diene this effect may contribute up to only 5% of the
activation energy, whereas it may amount by up to 25% for
the aza compounds investigated here. Therefore, a conforma-
tional study of the reactants and products is an essential
prerequisite for a proper determination of the activation
barriers and reaction energies of aza-Cope rearrangements.

Computational methods

Potential-energy surfaces were scanned at the B3-LYP/cc-pVDZP? 3 Jevel.
All stationary points were verified by frequency calculations and a
subsequent tracing of the intrinsic reaction coordinate (IRC). Single-point
calculations at the B3-LYP/cc-pVTZ and LMP2/cc-pVTZ levels were used
for the conformational studies of the reactants and products of each
reaction. Local MP2 (LMP2)** was used instead of its canonical
counterpart, since it is computationally significantly more efficient. We
used a threshold for the automatic virtual space selection of 0.985, which is
slightly larger than the recommended value of Boughton and Pulay.["’]
These authors used basis sets of double-{ quality only and consequently a
slightly higher value is more appropriate for the cc-pVTZ basis used here.
The energy differences between the transition states and the conformers of
the reactants and products lowest in energy were computed at the
CCSD(T)/cc-pVTZ(t,p) level. In order to limit the computational effort
d functions on hydrogen atoms had to be removed for these calculations.
Rotational barriers between the conformers were not determined, since
they are without relevance for the estimation of the reaction barrier. Zero-
point vibrational energy (ZPE) and thermal corrections to the coupled-
cluster activation barrier were transferred from the corresponding DFT
calculations. ZPEs were scaled by 0.963 in order to account for basis set
deficiencies, anharmonicity, and missing-electron correlation contribu-
tions.”®! Additionally, multireference CASPT2 calculations based on
internally contracted configurations®! were used for the investigation of
the stepwise reaction mechanism of 3-azahex-1-ene-5-yne. On the basis of
the occupation numbers of the natural orbitals, an active space comprising
ten electrons in ten orbitals were used for determining the wavefunction at
the underlying CASSCF level, that is, CASSCF(10,10). For the subsequent
CASPT2/cc-pVTZ(f,p) calculations the same active space was chosen.

Solvent effects were estimated by a self-consistent reaction field approach
(SCRF) with Tomasi’s polarizable continuum model.*’-®1l To simulate an
aqueous solution (as a prototype for a polar solvent) the dielectric constant
was set to 78.4. Solvent effects were computed from single-point
calculations only and, hence, geometry effects due to the chemical
environment were not taken into account. Moreover, conformers that are
isoenergetic in the gas phase may show slightly different free energies of
solvation. This results from the construction of the cavity and must be
considered an inherent numerical problem of the method. Since the effects
are comparably small, we computed the solvation free energies for one of
the enantiomers only. All calculations were performed using the Mol-
pro 2000.4 and Gaussian 98!%%] suites of ab initio and DFT programs on
standard dual-processor personal computers and an 8proc. SUN Enter-
prise 3500 with 4 GB memory.
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Results and Discussion

The molecular rearrangement of 3-azoniahexa-1,5-diene: The
rearrangement of 3-azoniahexa-1,5-diene (1) to 1-azoniahexa-
1,5-diene (2) is schematically shown in Scheme 2. In principle
33=27 conformers can be generated for 1 and for the resulting

H\ H T
N n-H

) —1=0

=

Scheme 2. The Cope rearrangement of 3-azonia-1,5-hexadiene.

product 2. Defining three dihedral angles a, 8 and y as shown
in Figure 1, a and y may accept idealized values of 0 and 4120
degrees, while § is limited to

H H 180 and +60 degrees. Howev-

a~N_ B er, since most conformers exist

as isoenergetic pairs of enan-

Table 2. Relative energies,?l solvation free energies, and dipole moments of
energetically distinct conformers of 2.

alt!

ﬁ[b] y“’] AEper! AE yplY AAGEET AG T ‘u[g]
2a 153 —585 127.4 —14.68 —1420 —14.33 —59.76 4.86
2b 178 —657 —128 —1291 -1252 —12.57 —61.63 4.82
2¢ 133.7 642 —1180 —12.67 —11.67 —12.94 —-64.70 6.88
2d 1129 —-66.0 —108.1 —12.03 -11.16 —12.54 —62.78 6.27
2e 1191 1783 116.6 —12.02 —-10.61 —12.44 —65.39 7.83
2f —-1.0 1789 116.7 —11.96 -10.76 —12.34 —61.57 7.54
2g 1134 1781 -1158 —11.75 -1038 —12.25 —64.68 7.95
2h 1494 —-62.5 —-7.6 —1144 —-1047 —11.47 —66.28 5.94
2i 122.7 57.3 1029 -1131 -10.13 —11.73 —63.16 7.10
2j 0.0 180.0 00 —1123 —-10.07 —11.38 —62.64 745
2k —-1313 —-680 —157 -11.18 —-1024 —11.30 —59.55 6.73
21 1211 176.7 —-43 —11.15 -996 —11.41 —66.71 7.83
2m 6.2 73.6 1177 —-10.79 —-9.83 —11.23 —61.39 6.33

[a] All data refer to the cc-pVTZ basis set. Energies are relative to la and are
given in kcalmol~!. [b] The dihedrals «, 8, and y specify the conformation of the
structure. [c] Total B3-LYP/cc-pVTZ energy of 2a: — 251.1264974 a.u. [d] Total
LMP2/cc-pVTZ energy of 2a: —250.4614033 a.u. [e] Zero-point vibrational
energies (scaled by 0.963) and thermal correction were transferred from B3-
LYP/cc-pVDZ calculations. [f] Free energy of solvation, to be added to the total

4 tiomers the number of ener-

= getically unique conformers re-

Figure 1. Definition of torsion- duces to 14 (a—n). Note that,

al angles in 1. due to the introduction of the

ammonium motif, there are

more unique conformers than in the case of 1,5-hexa-

diene.’ 511 Although most computed dihedrals differ by less

than 15 degrees from the idealized values, deviations can be as

large as 30 degrees (2h). A list of all energetically distinct

conformers of 1 is provided in Table 1 and the corresponding
conformers of 2 are given in Table 2.

The relative B3-LYP-LMP2 energy differences for 1
amount only up to 0.8 kcalmol™!, and, thus, the results of
these methods closely resemble each other. In the gas phase,
conformers 1a and 1b appear to be the most stable ones.
Conformationally they differ by just a rotation of y. Since the
corresponding rotational barriers are usually in the range of 3

Table 1. Relative energies,? solvation free energies, and dipole moments of
energetically distinct conformers of 1.

ol B0 P AEpeld AE @ AAGEERE AGENT yl

1a 1151 1786 —110.6 0.00 0.00 0.00 —61.25 2.09
1b 1162 178.8 111.1 0.04 0.00 0.07 —61.07 213
1c 1171 -69.2 —-111.9 0.71 0.32 0.94 —63.03 3.08
1d 119.5 69.0 —115.8 091 0.52 1.08 —63.32 3.13
le 113.3 606.6 108.4 0.98 0.64 1.11 —61.88 2.89
1f —-1142 721 —1132 1.28 0.77 1.19 —63.56 3.25
1g 116.1  178.7 04 1.78 1.63 1.86 —63.27 181
1h —-04 1800 1102 1.84 1.59 2.19 —60.37 231
1i —1239 -79.2 —-69 3.13 2.62 3.41 —60.97 2.87
1j —143 -731 —-111.7 332 2.72 3.65 —62.99 323
1k 0.0 180.0 0.0 3.70 3.32 4.02 —61.59 1.89
11 137.0 -76.7 —4.1 4.05 3.44 4.09 —64.70 3.20
1m -94 -719 129.0 4.11 3.49 423 —64.55 3.59
1n 72 —-76.7 —4.1 497 4.18 5.39 —65.80 3.26

[a] All data refer to the cc-pVTZ basis set and are given in kcalmol~. [b] The
dihedrals a, 8, and y specify the conformation of the structure. [c] Total B3-LYP/cc-
pVTZ energy of 1a: —251.1031049 a.u. [d] Total LMP2/cc-pVTZ energy of 1a:
—250.4387790 a.u. [e] Zero-point vibrational energies (scaled by 0.963) and
thermal correction were transferred from B3-LYP/cc-pVDZ calculations. [f] Free
energy of solvation, to be added to the total free energy of the molecule. [g] Dipole
moments are provided in Debye.

free energy of the molecule. [g] Dipole moments are provided in Debye.

to 6 kcalmol~1,5% 5! there will be an even distribution between
these two structures. Note that none of these two structures
(1a and 1b) are the direct precursors of the Cope rearrange-
ment. The precursor of the chair-like transition state is 1 f and
the precursor of the boat-like transition state is 1¢. According
to the SCRF/B3-LYP calculations the most stable conformer
in aqueous solution is indeed 1f, but due to the comparably
large inherent error of the SCRF approach and the small
energetic differences between the conformers, this result must
be considered with caution. Nevertheless, the values of AG*"
demonstrate that solvation effects are of the same magnitude
as the conformational energy differences, and, consequently,
the conformational distribution strongly depends on the
solvent. According to the AG*? values, entropy effects due
to the different conformations must be considered small.

Considering AAG*? values for 1-azoniahexa-1,5-diene (2),
the energies of the individual conformers scatter over a range
of 3.1 kcalmol~!, which is even less than for 1. Structure 2a
clearly dominates the product distribution in the gas phase.
Since this structure will be reached first after passing the
chair-like transition state, it is the most important conformer
on the product side. We were not able to locate a structure
corresponding to 1f, since all attempts led to conformer 2a.
Solvation free energies scatter over a much broader range
than the relative total energies and, thus, determine the
preferred conformer in solution. According to the SCRF/B3-
LYP calculations the most stable conformer is 21. This result is
supported by the large (gas phase) dipole moment of this
conformer. In general, dipole moments for 2 are significantly
larger than for 1. The reaction energy (i.e. AE, without ZPE
and thermal corrections) at the B3-LYP/cc-pVTZ level is
—14.7 kcalmol~! and — 14.2 kcal mol~' at the LMP2/cc-pVTZ
level. These values differ considerably from the result
WaltersP* obtained at the MP2/6-311G* level (AE,=
—10.3 kcalmol ™).

Together with the structures of the most stable reactant and
product conformers in the gas phase, the structures of the
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chair-like and boat-like transition states are provided in
Figure 2. Since both these structures are chiral they again exist
as isoenergetic enantiomers; only one of them is shown. For
the last two structures the interatomic distances of the
forming and breaking bonds are considerably longer than
found by WaltersP at the MP2 level. For the chair-like
structures he obtained values of 2.289 and 1.994 A, respec-
tively, while the B3-LYP functional used in this study provides
distances of 2.577 and 2201 A. In a recent study of an
intramolecular rearrangement of 4-nitro-benzofuroxan,/®! we
found that transition-state bond lengths are very similar
between MP4(SDQ) and B3-LYP structures, while MP2 leads
to shorter distances. However, there is still a slight tendency of
the hybrid exchange-correlation functional to systematically
overestimate bond lengths.”® In complete agreement with
Walters study, we find a significantly longer value for the
forming C—C bond than the breaking C—N bond. Moreover,
the interatomic distances for these coordinates are longer for
the boat-like transition state than for the chair-like one, which
is particularly true for the forming C—C bond which is
computed as 2.701 A at the B3-LYP/cc-pVDZ level.

The best estimate of the free activation energy (obtained
from CCSD(T)/cc-pVTZ({,p) calculations corrected by scaled
B3-LYP/cc-pVDZ ZPEs and corresponding thermodynamic
contributions) is 21.9 kcalmol~! (c.f. Table3) and is in
excellent agreement with Walters results. The B3-LYP barrier
is significantly lower, indicating that electron correlation
effects are not sufficiently accounted for at this level. As
already pointed out by Radom et al.%! and Bell et al. ] this
effect is frequently encountered. Comparing Walters activa-
tion energies at the MP2/6-311G* level with the LMP2/cc-
pVTZ values of this study one obtains a difference of
1.4 kcalmol~!. The higher value of the LMP2 calculations
must be addressed to the choice of the reference structure and

Table 3. Relative energies,? solvation free energies, and dipole moments of the
Cope transition states of 1 toward 2.

AEper AEimpy AEcespm AAG?gSD(T)[b] AAGEE: AGEME u

TS(chair) 16.76 19.63
TS(boat) 19.53 25.40

22.35
26.87

21.93
25.78

16.34
18.43

—56.66 1.88
—5598 1.65

[a] All data refer to the cc-pVTZ basis and are given in kcalmol~!. Reference
structure is la. [b] Zero-point vibrational energies (scaled by 0.963) and
thermal corrections were transferred from B3-LYP/cc-pVDZ calculations.
[c] Free energy of solvation, to be added to the total free energy of the molecule.

to the different geometrical parameters of the transition state.
Of particular interest is the solvation effect on the transition
states. As has been noted before, dipole moments are slightly
smaller for these structures than for most conformers of the
reactant owing to the increased dissipation of the overall
positive charge. As a consequence the solvation free energy is
also significantly lower, and this shifts the activation barrier of
this reaction by up to 5.6 kcalmol~! to higher values in a polar
solvent.

The molecular rearrangement of 3-azoniahex-1-ene-5-yne:
The rearrangement of 3-azoniahex-1-ene-5-yne (3) to 1-azo-
niahexa-1,4,5-triene (4) is shown formally in Scheme 3. Again,
conformers which do not show C, symmetry are pairwise
identical in energy. Moreover, this potential-energy surface
allows for two enantiomeric transition states corresponding to
aza-Cope rearrangements, one of them being depicted in

H
\

H\ +‘H +
N /N\H
)
f ~

Scheme 3. The Cope rearrangement of 3-azoniahexa-1-ene-5-yne.

la

TS 2a

Figure 2. Lowest energy conformers of 1 and 2 and the chair- and boatlike transition states characterizing the different reaction mechanisms of the Cope

rearrangement of 3-azoniahexa-1,5-diene.

644 ———
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3a

Figure 3. The Cope rearrangement of 3.

Figure 3. As observed for the reaction of 1 the conformers
lowest in energy do not necessarily constitute the direct
precursor and successor of the reaction. The direct precursor
of this rearrangement is 3¢, but the first local minimum on the
product side is described by 4a, which is the most stable
conformer in the gas phase.

Table 4 summarizes all structures and energies computed
for the Cope rearrangement of 3. Figure 3 shows all structures
involved in the gas-phase reaction. This illustration demon-
strates that the overall reaction consists of a rotation of the
linear structural motif around the central C—N bond and the
bond breaking/formation process. The interatomic distances
of the cleaving and forming bonds in the transition state
are slightly shorter than those found for the reaction
of 1. Our best estimate of the free activation energy is
24.3 kcalmol~!, which is about 3.5 kcal mol~! higher in energy
than the corresponding value for the conversion of 1 into 2.
This may also account for the fact that the rearrangement of
trans-[Cl(dppm),Ru—C=C—C(=CH,)(NMe,CH,CH=CH,)]|*
cleanly proceeds under ambient conditions, while its
propargylic analog, trans-[Cl(dppm),Ru—C=C—C(=CH,)-
(NMe,CH,C=C—C,H;)]", requires thermal activation to pro-

Table 4. Structuresi® involved in the Cope rearrangement of 3.

1.380 1.361
2143 2483
1372 1.236

Ts da

al’! BT AEpe AE ! AEccsper AAGER AAGEH{ T ylel
3a — 1147 —-1789 0.00 0.00  0.00(0.00) 0.00 —62.10 2.08
3b —1196 —-67.5 0.72 0.29 0.82 —61.80 3.05
3¢ —1147 69.1 1.07 0.52 1.08 —63.37 323
3d 0.0 180.0 2.00 1.68 2.35 —61.89 2.26
3e -31 73.0 3.15 2.32 3.58 —6334 341
TS 19.59 20.85 25.42 (24.32)  18.49 —56.54 238
4a 7.6 —101.7 —23.59 —23.91 —24.25 —60.78 5.63
4b 0.0 0.0 —23.16 —23.46ll —23.46 —56.53 4.67
4c —110.7 852 —22.45 —22.11M —23.17 —6223 523
4d -103.7 —-994 —2232 —22,08l —22.92 —-60.93 5.89

[a] All data refer to the cc-pVTZ basis set. All energies refer to 3a and are given in
kcalmol~'. [b] The dihedrals a, 8, and y specify the conformation of the structure.
[c] Total B3-LYP/cc-pVTZ energy of 3a: —249.8401803 a.u. [d] Total MP2/cc-
pVTZ energy of 3a: —249.1951592 a.u. [e] Zero-point vibrational energies and
thermal correction were transferred from B3-LYP/cc-pVDZ calculations. [f] Free
energy of solvation, to be added to the total free energy of the molecule. [g] Dipole
moments are provided in Debye. [h] Value in parenthesis is corrected by zero-point
vibrational energies (scaled by 0.963) and thermal corrections taken from B3-LYP/
cc-pVDZ calculations. [i] See text body for a detailed description of the generation
of these values.
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ceed in reasonable time. Again, DFT calculations under-
estimate the reaction barrier. The reaction energy is about
—24 kcalmol™ and, thus, shows a significantly enhanced
exothermicity in comparison to the conversion of 1 into 2
(—14 kcalmol!). Due to strong changes in the orbital
domains within the reaction of 3 toward 4, we computed the
reaction energy of 4a relative to 3a at the conventional MP2
level, but used LMP2 energies to determine the relative
energy differences due to conformational changes of 4. Again,
polar solvents lead to an increase of the activation barrier.
Although the gas-phase dipole moments for 4 are much larger
than for 3, SCRF/B3-LYP calculations do not predict signifi-
cantly larger free solvation enthalpies for 4. Since the free
solvation energy is a function of several contributions other
than the pure electrostatic energy, the absolute value of the
total free solvation energy cannot necessarily be directly
related to the dipole moment.

The molecular rearrangement of 3-azahex-1-ene-5-yne: The
rearrangement of 3-azahexa-1-ene-5-yne (5) to 1-azahexa-
1,4,5-triene (6) is shown formally in Scheme 4. The most

NH _NH
M — C
Il -

Scheme 4. The Cope rearrangement of 3-azohexa-1-ene-5-yne.

important conformers of the reactant and product of this
reaction are summarized in Table 5. With respect to the
reaction mechanism, the molecular rearrangement of 3-aza-
hex-1-ene-5-yne is the most interesting case in our study. Two
different reaction paths were found. As a result of the triple-
bond moiety in the reactant, it is difficult to assign these two
reaction paths as proceeding via chair-like or boat-like
transition states, as in the case of 1,5-hexadiene and related
compounds. However, according to our DFT and CCSD(T)
calculations the energetically preferred pathway is described
by a stepwise mechanism forming a boat-like transition state
TS a first, passing the intermediate INT, and finally forming a
second halfchair-like transition state. This provides a very rare
example of Cope-type rearrangements occurring by a step-
wise mechanism.[*> 47 48] The structures of the transition states
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Table 5. Structuresl involved in the Cope rearrangement of 5.

al*! ﬁ[b] V[b] AEDFT[C] AELMPz[d] AECCSD(T) AAG%;)ET[C] AG%’%XFM ﬂ[g]
Sa 12.6 175.0 0.00 0.00 0.00(0.00) 0.00 —3.51 1.16
5b 112 71.5 0.72 0.17 0.77 —5.60 1.33
Sc —149.6 74.2 0.75 0.80 0.45 —5.55 1.03
5d 147.7 170.2 1.40 0.79 1.01 —4.62 1.04
Se —15.8 83.4 1.62 1.15 1.47 —4.92 1.81
5f 147.1 64.2 2.18 2.10 1.85 —5.18 1.42
TSa 29.12 27.40 28.11(29.45)(n 30.46 —9.88 2.98
TSh 27.35 30.10 27.98(29.50)" 28.87 —8.72 3.88
TSc 36.08 29.29 33.25(34.06)(h 36.89 —10.66 1.23
INT 26.81 30.57 26.94(28.98)(h 28.85 —11.61 4.62
6a 179.7 —118.0 —114.0 —11.62 —14.171 —12.34 —4.52 1.81
6b —178.8 —4.6 —140.6 —-11.18 —13.58lil —12.03 —6.42 2.12
6¢ 0.0 10.9 —1138 —11.16 —13.910 —11.77 —-523 2.51
6d —179.6 —-127.9 118.1 —10.87 —13.010 —11.78 —7.93 1.82
6e -0.1 —120.6 —114.0 —10.73 —12.801 —11.52 —-17.73 2.37
6f —179.0 —127.2 9.5 —10.70 —13.55l —11.11 —5.19 1.79
6g 0.7 —127.4 117.8 —10.33 —12.73Ml —11.26 —8.99 2.33
6h 1.5 —127.8 10.8 —-9.76 —10.771 —10.67 —7.27 2.33

[a] All data refer to the cc-pVTZ basis set. All energies refer to 5a and are given in kcalmol~!. [b] The dihedrals «a, 3, and y specify the conformation of the
structure. [c] Total B3-LYP/cc-pVTZ energy of 5a: — 249.4904593 a.u. [d] Total LMP2/cc-pVTZ energy of Sa: — 248.8467721 a.u. [e] Zero-point vibrational
energies and thermal correction were transferred from B3-LYP/cc-pVDZ calculations. [f] Free energy of solvation, to be added to the total free energy of the
molecule. [g] Dipole moments are provided in Debye. [h] Value in parenthesis is corrected by zero point vibrational energies (scaled by 0.963) and thermal
corrections taken from B3-LYP/cc-pVDZ calculations. [i] See text body for a detailed description of the generation of these values.

(TSa and TSh) involved in the first mechanism are provided
in Figure 4. In agreement with others, Jiao and Schleyer!*!
point out that the nature of the stationary points of the
transition states in the Cope rearrangement of simple hydro-
carbons are very sensitive with respect to the computational
level, and the inclusion of dynamical electron correlation
appears to be mandatory. They used the same hybrid
exchange-correlation functional as we did and found one-
step mechanisms in each case. In contrast, the Cope rear-
rangement of 3-azahex-1-ene-5-yne indeed proceeds by a
stepwise mechanism. Since the energetical differences be-
tween INT and TSb are very small (c.f. Table 5), we addition-
ally optimized the structures of these two molecules at the
MP4(SDQ)/cc-pVDZ level and performed single-point en-
ergy calculations at the CASPT2 and CCSD(T) levels for both
sets of geometries. In all cases (i.e. different geometries and
different computational levels of the single-point energy
calculations) the structure of the intermediate INT was found
to be about AE=0.5 (B3-LYP) to AE=1.7kcalmol™!
(CASPT2) lower in energy than transition state TSb. There-

fore, we conclude that this intermediate is not an artifact of
the methods applied, but is indeed physically existent. ZPE
corrections lead to a further destabilisation of the intermedi-
ate, but solvent effects tend to overcompensate for this effect.
However, due to the extremely low barrier between INT and
TSb it will never be possible to trap this intermediate
experimentally. Nevertheless, our findings indicate a change
of the mechanism upon the protonation of 3-azahex-1-ene-5-
yne and provide one of the very few intermediates that
characterize a stepwise Cope rearrangement. Considering its
structure as given in Table 6 and Figure 5, this intermediate is
truly remarkable. The C3—C6 bond is predicted to be about
1.620 A at both levels of theory. The C1—C2 bond is the one
that is most sensitive toward the computational method
employed. According to the occupation numbers of the
CASSCEF natural orbitals (HOMO: 1.81; LUMO: 0.20) and
the leading contributions to the CI vector, this structure is
definitely not a biradical. The first three configurations of the
CI vector are closed-shell in nature and their coefficients are
given as 0.914, — 0.273, and — 0.153, whereas the coeffcient of

TSa

Figure 4. Structures and structural parameters [in A] of the three main transition states of the Cope rearrangement between 5 and 6.
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Table 6. Geometrical parameters of intermediate INT.Y

Bond!! B3-LYP MP4(SDQ) Anglel"! B3-LYP MP4(SDQ) Dihedrall®! B3-LYP MP4(SDQ)
N~—C, 1.525 1.511 N,-C-G, 113.0 112.8 N,-C-C,-G4 21.7 315
C—C, 1.482 1.509 C-G-G 1185 115.5 C-G-C5-C 6.1 6.8
C,—C; 1.318 1.332 C-C5-Cs 119.2 119.7 C,-C5-Ce-Cs —44.7 —48.0
Ci—Cs 1.620 1.619 C5-C4-Cs 105.0 103.8 C5-C-Cs-Ny 50.8 52.3
Co—C;s 1.451 1.457 Ce-Cs-N, 1185 117.8 Ce-Cs-N,-C, -20.5 -17.9
Cs—N, 1.326 1.322 Cs-N,-C 120.1 120.1 Cs-N,-C-C, —22.4 —283

[a] For the labeling of the atoms see Figure 5. [b] Bond lengths in A, angles and dihedral angles in degree.

Figure 5. Structure and labeling of intermediate INT.

the first open-shell configuration is 0.056 only. Analogous
arguments hold true for the corresponding transition state
TSb. To the best of our knowledge the only other stepwise
Cope rearrangement via a non-biradical intermediate has
been reported by Walters for the 1-aza-1,5-hexadienyl
anion.®! As confirmed by GIAO/B3-LYP/cc-pVTZ calcula-
tions of the nuclear independent chemical shift (NICS)[®% %1 at
the ring critical point!®” (— 11.3 ppm), the intermediate INT is
clearly aromatic in nature.

An alternative one-step reaction path was found to proceed
via transition state TS ¢ (c.f. Figure 4). However, the barrier of
this concerted mechanism is consideraby higher than for the
stepwise mechanism and must thus be considered less
important for this reaction.

Relative energies for this reaction are provided in Table 5
and the structures of the most stable conformers of the
reactant and the product are shown in Figure 6. Since all
structures involved in this particular reaction are uncharged,
the solvation free energies are about one order of magnitude
lower than for the other two rearrangements. The best

ba Ga

Figure 6. Lowest energy conformers of 5 and 6 in the gas phase.
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estimate for AG* is 29.5 kcalmol~! and —12.3 kcalmol~! for
the reaction free energy (AG,). According to these values
protonation of 4 lowers the activation energy by just
5.2 kcalmol !, which is about one third of the value discussed
in the literaturel'’! for N-allylanilines. High electron correla-
tion effects appear to have little effect on this reaction, and,
consequently, the DFT barrier is rather close to the CCSD(T)
value. Interestingly, solvation effects appear to lower the
reaction barrier rather than increasing it as observed for the
first two rearrangements. According to the SCRF calculation
the barrier is about 5 kcalmol~! lower in energy in aqueous
solution. Moreover, considering the moderate decrease of the
activation energy upon protonation, the activation energy in
aqueous solution may unexpectedly even be lower for the
unprotonated form. According to the Hammond postulate the
higher activation energy corresponds to a smaller reaction
energy when compared to the comparable reaction of the
protonated species 3.

An almost constant difference of about 2.5 kcalmol™!
between the B3-LYP and LMP2 relative energies of 6 can
be observed. However, differences of this magnitude are still
within the range of the inherent errors of these methods and
are not unexpected. The relative LMP2 energies of 6 were
obtained as described for 4 in the previous section and give a
different order for the conformers of 6 than derived from the
DFT relative stabilities. While relative energies AEpgr for 6
are rather similar, scattering only within 1.9 kcalmol~!, the
corresponding range of the solvation free energies is consid-
erably larger and extends to about 4.5 kcalmol~!. Conse-
quently, in solution the preferred conformer is mainly
determined by solvation effects rather than its relative
stability in the gas phase.

Conclusion

Three aza-Cope rearrange-
ments were investigated by
computational methods up to
the  CCSD(T)/cc-pVTZ(f,p)
level. Since the activation bar-
rier is significantly lower for
these reactions than for the
corresponding  hydrocarbons,
conformational studies appear
to be an essential prerequisite
for a sound estimation of the
barrier height. The most relia-
ble values for the gas phase
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reaction of 3-azoniahexa-1,5-diene (1), 3-azoniahex-1-ene-5-
yne (3), and 3-azahex-1-ene-5-yne (5) are AG*=21.9, 24.3,
and 29.5 kcalmol !, respectively. For the barriers correspond-
ing to the Cope rearrangements of the protonated species, B3-
LYP calculations lead to an underestimation of the activation
energies indicating that electron correlation effects are not
sufficiently been accounted for at this level. The activation
barrier of the protonated species 3 is only 5.2 kcal mol~! lower
than for 5. This value is significantly smaller than that
observed for the systems investigated by Jolidon et al.,['” who
report changes of 15-17 kcalmol-!. However, the same
authors report activation entropies of —13 to —19eu for
their species, while our values and those of WaltersP4 are
between —4.4 and —78calK'mol! (AS* (1-2):
—54calK'mol'; AS* (3—4): —44calK'mol™'; AS*
(5—6): —74 calK'mol~! ). Furthermore, solvation effects
appear to have considerable impact on the activation barrier:
depending on their dielectric constant polar solvents lead to
an increase of the barriers by several kcalmol™' for the
protonated species, while lowering the activation barrier of
the neutral compound. This result is in agreement with the
studies of Hillier etal.™ and othersU:7 on the solvent
dependence of the Claisen rearrangement. The low activation
energies of the protonated forms relative to their neutral
counterparts arises mainly from the higher charge delocaliza-
tion in the transition state of the former. Therefore, solvation
may alter the relative order of the activation barriers of the
protonated and the neutral species.
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Complexation Mechanism of Olefin with Silver Ions Dissolved in a Polymer
Matrix and its Effect on Facilitated Olefin Transport

Jong Hak Kim,!>"! Byoung Ryul Min,™ Jongok Won,**! and Yong Soo Kang*!?!

Abstract: Remarkable separation per-
formance of olefin/paraffin mixtures was
previously reported by facilitated olefin
transport through silver-based polymer
electrolyte membranes. The mechanism
of facilitated olefin transport in solid
membranes of AgCF;SO; dissolved in
poly(N-vinyl pyrrolidone) (PVP) is in-
vestigated. In silver polymer electrolyte
membranes, only free anions are present
up to the 2:1 mole ratio of [C=0]:[Ag],
and ion pairs start to form at a ratio of
1:1, followed by higher-order ionic ag-
gregates above a ratio of 1:2. At silver

permeance increases almost linearly
with the total silver concentration, un-
expectedly, regardless of the silver ionic
constituents. It was also found that all
the silver constituents, including ion
pairs and higher order ionic aggregates,
were completely redissolved into free
anions under the propylene environ-
ment; this suggests that propylene can
be a good ligand for the silver cation.

Keywords: facilitated transport
membranes - polymer electrolyte -
polymers - propylene - silver

From these experimental findings, a new
mechanism for the complexation reac-
tion between propylenes and silver salts
in silver—polymer electrolytes was pro-
posed. The new mechanism is consistent
with the linearity between the propylene
permeance and the total silver concen-
tration regardless of the kind of the
silver constituents. Therefore, the facili-
tated propylene transport through sil-
ver—polymer electrolytes may be asso-
ciated mainly with the silver cation
weakly coordinated with both carbonyl
oxygen atoms and propylene.

concentrations above 3:1, the propylene

Introduction

Polymer electrolytes are composed of metal salts dissolved in
a polymeric matrix. Thus, the dissolving behavior and ionic
constituents of metal salts in the polymer matrix are very
important in determining physical properties, particularly the
ionic conduction and mass transport properties.'l Mass
transport properties through silver-based polymer electrolyte
membranes have been paid much attention recently, in
addition to traditional applications to secondary batteries,
fuel cells, and electrochromic displayst-! because they exhibit
facilitated olefin transport and may possibly be applied to
separation of olefin/paraffin mixtures.['*%]

It has been well known that silver ions react with olefins
reversibly and specifically and, thus, act as an olefin carrier for
facilitated transport.!' In this respect, the call has been for the

[a] Dr. Y. S. Kang, Dr. J. Won, J. H. Kim
Center for Facilitated Transport Membranes
Korea Institute of Science and Technology P. O. Box 131
Cheongryang, Seoul 130-650 (South Korea)
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[b] J. H. Kim, Dr. B. R. Min
Department of Chemical Engineering, Yonsei University
Seoul 120-749 (South Korea)
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exploration of facilitated transport membranes as a route to
stemming the tide of enormous energy consumption of
conventional distillation processes. We have reported the
facilitated olefin transport based on silver—polymer electro-
lytes made of AgBF, or AgCF;SO; dissolved in poly(2-ethyl-
2-oxazoline) (POZ) or poly(N-vinylpyrrolidone) (PVP).[10-13]
The propylene permeance increased remarkably from
0.0312 GPU (1 GPU=1.0 x 1075 cm*(STP)cm2s~'cm Hg™!)
to nearly 45 upon incorporation of AgBF, in PVP or POZ
up to the 1:1 mole ratio of [C=0O]:[Ag] at 138 kPa propylene
pressure and ambient temperature. However, the propane
permeance decreased monotonically upon incorporation of
the silver salt from 0.0324 to 0.003 GPU. Thus, the ideal
separation factor of the propylene over propane reached
almost 15000, that is, propylene permeates through the
polymer electrolyte membrane 15000 times faster than
propane.

Separation performance through silver-based polymer
electrolyte membranes was remarkably high. However, the
mechanism of facilitated olefin transport in solid-state
polymer electrolytes, in particular the interaction of olefins
with silver ions, is poorly understood. Therefore, the inves-
tigation on the structure of solid polymer electrolytes and
their interaction with olefin is necessary in order to give
insights into the facilitated transport mechanism through solid
polymer electrolyte membranes.
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When metal salts are dissolved in a polymer matrix, they
may exist as free ions, contact ion pairs, or ionic aggregates
depending on both the concentration of the metal salt and the
intensity of the interaction between the metal salt and
polymer matrix. Further the interaction of olefin with silver
in polymer electrolytes will depend on the kind of the ionic
constituents.

In this regards, the ionic constituents of AgCF;SO,
dissolved in poly(N-vinylpyrrolidone) (PVP) in a propylene
environment will be characterized first, and the role of the
various ionic constituents on facilitated propylene transport
and their interaction mechanism with propylene will be
investigated.

Experimental Section

Poly(N-vinylpyrrolidone) (PVP) (M, =1 x 10°) and silver trifluorometha-
nesulfonate (silver triflate, AgCF;SO;) were purchased from Aldrich and
were used without further purification. The appropriate amounts of PVP
and silver triflate depending on the mole ratio of [C=O]:[Ag] were
dissolved in methanol to be 10 wt % polymer solution. The solution was
then cast on a teflon-glass plate and dried under N, environment. The
films were further dried in a vacuum oven for at least two days at room
temperature. Raman spectra were collected for PVP/AgCF;SO; electro-
lytes at room temperature with a Perkin—Elmer System 2000 NIR FT-
Raman spectrometer. This experimental apparatus included a neodymium-
doped yttrium aluminum garnet (NdYAG) laser operating at 1064 nm. IR
measurements were performed on a 6030 Mattson Galaxy Series FT-IR
spectrometer; 64—200 scans were signal-averaged at a resolution 2 cm™.
Raman and IR spectroscopic characterization were performed with a
pressure cell equipped with quartz and CaF, windows, respectively. The gas
permeation experiments were carried out by means of the constant
pressure/variable volume method. Especially, in lower gas permeances such
as propane permeances below 1:2 of [C=O]:[Ag], constant volume/time lag
method was employed for the exact results. For the gas permeation test, the
polymer solution was coated onto an asymmetric microporous substrate
(SEAHAN Industries, Seoul, Korea) with a RK Control Coater. After
evaporation of solvent in a convection oven at 40°C under nitrogen, the
membrane was dried completely in a vacuum oven for two days at room
temperature. The thickness of the top polymer electrolyte layer was
approximately 1 pm and the pressure difference was 413.5 kPa.

Results and Discussion

Ionic constituents: Figure 1 shows the Raman spectra in the
region of the v,(SO;~) stretching mode with varying mole ratio
of [C=0]:[Ag]. The ionic constituents of PVP/AgCF;SO,
were recently characterized based on the v(SO;~) mode.l'”)
The v(SO;7) stretching band was deconvoluted into the
cvibrations of free ions (1032 cm™!), ion pairs (1038 cm™!), and
higher-order ionic aggregates (1048 cm™!), and the concen-
tration of each constituent was calculated based on the fact
that the relative concentration of each ionic constituent is
directly proportional to its relative intensity."*! Thus, it was
found that only free ions are present up to a mole ratio of
[C=0O]:[Ag] of 2:1, while ion pairs start to form at ratios of 1:1,
followed by higher-order ionic aggregates at ratios of 1:2. It is
interesting to note that free ions are not observable at
1:3 mole ratio of [C=O]:[Ag].
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Figure 1. The v,(SO;~) modes in FT-Raman spectra of pure PVP and PVP/
AgCF;SO; complexes with various [C=0]:[Ag] mole ratios.

Gas transport properties: Figure 2 shows the pure gas
permeances of propylene and propane through the PVP/
AgCF;S0O; electrolyte membranes with varying silver con-
centration. In addition, the inset shows the corresponding
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Figure 2. Permeance of propylene and propane and selectivity in PVP/
AgCF;S0; as a function of silver concentration.

selectivity of propylene over propane. The permeances of
propylene and propane did not vary significantly up to 3:1
(0.25 mole fraction of silver ions) and 1:1 (0.5 mole fraction)
mole ratio of [C=O]:[Ag], respectively. However, the perme-
ance of propylene enhanced sharply at silver concentrations
above 3:1, nearly in linear proportion to the silver concen-
tration, demonstrating the facilitated propylene transport.['’]
The linear increase in the permeance with the total silver
concentration regardless of the presence of different ionic
constituents is very characteristic, because the role of each
ionic constituent for the facilitated transport is expected to be
different.

In the mean time, the permeance of propane decreased
from 0.0324 to 0.0044 GPU with the silver concentration
below 1:1 although the decrease is not clearly shown in
Figure 2. It started to increase slightly from 1:2 of [C=0]:[Ag]
and further increased at 1:3. This may be due to the fact that
the structural defects of PVP/AgCF;SO; electrolytes, which is
considered to be caused by the incompatibility between
polymer matrix and higher order ionic aggregates, were
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possibly formed, and, consequently, the permeances of both
propylene and propane increased simultaneously, resulting in
a lower selectivity. Upon this, although the permeance of
propylene might also contain the gas transport through the
structural defects of membranes as well as facilitated trans-
port, the former appeared to be so much lower and buried in
the error range of the latter.

Redissolution of silver salts into free anions upon propylene
sorption: Silver ion constituents may possibly change in the
propylene environment. Thus, the time evolution Raman
spectra of the v,(SO;~) symmetric stretching band for the 1:3
PVP/AgCF;SO; at propylene pressure of 275.6 kPa were
obtained and are displayed in Figure 3. Propylene itself is
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Figure 3. Time-evolution Raman spectra for »(SO;~) mode in 1:3 PVP/
AgCF;SO; absorbing propylene (275.6 kPa).

nonactive in the range of Raman spectra. The 1:3 PVP/
AgCF;SO; membrane before propylene contact is made up of
nearly 0.0% free ions, 42.7% ion pairs, and 57.3% ion
aggregates, according to the deconvolution of the peaks.
When propylene molecules are in contact with polymer
electrolytes, they will coordinate with silver ions and will be
dissolved. As the contact time of propylene with the polymer
electrolytes was increased, the band intensities of both ion
aggregates at 1048 cm™! and ion pairs at 1038 cm™! gradually
decreased, whereas a new shoulder peak around at 1032 cm™!
was apparent and became prominent with time, implying the
regeneration of free SO;~ ions. Interestingly, after 24 hours,
the only band associated with the free SO;~ ion was observed,
indicating that ion aggregates and ion pairs were not present.
This notable observation clearly represents that propylene
can be a good ligand for the silver ions dissolved in the
polymer matrices and can coordinate with the silver ions of
ion aggregates and ion pairs, resulting in redissolution into
free anions. The redissolution of ion aggregates and ion pairs
in PVP/AgCF;SO; electrolytes under the propylene environ-
ment is possible because the coordination sites of the silver
ion can be occupied by m electrons of propylenes and,
consequently, weaken the interaction of the silver cation with
its counter anion. The enhanced strength of the complexed
C=0 bond in the propylene environment is also evidenced by
IR spectroscopy and will be discussed in the next section.

652 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Therefore, propylene acts as a solvent for silver—polymer
electrolytes by accelerating the ion solvation, which is usually
found in gel type polymer electrolytes.' "] For other
compositions, for example, 2:1, 1:1, 1:2, almost identical
results were obtained (not shown here), that is, that all the
silver salts are solvated into free anions.

In summary, all the ionic constituents of the silver salt
including ion pairs and aggregates in PVP/AgCF;SO; became
free ions under the equilibrium propylene sorption and,
thereby, played an important role in the facilitated olefin
transport. Nevertheless, too many ion aggregates may lead to
the defects of the membrane, causing a concurrent increase in
the permeance of propane and resulting in a reduced
selectivity of propylene over propane.

Another intriguing feature is that the band intensity before
the propylene sorption was strong, but it decreased dramat-
ically after the propylene sorption and the only small peak at
1032 cm™! was observed. This may be attributed to the
swelling phenomena of silver—polymer electrolytes under
the propylene sorption, which is supposed to dramatically
reduce the anion concentration of the direct-measuring
volume with Raman scattering laser source. The swelling
phenomena is supported by the results that the propylene
solubility is remarkably increased from 3 cm*(STP)cm= for
pure PVP at 275.6 kPa up to 160 cm*(STP)cm~ for the 1:1
PVP/AgCF,SO; electrolyte.[]

Partial recovery of bond strength of complexed carbonyl upon
propylene sorption: Figure 4 displays the FT-IR spectra of
PVP and the PVP/AgCF;SO; complexes with and without
propylene sorption as a function of the silver salt concen-
tration. The carbonyl stretching band shifts from 1670 cm™!
for pure PVP to 1634 cm™! for the complexed PVP with silver
ions. The band shift toward a lower wavenumber is considered
to be due to the weakened strength of the carbonyl double
bond induced by the coordinative interaction between the
silver ion and carbonyl oxygen atom. From 1:1 to 1:3
compositions, the position and shape of the C=O band in
PVP/AgCF;SO; complexes before the propylene sorption

Wavenurmber / om’

Figure 4. FT-IR spectra of PVP/AgCF;SO; electrolytes with and without
propylene sorption for a various mole ratios of [C=O]:[Ag]. The solid and
the dotted lines represent the data with and without propylene, respec-
tively. For pure PVP, the spectrum of PVP with propylene nearly coincide
with that without propylene sorption.
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remained almost invariant, and only one spectrum (dotted
line) was displayed for simplicity.

When the PVP/AgCF;SO; electrolytes were exposed to
275.6 kPa of propylene for one hour and successively purged
with nitrogen for less than one second, a new shoulder peak at
1589 cm~! appeared and evolved with the silver salt concen-
tration. The new peak at 1589 cm™! is assigned to the C=C
stretching vibration of propylene coordinated to the silver ion.

The position of the main peak, associated with the
complexed C=0O group with silver ion, moved to a higher
wavenumber from 1634 to 1638 cm™! after the propylene
sorption. The shift of the C=0 band may be comprehended by
the fact that silver ions coordinated with carbonyl oxygen
atoms interact with the & electrons of propylene molecules,
and, hence, the carbonyl bond strength is only partially
recovered relative to that before the propylene sorption. This
incomplete recovery to 1670 cm~! of the uncomplexed free
carbonyl implies that the carbonyl oxygen atom maintains its
coordinative bond with the silver ion, although the C=0 bond
is strengthened, and that the complete change of the
complexed C=0 into the free C=O upon propylene sorption
is not favorable.

The spectra in the range of 1750-1550 cm~! were decon-
voluted into the individual peaks, that is, free C=O of PVP
(1670 cm™'), complexed C=0O of PVP (1638 cm™!), and
coordinated C=C of propylene (1589 cm™!), as provided in
Figure 5. It is apparent that the fractional area of the
coordinated C=C vibration peak increases in proportion to

Absorbance
Absorbance

the silver salt concentration. Thus, it can be anticipated that
more propylene molecules are soluble in PVP/AgCF;SO;
electrolytes when more silver salts are loaded.

Complexation mechanism of propylene with silver salts: From
the results of FTIR and Raman spectra in PVP/AgCF;SO;
electrolytes upon absorbing propylene, it was found that 1)
ion pairs and ion aggregates in the silver—polymer electro-
lytes are converted into free anions (spectroscopically ob-
served) under the propylene environment and 2) the coor-
dinative bond between the silver ion and carbonyl oxygen
atom is maintained, but becomes weakened upon propylene
sorption. Therefore, a possible mechanism of the complex-
ation between propylene and silver polymer electrolytes is
proposed as follows:

free ion : >C=O\\\ Ag" + X
R R,

+ |{ E> >C=0\\\ Ag \\\[{ + X

ion pair : >C=0 WAg W X

aggregate : >C=O +(Ag). W (X),

Therefore, the linear relationship between the propylene
permeance and the total silver concentration regardless of the
kind of the silver constituents could be explained by the new
complexation mechanism proposed in this research.

Conclusion

It was found that free ions, ion
pairs, and ion aggregates were
present in silver — polymer electro-
lytes. The free-ion concentration
decreased unexpectedly as the

o 3300, silver concentration increased
14 LT [T
and approached to nearly zero
1750 1700 1650 1600 1550 1750 1700 1650 1600 1550 for the 1:3 PVP/AgCF;SO; elec-
1 p trolyte.
Wavenurmber / cm Wavenurmber / cm

Absorbance
Absorbance

In a propylene environment,
propylene becomes a ligand for
silver cation and occupies the
partial coordination sites of the
silver cation to make a silver
complex that contains both car-
bonyl oxygen atom and propylene.
The initial strong bond between
the silver cation and carbonyl
oxygen atom becomes weakened
upon propylene sorption owing to

.,' 00 %, 0 the compensation for electrons

from carbonyl oxygen atom with

75 70 180 1800 1580 70 100 1850 1600 1560 those from propylene. Thus, ion
Wavenurmber / armi” Wavenurrber / o’ pairs and ion aggregates were

redissolved into free ions.

Figure 5. The deconvoluted curves of PVP/AgCF;SO; electrolytes absorbing propylene in the range of 1750—

1550 cm™! from Figure 4. The assignment is as follows: free C=O of PVP (1670 cm™!), complexed C=0 of PVP

(1638 cm™!), and complexed C=C of propylene (1589 cm™).
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On these experimental findings,
a new mechanism for the com-
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plexation reaction between propylene and silver salts in
silver—polymer electrolytes was proposed. The new mecha-
nism is consistent with the linearity between the propylene
permeance and the total silver concentration regardless of the
kind of the silver constituents. Therefore, the facilitated
propylene transport through silver — polymer electrolytes may
be mainly associated with the silver cation weakly coordi-
nated to both carbonyl oxygen atoms and propylene.
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1,1'-Binaphthyl-Substituted Macrocycles as Receptors
for Saccharide Recognition

Oleksandr Rusin,!?! Kamil Lang,/*! and Vladimir Kral*!?!

Abstract: The preparation of receptors
for saccharide recognition in a natural
environment has been an unmet goal for
a long time. We present herein the
synthesis and binding properties of

hydroxy groups generate a binding site
for saccharides that incorporates hydro-
gen-bonding hydroxy groups together
with the aromatic hydrophobic pocket.
The specificity for di- and trisaccharides

is governed by the cavity size. The
mechanism of binding has been studied
by 'H NMR spectroscopy and the role of
H-bonding and CH - interactions has
been evaluated; the ability to bind

(R,S)-1,1"-binaphthyl-substituted macro-
cycles as receptors for saccharide recog-
nition in water/acetonitrile (1:1) and in
DMSO. Porphyrin and metalloporphyr-
in macrocycles with two to four 1,1'-
binaphthyl substituents and multiple

Introduction

The role of oligosaccharides in biological regulation has
attracted a great deal of attention in recent years.'¥l Modern
biomedical science ascribes more significant roles to saccha-
rides than merely acting as energy pool and structural
components. Currently, it is known that oligosaccharides
participate in many essential processes in living organisms, for
example, cell—cell recognition, infection of cells by patho-
gens, immune response, distribution and reactivity of proteins
within cells, and membrane transport. The presence of
carbohydrates on cell and protein surfaces is suggestive of
their previously unrecognized importance. Moreover, com-
plex carbohydrates, with their unique multiply linked mono-
mers and branched structures, contain more information
in a short sequence than any other biological oligomers.
Among all biological molecules, carbohydrates, in a short
sequence, display the largest number of ligand structures
suitable for binding with proteins in molecular recognition
systems.

[a] V. Kral, O. Rusin
Institute of Chemical Technology, Department of Analytical Chemistry
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saccharides has been demonstrated by
the surface plasmon resonance (SPR)
technique. The application of these
macrocyclic receptors to sensor devel-
opment is also presented.

. molecular

The mechanism of interaction of saccharides with their
receptors is rather complex. X-ray studies of protein-—sac-
charide complexes have clearly demonstrated multipoint
binding through cooperation of van der Waals forces, coordi-
nation, and hydrogen bonds.! From the viewpoint of host—
guest chemistry, saccharides can be classified as “chemical
chameleons”. They are highly hydrophilic, noncharged, non-
fluorescent compounds that exist in various cyclic forms in
aqueous solution. Recently, the role of hydrogen bonds in the
saccharide —receptor interaction has been very intensively
studied. These bonds are especially effective in nonpolar
media.’! On the other hand, in aqueous solution, hydrogen
bonds between a saccharide and its receptor are often
significantly disrupted due to strong competition with water
molecules. Moreover, the recognition process can be further
obscured by self-aggregation and solvation effects of the
saccharide molecules. For these reasons, successful applica-
tions of synthetic receptors for saccharides operating in
aqueous systems are relatively scarce.

Porphyrins are suitable for the design of receptors for
saccharide recognition in aqueous media; when appropriately
substituted they can offer a hydrophobic pocket with binding
sides together with extraordinary photophysical properties.
Porphyrins are naturally occurring compounds with extra-
ordinary properties. They exhibit characteristic sharp and
intense absorption maxima in the visible region of their
electronic spectra (Soret band) and a strong fluorescence that
can be exploited for analytical purposes.ll The introduction of
appropriate substituents at meso positions of the porphyrin
core facilitates the creation of three-dimensional “cage” and
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“cleft” structures that can be effectively employed for
substrate entrapment.”! Sufficient solubility can be achieved
by the introduction of water-solubilizing groups at the
porphyrin periphery. Water-soluble porphyrins have recently
been extensively studied, mainly due to their possible medico-
biological applications.® ) New synthetic procedures for
porphyrins and novel applications thereof offer great promise
in the intriguing field of modern molecular recognition
chemistry.

Results and Discussion

Elegant receptors for saccharide binding based on non-
covalent interactions have recently been reported by Ogoshi
and co-workers,['>!2l Bonar-Law and co-workers,'*'7l Die-
derich and co-workers,'®2! Davis and co-workers,!> 242"l as
well as other authors.? 231 These receptors, based on various
macrocyclic systems such as porphyrins, calixresorcinols, and
cyclophanes, possess different recognition and signalling units.
On the other hand, very efficient receptors based on boronic
acid binding groups have been reported by Shinkai and co-
workers.’>#3] Nevertheless, there are only a few systems that
can operate in aqueous environments.> 324l

] l CHO
OH
I OMe
By

/

N
H

/o

b
Scheme 1. Synthesis of porphyrin 1: a) propionic acid, reflux 4 h.

CHO

O/
oh

(2

v

[

H

Scheme 2. Synthesis of porphyrins 2—5: a)propionic acid, reflux 4 h; b) BBr; (10 equiv), 1 day, room temperature; c)Fe

acetonitrile; reflux 2 h.
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Recently, we reported the synthesis of porphyrin-based
receptors for recognition of saccharides in highly competitive
media: tetrakis(1,1’-binaphthyl)porphyrins, porphyrin phos-
phonates, and porphyrin-cryptand cyclic systems for inclu-
sion-type carbohydrate complexation in aqueous media.[*’-
Similar types of receptors, such as 1,1’-binaphthyl-substituted
calixresorcinols, have also been examined as potential sac-
charide sensors.[*: >3] The naphthyl and binaphthyl structural
motifs were used in the design of saccharide binding receptors
in the recent studies of Ogoshi and co-workers and Diederich
and co-workers.[10-12.18.19.22.23] These receptors were devel-
oped for the complexation of glycopyranosides in organic
media. Herein, we discuss the complexation properties of
(R,S)-1,1"-bis(binaphthyl)- and (R,S)-tetrakis(1,1’-binaphth-
yl)-substituted porphyrins and metalloporphyrins with sac-
charides.

Receptors 1 and 3—7 were designed to facilitate saccharide
coordination through a combination of hydrophobic inter-
actions and multiple H-bonding contacts (Schemes 1 and 2).
The binding sites of porphyrins 1 and 3 contain two and eight
phenolic hydroxy groups, respectively, which are capable of
forming hydrogen bonds with guests. In addition to eight
phenolic hydroxy groups, the analogous porphyrins 4 and §
incorporate complexed Fe'' and Zn" ions, respectively. All

b ——3:R=H

¢ b—— 4-5:R=H, M =Felll or Znl!

1T acetylacetonate or ZnCly/
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the modified porphyrins possess a hydrophobic pocket of
bulky aryl substituents. This is the basis for a binding of
oligosaccharides akin to that of lectins.

The (R,S)-1,1"-binaphthyl-substituted resorcinol molecules
6 and 7 are cup-shaped structures with the smaller polyhy-
droxylic lower rim and bulky binaphthyls on the upper part
providing a deep cavity. These groups, together with the other
aromatic moieties, play an essential role in the complexation
of saccharides.

Steric hindrance between the ortho substituents on the
binaphthyl rings and the pyrrole S-hydrogen atoms results in a
high energy barrier for rotation about the porphyrin-bi-
naphthyl bonds through a coplanar conformation. As a result,
each individual ortho substituent is fixed on one side of the
porphyrin plane. This leads to the existence of two (for
porphyrin 1) or four (for porphyrins 2 and 3) atropisomers
with different orientations of the substituents with respect to
the porphyrin plane, which correspond to the four possible
mutual arrangements of the substituents.

In the first step, a statistical mixture of all atropisomers was
synthesized. This mixture was then separated by liquid
column chromatography or HPLC. The single binding cavity
provides complexation with 1:1 stoichiometry, and for this
reason the (R,S)-a,a-atropisomer (porphyrin 1) and (R,S)-
a,a,a,a-atropisomer (porphyrins 2-5) were used for the
complexation studies (Figure 1). The atropisomers were

Figure 1. Optimized structure of the complex of 3 with p-glucose.

characterized on the basis of chromatographic and NMR
analyses of similar systems.’**1 With R, values based on their
expected polarities, the most polar a,a,a,a-atropisomer (or
a,a-isomer) is the slowest moving. The a,a,a,a-atropisomer
exhibited two singlet S-pyrrolic resonances, as was expected,
whereas the a,a,a,a-isomer exhibited two doublets.

The decision to use a racemic mixture of 1,1’-binaphthyl
aldehydes in the synthesis can be rationalized by the fact that
racemization of the 1,1’-binaphthyls occurs in acidic media,
especially at elevated temperatures. During our experiments,
we observed a total racemization of optically pure (R)- and
(5)-2,2’-dihydroxy-1,1"-binaphthyl-3-carbaldehydes under
macrocyclization conditions in the presence of HCl at room

Chem. Eur. J. 2002, 8, No. 3
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temperature over 12 h. This was also the case for similar
compounds such as (R)- and (S)-2,2’-dihydroxy-1,1’-binaphth-
yl-3,3-dicarboxylates. Not surprisingly, this process occurs
more rapidly in our synthesis, performed according to
Rothemund’s protocol using boiling propionic acid. There-
fore, we used (R,S)-tetrakis(1,1’-binaphthyl) aldehydes as
starting compounds.

Whereas porphyrins 1 and 2 are insoluble in water,
derivatives 3 and 4 are soluble in water/acetonitrile (1:1,
v/v). The binding constants of various saccharides were
determined by UV/Vis titration experiments in DMSO (for
hosts 1-3) and in water/acetonitrile (for hosts 3 and 4) at
room temperature (Figure 2). Fluorescence emission spectros-
copy could also be utilized for this purpose (Figure 3).

0.64
0.5
0.4+
0.3
0.24 0.002 0.004 0.006
[D-glucose], mol L~
0.1
T T T
400 500 600
AMom ——
1.0~
0.8+
0.9-
0.6 8 :
5 08-
2
2 07~
2 !
0.4 0.6~ -
0 0.002 0.004 0.006
[D-glucose], mol L1
0.24%
0.0

T T
400 500
rAMm ——

Figure 2. UV/vis spectral changes upon incremental addition of p-glucose
to 3 (A) and 4 (B) in aqueous medium.

Dilution experiments in the water/acetonitrile mixture (1:1)
revealed a linear dependence of absorbance on the concen-
tration ratio of the saccharide over a broad concentration
range (0—10~*molL™) for receptors 3 and 4. The working
concentration of macrocycles in the binding study was 6.2 x
10~ mol L. At this concentration, the aggregation effect of
host molecules 3 and 4 is minimized.
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Figure 3. Changes in the fluorescence spectrum upon incremental addition
of D-glucose to 3 in aqueous medium.

A crucial question regarding the interpretation of the UV/
Vis spectra was whether the observed changes corresponded
to receptor aggregates caused by saccharides or whether they
could be attributed to a well-defined binding process in which
the saccharide is oriented above the porphyrin plane such that
multiple H-bonding takes place for efficient recognition and
binding. To answer this question, we performed resonance
light-scattering (RLS) measurements; the saccharide was
added to a solution of the receptor and it was ascertained
whether aggregation occurred. The porphyrin receptors were
spectroscopically characterized in acetonitrile and DMSO up
to concentrations of 6.2 x 10-molL~! (see Experimental
Section). The absorbances in the Soret region (around
420 nm) and in the visible region (500-650 nm) were found
to obey the Beer law, indicating that the receptors are in the
monomeric form. Upon addition of distilled water (> 50 %,
v/v), the Soret band shows a strong hypochromism concom-
itant with a large broadening. Significant influence of the
water content on the absorption spectra suggests that the
porphyrins extensively aggregate. This is not a desirable
process because aggregates are structurally undefined species
sensitive to many parameters (ageing, mixing, etc.) and are
non-fluorescent. As aggregation precludes use of the recep-
tors for the specific probing of saccharides, we combined
UV/Vis and resonance light-scattering (RLS) spectroscopies
to select a solvent in which the porphyrins are predominantly
in the monomeric form. Light scattering can be enhanced
when the molar absorption and size of the species are
sufficiently great and when strong exciton coupling exists
among the chromophores.[® %] Because the amount of
scattered light is directly proportional to the volume of the
particles and monomeric molecules and small oligomers show
no enhanced scattering, this method is particularly useful. The
formation of extended aggregates of the receptor 3 was
confirmed by intense RLS profiles, as recorded in 50 %
DMSO and 25% acetonitrile (v/v). The peaks of the RLS
profiles are centered near the absorption bands of the
aggregate at about 440 nm; a slight red-shift is caused by
self-absorption of scattered light near the Soret maxima. It
emerged from these results that aqueous acetonitrile (50 %,
v/v) is a good solvent for studying the complexation phenom-
ena because the receptors 3 and 4 remain in predominantly
monomeric form. The addition a saccharide does not induce

658 ———
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aggregation. Similarly, dilution experiments in water/acetoni-
trile (1:1) revealed a linear dependence of the absorbance on
the concentration ratio of the saccharide over a broad
concentration range (0-10~* molL™!) for receptors 3 and 4.
As the working concentration of the receptors was 6.2 x
10-* mol L', aggregation of 3 and 4 was minimized.

The important role of hydrogen bonds in the formation of
the porphyrin-saccharide complex is confirmed by the data
summarized in Table 1. While porphyrin 2 (R = Me) interacts
with D-glucose only weakly (K, < 10M~! in DMSO), values of

Table 1. Association constants for the binding of saccharide derivatives
with receptors 1-3 in DMSO (from UV/Vis titrations).l?]

Saccharide Association constant (K,) [M~!]
1 2 3
a-D-glucose 40 <10 100
octyl a-p-glucopyranoside 600 500 650
octyl f-p-glucopyranoside <10 <10 110
methyl a-D-glucopyranoside <10 <10 70
methyl -D-glucopyranoside <10 255 160
p-nitrophenyl galacto-f-pyranoside 400 390 298

[a] Procedure used for UV/Vis determination of the association constants:
A 6.15 x 107° M solution of the macrocycle in DMSO was placed in a 1 cm?
quartz cuvette. A known amount of a given saccharide was added in small
increments (0—100 equivalents; the concentration of the saccharide
solution was the same as that of the receptor solution). Absorbance
changes were measured at the absorption maxima at room temperature;
the resulting data were evaluated using least-squares curve fitting. K,
values were calculated for 1:1 complexes. The reproducibility of the K,
determination was +10% in triplicate runs.

the association constants for this saccharide with porphyrins 1
(R=Me/OH) and 3 (R =H) are more impressive. Substrates
such as a- or B-p-octyl (or phenyl) glucopyranoside interact
more strongly with all the hosts studied. The differences in the
selectivity for alkyl a- and f-glucopyranosides reflect the
increasing contribution of hydrophobic CH - interactions,
which favor the octyl derivative more than the methyl
derivative. On the other hand, the selectivity for the anomers
may be governed not only by the geometries of the host and
guest, but also by the nature of the solvent. For this reason, we
obtained presumably different specificities of the receptors
for a- and f-anomers in DMSO as a result of competitive
binding in different environments.

Hydrophobic interactions between the alkyl (or aryl) chains
of the substrates and the naphthyl rings of hosts 1-3 are
apparently important in the complex formation. Nevertheless,
the number of hydroxy groups on the binaphthyl moieties of
porphyrin 3 led to different affinities for the saccharide guests.
Water-soluble porphyrin 3 displays a significant preference
for unmodified di- and trisaccharides over monosaccharides
in the aforementioned water/acetonitrile mixture, which
indicates saccharide binding within the receptor cavity. High-
er oligosaccharides (tetroses to hexoses) were also tested, but
were found to exhibit lower binding affinities. Taken together,
our results represent evidence for saccharide binding within
the cavity formed by the binaphthol-modified porphyrin
macrocycles, where the crucial binding forces are H-bonding
and CH - interactions. The association constants of saccha-
rides with receptor 3 in aqueous media are given in Table 2.
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Table 2. Association constants for the binding of saccharides by receptors
3 and 4 in aqueous medium (water/acetonitrile, 1:1, v/v) (from UV/Vis
titrations).l?

Saccharide Association constants K, [M~!]
3 4
a-D-glucose 60 110
galactose 50 100
methyl-a-p-glucoside 20 50
methyl-3-pD-glucoside <10 20
L-fucose 75 100
maltose 150 230
maltotriose 110 180
maltotetraose 85 100
maltopentaose 70 100

[a] Changes in absorbance were measured at 427 nm for 3 and at 430 nm for
4. UV/Vis measurements of receptor—saccharide complexes were per-
formed using a 1cm? quartz cuvette containing a 6.15 x 10~ molL!
solution of macrocycle 3 or 4 in H,O/acetonitrile (1:1, v/v). The saccharide
was added in aliquots of a stock solution (0—1000 equivalents). Absorb-
ance changes at the position of the Soret band were measured at room
temperature and the data were evaluated by means of least-squares curve
fitting. The apparent K, values were calculated for 1:1 complexes. The
reproducibility of apparent K, determinations was 15 % in triplicate runs.

Introduction of a metal ion into the porphyrin core often
amplifies the binding capability of porphyrin-based recep-
tors.” Porphyrin 3 was metalated with a series of metal cations
including Zn', Co', Mn", Cu", and Fe' to test the influence of
a core metal cation on saccharide binding affinity. Our studies
showed that only the Fe™ complex (receptor 4) can be
solubilized in the water/acetonitrile. Receptor 4 showed
significant binding affinity towards saccharide guests. Strong
aggregation was observed for the other metalated receptors in
this series in aqueous media. Therefore, only receptor 4 was
studied. After the addition of saccharide to receptor 4, distinct
changes in the intensity of the Soret band were observed.
Receptor 4 interacts with saccharides in aqueous solution
more strongly than its metal-free analogue 3, and displays a
preference for disaccharides over monosaccharides. The
association constants calculated for various guests are sum-
marized in Table 2. It was found that the corresponding
glycosides showed a decrease of K,. Comparison of the
association constants calculated for p-glucose and a- or -
glucopyranosides illustrates this fact. The position of the
methyl group at C-1 also influences the selectivity, with a
preference for the $-anomer. On the other hand, substitution
of hydrogen by a methyl group at positions other than C-1 was
found to have only a weak influence on the selectivity; for
instance, the K, values for p-glucose and p-fucose are very
similar. It is known that complexation of saccharides in water
demands participation of the hydroxyls at the C-1, C-2, and
C-3 positions.I?! Substitution (protection) of some of these
positions effectively blocks complexation.l! We assume that
the presence of a methyl group at the C-1 position sterically
hinders the optimal binding geometry of a saccharide —re-
ceptor complex in aqueous media, which, in turn, leads to only
weak complexation with methyl glucopyranosides.

To understand the binding mechanism and geometry of the
complex formed, we performed a 'H NMR titration of the
receptor 3 with D-glucose in [Dg]DMSO. This solvent was
chosen because at NMR concentrations no aggregation of the
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receptor was observed; this is in contrast to aqueous media, in
which aggregation was observed at millimolar concentrations.
Our NMR data indicated a 1:1 binding mode with saccharide,
with several different binding modes being involved in this
type of complexation, as described below. A marked broad-
ening and upfield shift for the 1-H (from 6 = 6.21 to 6 = 6.00),
6-H (from 6 =4.89 to 6 =4.28), and OH signals of D-glucose
was observed. We also observed chemical shift changes for the
aromatic proton signal of the receptors (from 6 =9.54 to 9.49),
indicating H-binding and CH — aromatic interactions. 'H NMR
titration of receptor 3 with D-glucose in [D¢]DMSO showed
an association constant of K, =30M".,

We were interested not only in the thermodynamics of the
binding process, but also in the kinetics. The fact that some
saccharides change their structure with time (mutarotation)
has been largely ignored in binding studies to date. Thus, we
examined the binding preferences of individual forms of
saccharides with our receptors. Monitoring this complexation
by 'H NMR spectroscopy in D,O/[D,methanol (9:1, v/v)
showed an upfield shift (0.1 ppm) of the relevant CH proton
signals of the saccharide as a consequence of a weak
interaction between porphyrin 3 and the linear form of D-
glucose. This effect is more pronounced for complexation with
the cyclic form of p-glucose, which results in a strong upfield
shift (2 ppm) of the relevant CH proton signals (the glucose
CH protons resonate at 0 =1.88, 1.96, and 2.15). This is also
indicative of a binding mechanism in aqueous media in which
CH -m interactions play a major role. Unfortunately, due to
exchange with the deuterated solvent, it is impossible to
evaluate the contribution of H-bonding. Nevertheless, the
importance of both hydrogen bonds and CH - interactions
in the complexation of saccharides and 1,1’-binaphthyl-
substituted receptors has recently been demonstrated by
'"H NMR spectroscopy in [Ds]acetonitrile.l3!

An analogous series of 'H NMR experiments in [D]chloro-
form/[D4]methanol (3:1, v/v) was performed with octyl a-D-
glucopyranoside (a cyclic saccharide derivative). These ex-
periments provided valuable information about the complex-
ation phenomena. The aromatic proton signals of receptor 3
underwent a downfield shift of 0.3 ppm, while the signals of
phenolic hydroxyls were broadened. The signals of the
hydroxyls of the alkyl glucopyranoside were also shifted
downfield (by 0.5 ppm). These facts are indicative of com-
plexation between octyl a-D-glucopyranoside and 3 through
hydrogen bonds between the 1,1’-binaphthylic hydroxyls and
those of the saccharide. The participation of hydrogen bonds
in complexation was further confirmed by IR spectroscopy.
These measurements showed a marked broadening of the
absorptions of the phenolic hydroxy groups of receptor 3, as
well as a red shift of the absorptions of the saccharide hydroxy
groups from 3354 cm~! to 3339 cm~!. Additionally, a blue shift
from 895cm~! to 906 cm™' was observed for the a-D-
glucopyranoside C—H absorption.

Metalated tetrakis-(1,1"-binaphthyl)-substituted porphyrins
can also be employed as chemical sensors, and for comparison
a Zn'' metalated porphyrin (receptor 5) was tested. Its ability
to bind saccharides was demonstrated by the surface plasmon
resonance (SPR) technique. This technique is often used for
monitoring lectin —saccharide interactions, immunochemical
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reactions, and for the detection
of organic compounds.[®*"l The
SPR detection principle relies

l l CHO
OR

on the change in refractive in- OR
dex and the corresponding shift OO

in the SPR signal that is in-

duced by the binding of the R=Me, H

analyte to the sensor surface.
Receptor § was physically ad-
sorbed on the gold surface of
the optical chip and incubated
for 30 min in an aqueous solu-
tion of D-glucose (3M) at room
temperature. This sample was
then irradiated with polarized
light. A photodiode records the
intensity of the light beams
reflected from the gold surface
and the surface coated with the
receptor —saccharide complex. The differences in the values
of refractive index obtained from the chip can be monitored
as SPR curves; the results are summarized in Figure 4.
Significant changes were found in the SPR spectra as a result
of the saccharide complexation. This effect can therefore be
conveniently employed for saccharide sensing. Control ex-
periments with tetraphenylporphyrin showed no change in the
SPR curves before and after treatment with a D-glucose
solution.

Recently, sterically well-defined polycyclic structures 6 and
7 with (R,S)-1,1"-binaphthyl subunits were used for the visual
recognition of saccharides in aqueous media (Scheme 3).5: 3
Similar calixresorcinol-based hosts have appeared in recent
papers.B% 731 We observed that the colorimetric indicator
methyl red (8) binds to the receptors 6 and 7. This conclusion
was based on a '"H NMR study, which revealed shifts of the
aromatic proton signals of 6, 7, and 8, as well as shifts of the
proton signals of the dimethylamino group of 8. We also
observed a broadening of the 'H NMR signals of the
resorcinol OH protons (for receptor 6) and of the CH; proton
signals of 8 in [Ds]acetonitrile. This suggests that the lower rim
of the receptor is exposed to the solvent. These data indicate
that the receptor 6 forms a sandwich-type complex in
acetonitrile and methanol. For the receptor 7, the aromatic

HO : OH

1T

[}
©
®©
i1
———

Reflectance / arbitrary units

0.96 T T T 1
62 64 66 68 70

Angle / degrees ——p

MeOH, HY, reflux 4 h

8  Hooc

Scheme 3. Synthesis of macrocycles 6 and 7.

hydroxy groups of the (R,S)-1,1"-binaphthylic moieties were
seen to be involved in complexation with 8 as shifts of their
aromatic proton signals of about 0.5 ppm were observed in
[D;]acetonitrile.

The complex 7:8, initially formed in acetonitrile, is readily
soluble in water. The shifts of the aromatic proton signals of 7
and 8 by about 0.2 ppm in the system D,0O/[Ds]acetonitrile
(5:1, v/v) indicate that the receptor 7 preferentially forms an
inclusion-type complex with 8 in water.

Studies of the interaction of receptors 6 and 7 with methyl
red 8 showed the formation of weak complexes with K, values
of 60 and 80 M~!, respectively, in [Ds]acetonitrile. We sub-
sequently employed the complexes of 6 or 7 with 8 in studies
of selective saccharide binding, in which binding resulted in a
color change. Job plots obtained from UV/Vis and 'H NMR
spectroscopic measurements in acetonitrile and/or methanol
were indicative of 1:1 stoichiometries for the complexes 6:8
and 7:8. Due to the poor solubility of 8 and of the receptors 6
and 7 in pure water, methanol-containing solutions (up to 1%,
v/v) were used for the initial complex formation (the receptor
6 or 7 with 8).

The starting solutions were prepared by the addition of
water to an equimolar mixture of 6 or 7 with 8 in methanol
(the final methanol concentration in water was 1% ). Under

Reflectance / arbitrary units

0.8 T T T
63 65 67 69

Angle / degrees ——p

Figure 4. Interaction of 1,1’-binaphthyl-substituted porphyrin 5 with D-glucose on a gold surface as monitored by the surface plasmon resonance technique.
The plot shows reflected light intensity versus angle (SPR curves) for the starting compound (curve I) and for the complex (curve II). Control experiments
(curve III) with tetraphenylporphyrin showed no change in the SPR curves before (A) and after treatment (B) with a D-glucose solution.
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these conditions, orange (for 6:8) and violet (for 7:8)
complexes in water at pH6.0 were formed. No pH changes
during titration were observed. Both receptors show intense
absorbances in the UV range, and 7 additionally shows low-
intensity absorbance bands at 513 and 422 nm. The complex
6:8 exhibits three intense absorption maxima at 436, 519, and
547 nm, while the complex 7:8 exhibits retains the band at
513 nm. All these bands are suitable for the visual detection of
analytes.

The formation of stoichiometric complexes should be
studied in a concentration range in which complexation is
unaffected by aggregation effects. In our case, a linear
dependence of the absorption on the concentration of the
complex 7:8 was observed over the concentration range 0—
2.5 x 10~* moldm™3. For this reason, all measurements were
carried out at 1.2 x 10~ moldm=3. A gradual increase in the
saccharide concentration in solutions of the non-covalent
receptors 6:8 and 7:8 was accompanied by colour changes
from orange to yellow (for 6:8) and from violet to yellow (for
7:8), along with changes in the intensities of the maxima at the
aforementioned wavelengths (Figure 5). Isosbestic points
were found at 470 nm for the receptor 6:8, and at 467 nm
for the receptor 7:8. This suggests that the macrocycle (6 or
7) —saccharide complexes have 1:1 ratios. Parallel experi-
ments were carried out with octyl-a-D-glucopyranoside and
the aforementioned receptor—indicator complexes by
'"H NMR spectroscopy in [Dj]acetonitrile. In both cases, we

0.25

0.20

Abs ———»

0.15

0.10

0.05

Abs ———»

T T T
400 500 600 700
Mnm ——p

Figure 5. Interaction of complexes [6:8] (A) and [7:8] (B) with D-glucose
in aqueous media followed by UV/Vis titration: for A) at A, =436, 519,
and 547 nm; for B) at 4,,,, =513 nm.
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Table 3. Association constants for binding of saccharides and other
selected compounds to receptor complexes [(6 or 7)-methyl red] in
aqueous medium, as followed by UV/Vis titration.!?]

Test compound Association constant (K,) [10*M1]

6 7
methyl-a-D-glucopyranoside 11.9 15.0
D(+)-galactose 9.0 9.5
D(—)-fructose 7.7 7.5
D(—)-ribose 8.1 73
L-sorbitol 1.4 1.9
L-gulonic acid y-lactone 1.0 1.6
D-glucose 9.9 11.0
D(+)-maltose 452 45.5
maltotriose 39.9 40.2
maltotetraose 28.4 40.0
a-D-lactose 18.7 353
f-D-lactose 16.4 33.0

[a] 1.19 x 10~* mol L3 solution of receptor (6 or 7)-methyl red (1:1) in
methanol/water (0.5 % methanol, v/v) was placed in a 1 cm? quartz cuvette.
A known amount of a given saccharide was added in increments (0-50
equivalents; concentration of the receptor in the cuvette kept constant).
The absorbance changes at 436 nm (for 6) and at 513 nm (for 7) were
measured at room temperature and the data were evaluated with the aid of
least-squares curve fitting. The apparent K, values were calculated for 1:1
complexes. The reproducibility of the K, values was £10% in triplicate
runs.

observed strong shifts of the resorcinol and saccharide OH
signals, indicating a competition of the saccharide guest with
the indicator for binding sites on the complexes 6:8 and 7:8.

The association constants are summarized in Table 3. Both
receptors 6:8 and 7:8 bind oligosaccharides more strongly
than monosaccharides. Control experiments on the binding of
saccharides to methyl red gave very low association constants
(below 20 mol~!). Control experiments also indicated that
binding between saccharides and free 8 does not occur.
Association constants of methyl-a-D-glucopyranoside with
the receptors 6:8 and 7:8 were found to be higher than those
for unmodified monosaccharide analogues. Two saccharide-
like guests, namely L-sorbitol and L-gulonic acid y-lactone,
were also tested. Despite their similarity to saccharides, both
receptors were able to distinguish these guests from other
saccharides (association constants were lower than for
monosaccharides).

Conclusion

We have presented several 1,1’-binaphthyl-substituted por-
phyrins, metalloporphyrins, and calixresorcinols as novel
receptors for saccharides in highly competitive environments
(DMSO, water/acetonitrile (1:1, v/v), and water/methanol
(9.5:0.5, v/v)). The versatility of our approach and the
possibility of applying it to other macrocycles, such as
calixresorcinols, offers great potential for sensor development
with this synthetic methodology.

We have studied the mechanism of saccharide binding, and
found that in protic (aqueous) media it is predicated on CH—
7t interactions and a hydrophobic effect, whereas in polar
organic solvents binding is facilitated through -effective
hydrogen bonding. We are continuing to test these novel
receptors for their saccharide sensor potential.
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Experimental Section

Methods: Absorption spectra were measured on a Cary 400 Scan spec-
trophotometer. Cells containing the samples were equilibrated at room
temperature for 5 min. Absorbance titrations were conducted with
concentrated stock solutions of a saccharide. The concentration of the
receptor was 6.2 uM (1-4) or 0.12 mm (6,7). Saccharide binding was studied
in DMSO (1-3), water/acetonitrile (1:1, v/v) (3, 4), and water/methanol
(95:0.5, v/v) (6, 7). The binding constants K, for the receptor —saccharide
complexes were determined from the absorbance changes at the Soret (for
porphyrins) and other (for calixresorcinol — methyl red complexes) maxima
using the Benesi—Hildebrand equation assuming a 1:1 stoichiometry and
that the saccharide concentration is always significantly larger than the
receptor concentration. The stoichiometry was confirmed by the Job
method of continuous variations. The solutions of the receptor and the
saccharide were mixed to a standard volume with varying molar ratios of
the two components. Absorbance differences were taken at the Soret band
of the porphyrin receptors; 427 nm for 1 and 2, and at 420 nm for 3 and 4.
The intercepts of linear least-squares fits to the left- and right-hand
portions of the Job plots gave the binding stoichiometry. The fluorescence
spectra were recorded on a FluoroMax-2 spectrophotometer. Resonance
light-scattering experiments (RLS) were conducted by taking simultaneous
scans of the excitation and emission monochromators over the range 350 —
700 nm on a Perkin-Elmer LS50B luminescence spectrometer. Surface
plasmon resonance was measured using a Spreeta spectrometer.

Preparation of 1: The synthesis of cis- and trans-(R,S)-5,15-bis(1,1'-
binaphthyl-2-methoxy-2'-hydroxy-6'-tert-butyl)-3,7,13,17-tetraecthyl-2,8,12,18-
tetramethylporphyrin (1) was carried out according to a known method-
ology for the preparation of porphyrins (Rothemund protocol). Thus, bis(3-
ethyl-4-methylpyrrol-2-yl)methane was cyclized with 2-methoxy-2'-
hydroxy-6'-tert-butyl-3-formyl-1,1"-binaphthol (Scheme 1).> 73 A mixture
of bis(3-ethyl-4-methylpyrrol-2-yl)methane  (0.5g, 2.17 mmol) and
(R,S)-2-methoxy-2'-hydroxy-6-tert-butyl-3-formyl-1,1"-binaphthol  (0.75 g,
2.17 mmol) was refluxed in propionic acid (1 L) for 5h. The reaction
mixture was then concentrated to dryness and the dry residue was
redissolved in dichloromethane. The resulting solution was washed with
saturated aqueous sodium hydrogen carbonate solution, and then sepa-
rated by chromatography on a silica gel column eluting with petroleum
ether/chloroform (1:9). Two isomers were isolated. For further investiga-
tions, the (R,S)-a,a-isomer was used. The yield of porphyrin 1 was 10%.
The isomers were characterized on the basis of chromatographic and
spectroscopic (NMR) analyses of similar systems.[5+>)

For the (R,S)-cis-conformer 1: '"H NMR (300 MHz, CDCl;, 25°C, TMS):
5=10.15 (s, 2H; CH), 8.22-6.85 (m, 20 H; Ar), 6.18 (brs, 2H; OH), 3.95 (g,
8H; CH,CH,), 3.72 (s, 6H; OCH,), 3.65 (q, 12H; CHy), 1.81 (t, 12H;
CH,CH,), 131 (s, 18H, tert-butyl), —2.05 (brs, 2H; NH); MS (MALDY/
TOF): m/z: 1188 (caled. for Cy,Hg,N,O,: 1187.55); elemental analysis calcd
(%) for C,HpN,0,: C 82.93, H 6.96, N 4.72; found: C 82.52, H 7.05, N 4.49;
UV/Vis (dichloromethane): A, =625, 574, 537, 505, 410 nm; &4,=
950000 mol~'dm3cm~".

Preparation of 2: The synthesis of (R,S)-5,10,15,20-tetrakis(1,1’-binaphthyl-
2,2'-dimethoxy)porphyrin (2) (Scheme 2) was also carried out according to
the Rothemund protocol by cyclotetramerization of protected 1,1'-
binaphthyl-3-carbaldehyde with pyrrole. A mixture of (R,S)-2,2"-dihy-
droxy-3-formyl-1,1"-binaphthol (0.2 g, 5.8 mmol) and pyrrole (0.04 g,
5.8 mmol) was refluxed in propionic acid (1 L) for 5h. The solvent was
then removed, the product was redissolved in dichloromethane, and the
resulting solution was washed with saturated aqueous sodium hydrogen
carbonate solution. The organic phase was collected, dried, and separated
by chromatography on silica gel eluting with petroleum ether/dichloro-
methane (1:9). Four atropisomers were isolated in an overall yield of 17 %;
these were characterized as the (R,S)-a,a,a,a, (R,S)-a,a,a.0, (R,S)-a,a.5.5,
and (R,S)-a,f,a,f-isomers. With R; values based on their expected polar-
ities, the most polar a,a,a,a-atropisomer was the slowest moving.l®] This
isomer was collected in 4 % yield and used for the complexation study. The
isomers were characterized on the basis of NMR analyses of similar
systems.>+

For the (R,S)-a.B,a.B-conformer 2: 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6=9.13 (m, 4H; p-pyrrole), 8.71 (m, 4H; S-pyrrole), 8.61 (s, 4H;
Ar), 8.08-7.26 (m, 40H; Ar), 4.01 (m, 12H; OCH;), 2.64 (s, 12H; OCHs;),
—2.42 (s,2H; NH).
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For the (R,S)-a,a,p,p-conformer 2: 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =9.15 (m, 4H; S-pyrrole), 8.71 (m, 4H; S-pyrrole), 8.60 (m, 4H;
Ar), 8.09-7.29 (m, 40H; Ar), 4.02 (m, 12H; OCH,), 2.64 (s, 12H; OCHs;),
—2.42 (s, 2H; NH).

For the (R,S)-a,a,a.,B-conformer 2: '"H NMR (300 MHz, CDCl;, 25°C,
TMS): 6=9.17 (q, 8H; p-pyrrole), 8.69 (s, 4H; Ar), 8.11-7.11 (m, 40H;
Ar), 4.03 (m, 12H; OCHs;), 2.67 (m, 12H; OCH,;), —2.43 (s, 2H; NH).
For the (R,S)-a,a,a,a-conformer 2: 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =9.14 (m, 8H; S-pyrrole), 8.61 (m, 4H; Ar), 8.08-7.11 (m, 40H;
Ar), 3.98 (s, 12H; OCH,), 2.68 (s, 12H; OCH;), —2.44 (s, 2H; NH); MS
(FAB positive): m/z: 1560.8 (MH), caled for C,sH7;N,Oq: 1559.8;
elemental analysis calcd (%) for C,sH;sN,Oq: C 83.16, H 5.04, N 3.59;
found: C 82.92, H 5.20, N 3.34; UV/Vis for all atropisomers (chloroform):
Amax = 647, 593, 554, 517, 427 nm; &,5; = 144000 mol~'dm3cm~".
Preparation of 3: Porphyrin 3 was obtained by treating 2 with boron
tribromide (9 equiv) in dry dichloromethane at room temperature for 24 h.
The reaction mixture was subsequently washed with sodium hydrogen
carbonate solution and the organic phase was collected and separated by
column chromatography on silica gel eluting with dichloromethane/
methanol (3:1). The deprotected product 3 was isolated in 80 % yield.

For the (R,S)-a,f,a,-conformer 3: '"H NMR (300 MHz, [D{]DMSO, 25°C,
TMS): 6=9.53 (s, 8H; S-pyrrole), 8.73 (q, 4H; Ar), 8.08—7.39 (m, 40H;
Ar), 5.42-5.29 (m, 8H; Ar-OH), —2.4 (s, 2H; NH).

For the (R,S)-a,a,a,a-conformer 3: 'TH NMR (300 MHz, [D¢]DMSO, 25°C,
TMS): 6 =9.54 (d, 8H; f-pyrrole), 8.72 (d, 4H; Ar), 8.08—7.39 (m, 40H;
Ar), 5.40 (m,4H; Ar-OH), 5.29-5.24 (m, 4H; Ar-OH), —2.4 (s,2H; NH);
MS (FAB positive): m/z: 1448.6 (MH); caled for C,\Hg,N,Oq: 1447.6;
elemental analysis: caled (%) for C;,HpN,Og: C 82.97, H 4.32, N 3.87;
found: C 82.59, H 4.43, N 3.64; UV/Vis (DMSO): A, =622, 597, 556,
427 nm; g,5; = 172000 mol~'dm3cm-".

Preparation of 4 and 5: Porphyrins 4 and 5 were obtained by refluxing 3
with iron(imr) acetylacetonate in acetonitrile (molar ratio 1:2), and with
ZnCl, in methanol, respectively. After removal of the solvent, the
metallated porphyrins were dissolved in methanol/dichloromethane (1:4)
and purified by column chromatography on silica gel eluting with
methanol/dichloromethane (1:9). Yields: 90%. MS of 4 (MALDI/TOF):
m/z: 1501 ([M*]; caled for C;pHgN,OgFe: 1501.4); UV/Vis (methanol):
Amax =022, 598, 556, 427 nm; &4,;,=180000 mol-'dm’cm~!; MS of §
(MALDI/TOF): m/z 1511 ([M*]; caled for C,y0HgN,O3Zn: 1510.9); UV/
Vis (methanol): A, =622, 598, 556, 427 nm; &,,; = 177000 mol~'dm3cm~".
Preparation of 6 and 7: A mixture of resorcinol (0.07 g, 0.6 mmol) with
either (R,S)-2,2'-dimethoxy-3-formyl-1,1"-binaphthol or (R,S)-2,2'-dihy-
droxy-3-formyl-1,1’-binaphthol (0.2 g, 0.6 mmol) in methanol (100 mL)
containing HCI as a catalyst was refluxed for 4 h. The reaction mixture was
subsequently washed with water and filtered. The solid product was
dissolved in methanol, dried, and separated by column chromatography
eluting with methanol/dichloromethane (10:90, v/v). The yields of 6 and 7
were 55% and 85 %, respectively.

For 6: '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =8.67 (s, 4H; OH),
7.99-6.78 (m, 44 H; Ar), 6.34 (s, 4H; Ar), 6.2 (d, 4H; Ar), 5.62 (s,4H; OH),
5.30(s,4H; CH), 3.81 (d, 12H; OCH};), 3.05 (d, 12H; OCH3), 2.06 (d, 12H;
CHs;), 1.7 (s, 12H; CH;). MS of 6 (FAB positive): m/z: 1738.5 (calcd. for
Ci1HggO16: 1737.6). UV/vis (methanol): A, = 335, 325, 282, 235 nm.

For 7: 'H NMR (300 MHz, [Ds]acetonitrile/CDCl;, 1:1, 25°C, TMS): 6 =
7.77-5.87 (m,44H; Ar; 8H; OH), 5.45 (s, 8 H; OH), 5.2 (s, 4H; CH); MS of
7 (FAB positive): m/z: 1626 (caled. for C,zH,,O5: 1625.5); UV/Vis
(methanol): A, =513, 422, 282, 235 nm.
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Intramolecular Allyl Transfer Reaction from Allyl Ether to Aldehyde Groups:

Experimental and Theoretical Studies

Delphine Franco,!! Karine Wenger,!?! Serge Antonczak,!*! Daniel Cabrol-Bass,*!?!
Elisabet Dunach,*®! Merce Rocamora,'! Montserrat Gomez,*! and Guillermo Muller*!¢!

Abstract: The intramolecular transfer of the allyl group of functionalized allyl aryl

ethers to an aldehyde group in the presence of Ni’ complexes was studied from
chemical, electrochemical and theoretical points of view. The chemical reaction
involves the addition of Ni° to the allyl ether followed by stoichiometric allylation.

Keywords: allylation electro-
chemistry - homogeneous catalysis
- nickel

The electrochemical process is catalytic in nickel and involves the reduction of

intermediate 7*-allylnickel(i1) complexes.

Introduction

Alcohols and phenols can be easily protected as their
corresponding allyl ethers.'l The selective deprotection of
such relatively stable functional groups is classically carried
out by two-step procedures involving double-bond isomer-
ization and further treatment under strongly acidic or basic
conditions.”! More recently, one-step procedures for allyl
ether deprotection have been reported, such as Nal/
Me,SiCL! [Pd(PPh;),] with NaBH,“ or Bu;SnHE! as reducing
agent, PACL,/CuCl/O, [l and [NiCl,(dppp)]/DIBAL (dppp =
1,3-bis(diphenylphosphanyl)propane; ~ DIBAL = diisobutyl-
aluminum hydride)." Electrochemical reduction in association
with catalysis by Sm ¥l Ni'l or P@"!%] complexes is also used.

We have been particularly interested in Ni-catalyzed
electrochemical allyl ether deprotection,’® and in the further
reactivity of the reductively cleaved allyl moiety.'] Whereas
the allyl group formed in Pd-catalyzed chemical allyl cleavage
was reported to react with nucleophiles (alkylation reac-
tions),l> ¥1 we found that the allyl species formed under
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electrochemical conditions were able to react with electro-
philes (carbonyl compounds) in both Ni'-[''l and Pd"-cata-
lyzed!'” allylation reactions.

Here we present some further chemical, electrochemical
and theoretical studies on the nickel-catalyzed cleavage of
allyl ethers in substrates such as 1, which involves an
intramolecular allyl transfer process (Scheme 1). Related
electrochemical allylation of carbonyl compounds with
allyl halides or acetates has been reported to afford the
corresponding homoallyl alcohols in intermolecular reac-
tions.[4

Results and Discussion

The nickel-catalyzed electrochemical reduction of 2-allyloxy-
benzaldehyde (1) causes O—C bond cleavage of the allyl ether
moiety and allyl transfer to the carbonyl group (Scheme 1).
After hydrolysis, the homoallyl alcohol 2 was obtained in 87 %
yield.l't

0 OH
—=
H a
——_*
o/\/ OH
1 2
87%

Scheme 1. a)1)e~, 3 (10mol%), 2Fmol~!, Mg anode/stainless steel
cathode, nBu,N*BF,~, DMF, 20°C; 2) hydrolysis.

The reaction was carried out in DMF in a single-compart-
ment cell, fitted with a consumable magnesium anode and a
stainless steel cathode, and was catalyzed by [Ni(bpy);]**-
(BF,), (3; bpy =2,2-bipyridine; 10 mol % with respect to 1).
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The electrolysis was conducted at room temperature and
under constant current intensity and consumed 2 F per mole
of 1 for complete conversion.

Electrochemical studies: Cyclic voltammetry: The cyclic
voltammetric behavior of the Ni'/1 system (with excess bpy)
was examined in DMF containing tetrabutylammonium
tetrafluoroborate (Figure 1). The cyclic voltammetric behav-
ior of complex 3 (Figure 1a) has already been reported.l'” It

1(uA) 20
A
Y : .L
225 -1.5 -0.75 0 075 E(V)

Figure 1. Cyclic voltammetry with a vitreous carbon working electrode
and an SCE reference electrode (v=100mVs™) in a DMF solution
of nBu/N*BF,~ (80 mm). a) [Ni(bpy);]**(BF,), (8 mm) + bpy (1:2).
b) [Ni(bpy);]**(BE,7), (8 mm) + bpy + 1 (1:2:1).

exhibits a first quasireversible Ni'! to Ni° reduction peak at
—1.2V versus the saturated calomel electrode (SCE), fol-
lowed by reversible one-electron reduction of the Ni’ complex
at —2.0 V [Egs. (1) and (2)].

[Ni(bpy);** +2¢~ [Ni’bpy),] + bpy ()

(@)

[Ni’(bpy),] + ¢ [Ni(bpy).]

When one equivalent of 1 was added to the Ni!! solution,
several changes in the cyclic voltammograms could be
observed (Figure 1b). The first Ni" to Ni° reduction peak
became irreversible; new reduction peaks appeared at —1.4
and — 1.6 V; and the reduction peak of Ni’, initially at —2.0 V,
shifted to —1.9V and was less well defined. The direct
reduction of 1 in the absence of 3 took place beyond —2.2 V.

The interaction of the electrogenerated Ni° species with 1
can involve both the allyl ether and the carbonyl group. We
therefore analyzed separately the nature of these two
interactions with the allyl aryl ether 4 (see Scheme 2) and
benzaldehyde as model compounds. In the absence of 3, both
model substrates were reduced beyond —2.2 V. The cyclic
voltammogram of 4 in the presence of nickel complex 3 is
shown in Figure 2.

The addition of one equivalent of 4 to the Ni! solution
invoked irreversibility of the Ni'/Ni® transition with an
increase in the reduction peak of one-half. The new peak
corresponds to a 3e~ process, which is not affected by an
excess of 4. In addition, the reduction peak of the Ni’ species
appeared at — 1.8 V. Synthetic and mechanistic aspects of an
electrochemical system involving the cleavage of simple allyl
aryl ethers were recently reported.') The 3e~ reductive

Chem. Eur. J. 2002, 8, No. 3
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1(10~uA) 0.05

—0.05 J

-0.2
2.5 -2

0.5 E(V)
Figure 2. Cyclic voltammetry with a graphite carbon working electrode
and an Ag/AgCl reference electrode (v=100 mVs™!) in a DMF solution
of nBuN*BF,~ (0.1 mm). a)[Ni(bpy);]**(BF,?), (5x107 mm).
b) [Ni(bpy)s]**(BF,7), (5 x 103 mm) + 4 (1:1)

-5 - 05 0

process at — 1.2 V versus SCE was assigned to a 2e~ Ni'" to Ni°
reduction, followed by oxidative addition of 4 to electro-
generated Ni’ to form #?-allylnickel(t) species 5, which
undergoes a le™ reduction at the same potential of —1.2V
versus SCE to form a reduced Ni' species 6, as shown in
Scheme 2.

. 2e- .
i 2+ 0,
[Nifi(bpy); | ——T e [Ni%(bpy),] + bpy
Cl
O/\/
4
-
|: Om-Nilme ) } -1.2 VISCE C[ + bpy
| O-= l‘\lli“--——\)
b
Py bpy
6 5

Scheme 2.

The electrochemical behavior of benzaldehyde in the
presence of complex 3 has, to the best of our knowledge,
not been described. Figure 3b shows the cyclic voltammetric
behavior of a 1:1 mixture of PhCHO and 3 in DMF. The
addition of PhCHO to the Ni! solution slightly shifted the Ni'!
to Ni° reduction peak at —1.2 V to more negative potentials,
and the peak became less reversible. A large reoxidation peak
appeared around —0.7 V and was tentatively assigned to the
oxidation of a PhCHO - Ni’ complex. The new peak at — 1.7 V
should involve the le~ reduction of the carbonyl group
coordinated to the Ni’ complex, with the formation of the
radical anion of PhCHO (Scheme 3), which could then
undergo coupling to form pinacol. To test this hypothesis,
preparative-scale electrolysis of a 1:1 mixture of 3 and
PhCHO in DMF was carried out at — 1.7 V. After hydrolysis,
a mixture of meso- and dl-pinacol adducts was obtained in
40% yield (Scheme 4).
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I(uA) 1.2 1
0.7
02 A

-03
08

28 {k
=33 '\';
-2.25

-1.75 -1.25 —0.75 -0.25 0.25

Figure 3. Cyclic voltammetry with a vitreous carbon working electrode
and an SCE reference electrode (v=100 mVs™) in a DMF solution of
nBu,N*BF,~ (80 mm). a) [Ni(bpy);**(BF,), (8mm). b) [Ni(bpy);]*-
(BF,"), (8 mM) + benzaldehyde (1:1).

o

[e] le- H
LNi(0) + PACHO=—=| LNi2-- P —— LN]"--.J<
-1.7 VISCE Ph
H Ph

Scheme 3.

A study of the electrochem-
ical behavior of model com-
pounds 4 and PhCHO with
complex 3 enabled a better
understanding of Figure 1. By
analogy with Figure 2, the peak
at —1.4 'V was assigned to the
reduction of the #3-allylnick-
el(t) complex 7, formed by
oxidative addition of the elec-
trogenerated Ni® with the allyl-
oxy group of 1, as illustrated in
Scheme 5. The peak at —1.6 V was assigned to the reduction
of the ArCHO-Ni’ complex, by analogy with the peak at
—1.7 V in Figure 3.

Varying the scan rate in the cyclic voltammetry of 1 in the
presence of 3 from 10 to 500 mVs~! led to a change in the
relative intensities of the different peaks, depending upon the
interaction of Ni° with the allyl and/or the carbonyl groups.

1

Scheme 6.

Preparative-scale electrolyses: Electrolyses of a 1:1 mixture of
substrate 1 and Ni! complex 3 were carried out at controlled
potentials of —1.46 V and —1.75 V. The reaction at —1.46 V
could be run up to a consumption of 2 F per mole of 1, after
which passivation occurred. The electrolysis led to homoal-
lylic alcohol 2 in 36 % yield and to deallylated 9 in 11 % yield,

o
. 5 . a H
[Ni(bpy);]** 2BF,” + PhACHO ————> LNF-- J<

Ph
3

Scheme 4. a)3e-, — 1.7 V versus SCE; b) homocoupling; ¢) H*.

666 ———

075 E(V)

CHO
€, DMF,20°C
@ I
/
O/\/
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2e-

N'Il b 24+
[NF(bpy),] -1.2 V/ISCE

[Ni%bpy),] + bpy

CHO

()/\/
1

CHO
| :l + by
0-- Nli“--:3> Py

bpy

CHO -
(X -
(,__Nlih__> -1.4 V/SCE

bpy
8 7

Scheme 5.

together with 41% of unconverted 1 (Scheme 6). At this
potential, the reaction was incomplete and poorly selective.
However, the consumption of 2 F for about 60 % of 1 suggests
a 3 Fmol~! process, in accordance with cyclic voltammetry
(Figure 1) and Scheme 5.

The controlled-potential electrolysis of a 1:1 mixture of 1
and 3 at —1.75V consumed 2 F per mole of 1 and afforded
96 % conversion with a 92% yield of 2 and 2% of 9.
After 3F electrolysis at this potential, the reaction was

OH
CHO
~—
+
electrolysis potential: 2 9
-1.46 V/SCE 2 F mol™! 36% 11%
-1.75 VISCE 2 F mol™! 92% 2%
-1.75 V/ISCE 3 F mol™! 98% 2%

completed with 98% yield of 2 (Scheme 6). No pinacol
adducts were formed.

At —1.75V, an excellent yield and selectivity for 2 could be
obtained. Although the reaction was complete and could be
run up to 3 F per mole of 1, a good yield of 2 was already
obtained after 2 F. This result was taken to indicate that the 7*-
allylnickel(11) complex 7 (which needs 2 F to be formed from
Ni'") was able to transfer its allyl moiety to the aldehyde group
in a chemical reaction, without being reduced to complex 8
(Scheme 5). n*-Allylnickel(1) complexes are known to be
poorly reactive towards electrophiles.'”? However, a slow
reaction of z73-allylnickel(t) complexes with aldehydes in
stoichiometric reactions at 60 °C to give homoallylic alcohols
has been reported.

o o OH OQH
b H H c H H
— /2 —_— /2
Ph Ph Ph Ph
. 40%
LN 0
+ LN (meso/dl)
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Electrolyses at constant intensity with an equimolar ratio of
1 and 3 were carried out in order to compare the results with
those of controlled-potential electrolyses. In a first experi-
ment, complex 3 was first reduced in DMF with 2 Fmol~! to
form [Ni’(bpy),] in situ. Substrate 1 was then added without
any further electrolysis. The reaction resulted in the formation
of 2 (20%) and 9 (30%), with 80 % consumption of 1. Here
again, reduction of Ni! with 2 Fmol~! resulted in an incom-
plete and nonselective process. In a second experiment, Ni'!
was reduced to Ni’ (2 Fmol™!) and, after addition of 1, the
solution was electrolyzed for a further 1 Fmol~'. In this case,
consumption of 1 was complete, and the reaction afforded 2
and 9 in 57 and 43 % yield, respectively.

An electrolysis at —1.75V was carried out in a two-
compartment cell under catalytic conditions with a 10:1 molar
ratio of 1 and 3. A consumption of 80 % of 1 was reached after
3 Fmol~!. Compounds 2 and 9 were obtained in 32 and 30 %
yield, respectively. Although the reaction was not very
selective, the results indicated that the nickel species could
be recycled under these electrochemical conditions, and the
process was catalytic with respect to the nickel complex.
When a similar electrolysis was run in the presence of Mg?**
ions in a single-compartment cell fitted with a consumable
magnesium anode, the consumption of 1 was complete after
2 F per mole of 1, and 2 was isolated in 87 % yield. Thus, the
presence of Mg?* ions facilitated the recycling of the nickel
species and also played an important role in controlling the
chemoselectivity of the reaction.

The electrochemical studies indicated that Ni° complexes of
2,2'-bipyridine can be generated from complex 3. Oxidative
addition of 1 forms a complex of type 7 (Scheme 5), which can
form the homoallyl alcohol 2 in a chemical intramolecular
allyl transfer reaction. Complex 7 could also be further
reduced to 8, which also undergoes intramolecular allyl
tranfer. The presence of Mg?* ions enhanced the selectivity
of the catalytic electrochemical reaction.

Chemical versus electrochemical reactions: To the best of our
knowledge, no example of intramolecular chemical allylation
reaction of carbonyl compounds has been reported for nickel
complexes. However, the formation of #3-allylnickel(i) com-
plexes from Ni’ and allyl halides is well documented.!'®! The
preparation of 7*-allyl nickel complexes was also reported for
allyl phenyl ether and Ni®.'! Allylation of carbonyl com-
pounds by these 73-allyl complexes has been described,!'”)
although the reaction is slow (at 60°C) and works only with

CHO
[Ni(cod) ] 4 A,
OM

Scheme 7. a) bpy (2 equiv), toluene, —78°C; b) hydrolysis.

Chem. Eur. J. 2002, 8, No. 3
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aldehydes. Allyl aryloxide nickel compounds with a O-bond-
ed ArO groups are also known.?"! In particular, binuclear
nickel allyl complexes with bridging aryloxide ligands have
been used to catalyze the polymerization of diynes.?' Mono-
nuclear nickel allyl complexes have been recently reported for
bulky aryloxide groups.??]

To obtain further mechanistic insight into the intramolec-
ular allylation process, some chemical reactions with Ni’ or #3-
allyl Ni"! complexes and substrate 1 or analogues were carried
out.

Thus, when [Ni(cod),] (cod =1,5-cyclooctadiene) reacted
with 1in a 1:1 ratio in toluene at — 78 °C to room temperature
in the presence or absence of 2,2’-bipyridine, none of the
expected complex 7 could be isolated. After hydrolysis of the
solution, 2 was obtained in 90 % yield (Scheme 7). Repeating
the above reaction and keeping the temperature at —78°C
gave a red precipitate that could be filtered off. The
compound was not very stable. The NMR spectrum in
CD;COCD; at —33°C showed broad signals (paramagnetic
compound) that indicated the presence of a terminal allyl
group and bpy in a 1:2 ratio and absence of an aldehydic
proton. The magnetic susceptibility was + (1.88 to 2.66) x
10~* cm*mol~1. The effective magnetic moment suggests an
octahedral arrangement around the nickel center with u.¢=
3.22 pg. A structure such as 10 was tentatively assigned to this
complex.

Complex 10 was too unstable for elemental analysis. The IR
spectrum showed the presence of C=N, C=C, and C—O bonds,
consistent with the presence of bpy and dialcoholate ligands.
The FAB mass spectrum of 10 showed a peak at m/z 376
corresponding to a complex with a single bpy ligand. The
instability of the compound could account for the loss of one
bpy ligand in the mass spectrometer. The negative FAB mass
spectrum revealed the presence of an anionic bidentate
alcoholate/phenolate ligand. The above results suggest that 10
has two bipyridine ligands and an anionic bidentate alcohol-
ate/phenolate ligand in an octahedral arrangement around the
nickel center. This intermediate, which contains the final
structure of the homoallylic alcohol 2, indicates a fast
chemical allylation reaction. Complex 10 is a plausible
intermediate in the formation of 2; it could form rapidly at
low temperature from the proposed intermediate 7.

In an alternative strategy, cationic 73-allylnickel (1) complex
11, prepared from [Ni(cod),] and allyl chloride in the presence
of bpy and ammonium hexafluorophosphate,®! was treated
with the potassium salt of salicylaldehyde in a 1:1 ratio at

OH
b N
é
OH
- 2
90%
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room temperature (Scheme 8). When the

reaction was carried out in toluene/ace- X
tone (40/60), 2 was obtained in 75 % yield. < TN
The same reaction in DMF led to 2 in 82 % N
yield. To better mimick the electrochem- L __

ical reaction, which presumably involves
reduction of the #3-allyl intermediate, the
reaction of 11 with salicylaldehyde anion
was also carried out in the presence of one
equivalent of zinc powder as reducing
agent in DMF. In this case, 2 was formed
in 90 % yield in a more selective reaction.

11

Scheme 8.

Proposed chemical and electrochemical mechanisms: The
electrochemical and chemical studies indicate different mech-
anisms for chemical and electrochemical allylation with
catalysis by nickel complexes. Indeed, the cyclic voltammetry
curves showed several reduction potentials at which the
allylation reaction can occur. Preparative-scale electrolysis
carried at a controlled potential of —1.75 V versus SCE in a
two-compartment cell with stoichiometric amounts of nickel
complex was more selective for homoallylic alcohol formation
than the electrolysis carried out at — 1.46 V versus SCE. In the
first case, the homoallylic alcohol 2 was obtained in 98 %
yield, without passivation of the electrode. Moreover, the
stoichiometric electrochemical allylation reaction needs be-
tween 2 and 3 Fmol! for completion. Chemical allylation
occurs with Ni® or with preformed #3-allylnickel(11) complexes.
In the electrochemical reaction, the #*-allylnickel(ir) complex

OH

OH

H+
le

bpy

[Ni'(bpy)]*

2¢:,

Mg —»

Mg2+

12

Scheme 9. Proposed catalytic cycle for the electrochemical reaction.

668 ———
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+ OH
CHO CHO
L —I h
PF; + —_ +
O K+ OH OH
9 2

toluene/acetone (40:60) 25% 75%

DMF 18% 82%

Zn(lequiv)/DMF 10% 90%

is additionally reduced at — 1.2 V. We therefore propose two
different pathways for the reaction mechanism. The chemical
pathway involving formation of Ni’ and its further chemical
reaction with 1 is presented in Scheme 7. The intramolecular
allylation is stoichiometric with respect to the Ni complex,
which is transformed from Ni° to Ni'’.

The electrochemical pathway should involve the formation
and further one-electron reduction of the mixture Ni%1. The
electrochemical process is catalytic in nickel complex, because
the nickel species can be recycled by electroreduction. We
could show that the best catalytic conditions were obtained
with an Mg anode in a single-compartment cell, that is, in the
presence of Mg?* ions in solution. The proposed catalytic
cycle for the electrochemical allylation is presented in
Scheme 9. The Mg?* ions play an important role in the
magnesium — nickel exchange process that liberates the nickel

[Ni(bpy),]**

-

[Ni%(bpy),]

CHO
L
0/\%
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species for further recycling. The overall catalytic cycle needs
2 F per mole of allylic substrate and involves initial generation
of Ni’ from Ni" followed by formation of an #3-allylnickel(ir)
complex. This complex is further reduced to a formal Ni!
complex that undergoes allyl transfer to the carbonyl group to
give a species of type 12. Metal exchange with anodically
generated Mg?* ions forms the magnesium phenolate/alcohol-
ate 13 and liberates Ni!, which is rapidly reduced to Ni’ under
electroreductive conditions.

Chemical studies with Ni’ or #3-allylnickel(i) complexes
and substrate 1 or analogues seem to confirm the two reaction
pathways. Indeed, the allylation of salicyladehyde occurred in
the presence of the #*-allylnickel(i) complex 11 (with 82 %
yield), but the allylation was enhanced in the presence of a
reductant such as zinc (90 % yield). This chemical reaction
with Zn can be compared with the stoichiometric electro-
chemical reaction that needs 3 Fmol ! at controlled potential.

Theoretical studies: To evaluate the possibility of 73-allyl-
nickel (1) reduction, as in 7, and to validate the chemical and
electrochemical mechanisms, calculations were performed on
the Ni-mediated allylation reaction. From a theoretical point
of view, the reaction pathway from 1 to 2 (Scheme 1) can be
split into three steps. Starting from the separate reagents LNi’
and 1, a first step should lead to an intermediate in which the
2-allyloxybenzaldehyde is already split into two moieties, as in
7. A second step involves an intermediate in which the
homoallylic alcoholate is already formed (as in 10). Finally,
the separate products 2 and LNi are obtained. Since our goal
is to determine the feasibility of the two proposed mecha-
nisms, the present work deals with optimized stable inter-
mediates.

Two possible reaction pathways, elucidated from the results
of chemical and electrochemical experiments, were investi-
gated theoretically. The main difference between these two
mechanisms is that an electron is added to the intermediate
n3-allyl complex of type 7 in the course of the electrochemical
reaction. Therefore, for the chemical process, the intermedi-
ates were optimized with a formal charge of zero, while for the
electrochemical process an electron was formally added to the
structures, and the complexes were re-optimized. Since
experimental evidence indicates that differences between
these two pathways exist as early as the first step, an electron
was added to the separate reagents to evaluate their electron
affinities.

Model compounds: Although density functional theory
(DFT) methods can handle a relatively large number of
atoms, the use of complete structures for the bipyridine and
aldehyde ligands would require excessive computing time.
Therefore, relatively simple models were chosen for these
molecules. Two models (M1 and M2) were investigated for
2,2"-bipyridine. Their structures were compared with that of
2,2'-bipyridine, optimized at the B3LYP/LanL.2DZ level, and
with experimental data.?!l Some representative distances and
angles are summarized in Table 1. The optimized geometrical
parameters of the three structures are in good agreement with
the experimental data. Since the results for M1 model have
the smallest deviations from the experimental data and those
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H H H H
N H—N  B_N-—H =N Bn=(
7 N\ AN Z/J d>—[_<J

== =" 2H N " H2 H\ "

H HH H

2-2°-bipyridine Ml M2

Table 1. Geometrical parameters for 2,2’-bipyridine and the model com-
pounds.

bpy M1 M2 Exptl!
d, [A] 1.50 1.49 1.36 1.50
d, [A] 1.36 1.30 1.41 135
al] 119.0 113.1 119.0 116.7
B1°] 117.3 1232 123.7 116.1

[a] See ref. [21].

calculated for 2,2"-bipyridine, this model was used in subse-
quent calculations. Ligand M1 was coordinated to the metal
center, that is, the Ni—M 1 complex was considered. Addition
of an electron to this structure leads, after optimization, to a
calculated electron affinity (EA) of 0.65 eV.

For 2-allyloxybenzaldehyde, model structures M3 and M4
were investigated. They gave similar results, and comparison
with optimized geometrical parameters for 2-allyloxybenzal-
dehyde did not lead to a clear preference. Therefore, model

H H
H CHO H CHO H X CHO
H 0 NF HIOM H—Z0 NF
H H
2-allyloxybenzaldehyde M3 M4

M3, which has fewer atoms, was used in subsequent calcu-
lations. The calculated electron affinity of M3 is only slightly
negative (0.10 eV). Thus, it appears that the addition of the
ancillary electron is more favourable for the Ni-M1 com-
pound. Therefore, it can be assumed that in the electro-
chemical reaction, the formal charges on the separate
reagents are —1 for the Ni-M1 complex and 0 for M 3.

Characterization of the intermediates: For the chemical
reaction, two stable forms of the first intermediate were
characterized (Figure 4). In intermediate 11, the allyl moiety
is linked to the metal atom in an #° fashion, while the
aldehyde moiety is attached by an Ni—O o bond. In this
structure, a hydrogen bond is formed between the oxygen
atom of the carbonyl group and a hydrogen atom of M 1. Note
that formation of this hydrogen bond is not possible if the
complete structure of 2,2'-bipyridine is used instead of its
model. In I71’, the allyl moiety is linked to the metal by an
Ni—C bond, and the aldehyde moiety is bound in a bidentate
fashion. In this complex, the two Ni—O distances are similar
(Ni—O1 1.94, Ni—02 2.10 A), and O2 is almost perpendicular
to the plane defined by the N1, N2, C1, Ol and Ni (see
Figure 4 for numbering of the atoms). Complex I1’ is more
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1 1

Figure 4. Structures of the optimized intermediates for the chemical mechanism (see text for details).

stable than the 1I1 by
6.30 kcalmol~!, and I1 and I1
are respectively 56.37 and
62.67 kcalmol~! more stable
than the separate reagents
Ni—M1 and M3. The second
intermediate 12 (see Figure 4)
is 12.83 and 6.53 kcal mol~! low-
er in energy than the I1 and the
11, respectively.

The evolution of charge dis-
tribution in these complexes is
given in Table 2 for the metal
atom and the adducts. In the
neutral forms Ni-M1, I1’ and
12, the 2,2’-bipyridine ligand plays a considerable role as an
electron reservoir. In the first intermediate, this electron
transfer leads to a nickel atom with a partial charge of +0.55 ¢
and enhances the Lewis acidic character of the metal atom. In
the second part of the reaction, the excess charge held by the
2,2'-bipyridine ligand is transferred to the aldehyde and the
allyl groups or to the homoallyl alcohol product.

In the exploration of the potential energy surface for the
electrochemical reaction, no intermediate corresponding to
the I1 structure was found. However, two structures close to
the 11’ and 12 were found (Figure 5). Only slight geometrical
deviations were observed between these structures and those
found on the potential energy surface. The major difference
concerns the I1~ structure, in which O2 is only weakly bonded
to the metal atom (284 A vs 210A in I1- and IT,
respectively). Intermediate I1- is 101.56 kcalmol~! more

Table 2. Total NPA charges for the metal center and the different
fragments of the calculated complexes (in electrons) for the chemical

(charge =0) and electrochemical (charge = —1) mechanisms.
Charge =0 Charge=—-1

Ni-M1 11 12 (Ni-M1)- I1- 12-
Ni 0.55 1.02 1.01  —0.09 0.96 0.98
M1 —0.55 -0.15 0.05 -091 -062 —-0.38
aldehydel?] - —0.66 - - -0.83 -
allyl®! - -021 - - -051 -
productle - - —1.06 - - —1.40

[a] Aldehyde fragment of M 3. [b] Allyl fragment of M3 model. [c] Homo-
allylic alcohol.
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12

12-

Figure 5. Structures of the optimized intermediates for the electrochemical mechanism (see text for details).

stable than the separate reagents Ni-M1~! and M3. Inter-
mediate 127 is 10.52 kcal mol~! more stable than I1~.

Although the structures of the complexes are very similar to
those found previously, some important remarks concerning
the charge distribution can be made. In the first intermediate,
the excess of charge is delocalized mostly on the 2,2-
bipyridine ligand (see Table 2). This fragment acts as an
electron reservoir all along the reaction path. These results
show that the formation of the first intermediates is truly
favourable, particularly when an electron is added. On the
other hand, the energy gain from the first intermediate to the
second is small in both cases. Therefore, it is not possible to
explain, solely on the basis of thermodynamical considera-
tions, the fact that the first intermediates were not exper-
imentally characterized. It can be assumed that the kinetic
constant between I1’" and I2, or I1~ and I27, plays an
important role. Moreover, the results obtained here can also
be analyzed in terms of electron affinity (EA) for each of the
above mentioned intermediates. The EA of I1’is 1.78 eV, and
that of I2 1.96 eV (i.e., 41.09 and 45.09 kcal mol~, respective-
ly). Keeping in mind that the electron affinity of Ni-M1 is
0.65 eV, one can conclude that the feasibility of the reaction is
enhanced by the addition of an electron in the course of the
reaction.

Conclusion

In conclusion, the experimental and theoretical data obtained
on nickel-mediated intramolecular allyl transfer from 1 to 2
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indicate that the allylation reaction can occur by two different
mechanisms. In both mechanisms [Ni%(bpy),], formed chemi-
cally or electrochemically, is needed to effect the oxidative
addition to the allyl ether group of 1 and form an #’-
allylnickel(11) complex. In a first mechanism, via a classical Ni-
mediated allylation reaction, the #*-allylnickel(r) complex 7
can attack the aldehyde group to form the homoallylic alcohol
phenol product 2 via the proposed Nil! intermediate 10.

In a more original pathway, the electrochemical reaction
involves the one-electron reduction of the #-allylnickel(ir)
intermediate 7, followed by intramolecular allyl transfer from
reduced 8. The reduction of the #*-allylnickel(11) complexes at
relatively low reduction potential (—1.2 V versus SCE) is
reported here for the first time for allylation reactions. The
electrochemical formation of reduced #3-allylnickel(11) species
has only been recently reported in the cleavage of allyl
ethers.[1]

Theoretical studies on model compounds confirmed the
possibility of stabilized intermediates in both the chemical
and electrochemical mechanisms. However, calculations in-
dicate that under reductive electrochemical conditions, allyl
transfer to the carbonyl group should be facile.

The electrochemical allylation is catalytic in nickel, in
contrast to the stoichiometric chemical reaction. Moreover, in
the electrochemical process, Ni'! complexes can be used as the
starting materials, and the use of low-stability Ni® species is
avoided.

Experimental Section

General: All solvents were dried and degassed by standard methods. DMF
was freshly distilled over calcium hydride before use in electrolyses.

Instrumentation and cells: 'H and 3C NMR spectra were recorded on a
Bruker AC-200 spectrometer. Infrared spectra were recorded as KBr disks
on a Nicolet 520 FT-IR spectrometer. Mass spectra were obtained with a
Finnigan MAT INCOS 500E spectrometer (GC-MS). Cyclic voltammetry
experiments and controlled-potential electrolyses were performed with
EG&G Model 362 equipment and were carried out at 20 °C with an SCE or
Ag/AgCl reference electrode, a graphite rod as working electrode for cyclic
voltammetry and a platinum counterelectrode. Controlled constant-
intensity electrolyses were carried out by using a stabilized constant-
current supply (Sodilec, EDL 36.07). The single-compartment electro-
chemical cell was a cylindrical glass vessel (capacity 20 mL), equipped with
a magnesium rod anode (99.9 % purity, immersed to 3 cm) and a stainless
steel grid cathode (apparent area: 20 cm?). In the two-compartment cell,
the two compartments were separated by sintered glass (no. 4); the anodic
compartment contained an Mg rod as anode, and the cathodic compart-
ment was equipped with a carbon fiber cathode and an SCE reference
electrode.

Tris(2,2'-bipyridine)nickel(@ bis(tetrafluoroborate) was prepared accord-
ing to ref. [25].

(3-Allyl)(2,2"-bipyridine)nickel@)  hexafluorophosphate:  [Ni(cod),]
(430 mg, 1.5 mmol), prepared according to ref. [23], was introduced with
distilled toluene (5 mL) into a purged Schlenk flask, and 2,2"-bipyridine
(246 mg, 1.6 mmol) in toluene (1 mL) was added with a syringe. The
mixture was cooled —78°C, allyl chloride (129 mL, 1.6 mmol) was added
and the mixture allowed to warm to ambient temperature with stirring. The
solution turned orange-red. NH,*PF¢~ (257 mg, 1.6 mmol) was added with
distilled THF (20 mL). After 1 h of stirring, the THF was evaporated and
distilled methanol (20 mL) was added. A white solid precipitated. The
mixture was stirred overnight and then filtered under nitrogen. The solid
was dried under reduced pressure. Yield: 85%. 'H NMR (250 MHz,
[Dglacetone, 25°C, TMS): 6 =8.77 (dd, */(H,H)=6.5, 3J(H,H) =1.0 Hz,
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2H), 8.46 (dd, J(H,H) = 7.2, /(H,H) = 1.0 Hz, 2 H), 8.26 (td, */(H,H) = 6.5,
3J(H.H) = 1.0 Hz, 2H), 7.68 (td, */(H,H) = 6.5, J(H,H) = 1.0 Hz, 2H), 6.27
(m, 1H); 3.78 (d, 3(H,H)=72Hz, 2H,,); 3.0 (d, ¥(H,H)=12.6 Hz,
2H,,,); IR (KBr): #=1602 (s, C=N), 1446, 557 (aromatics), 847 cm! (s,
PF); elemental analysis calcd (%) for C,;H;3;F¢N,NiP (400.89): C 38.94, H
3.27, N 6.98; found: C 38.6, H 3.60, N 6.90.

Reaction of [Ni(cod),] with 2-allyloxybenzaldehyde (1) in the presence of
2,2'-bipyridine: A solution of 2,2"-bipyridine (139 mg, 0.89 mmol) and
2-allyloxybenzaldehyde (144 mg, 0.89 mmol) in distilled toluene (5 mL)
was added to [Ni(cod),] (245 mg, 0.89 mmol) in a purged Schlenk flask. The
mixture was cooled to —78°C for 5 min. After addition of toluene (5 mL)
the mixture was stirred for 3 h at room temperature. The initial yellow
solution became brown. A dark red solid precipitated after addition of
hexane (5 mL) and storing the solution for 24 h at 4°C. The unstable solid
was filtered off under nitrogen and dried under reduced pressure. u.;=
3.22 pg; MS (FAB positive): m/z: 376 [Ni(bipy)(1)]. Neither satisfactory
elemental analysis nor '"H NMR data could be obtained because of the
instability and paramagnetic nature of the solid.

General procedure for one-compartment cell electrolyses: Preparation of
2-(1'-hydroxybut-3'-enyl)phenol (2): Freshly distilled DMF (20 mL),
nBu,N*BF,~ (10-2m), [Ni(bipy);]**(BF,), (0.1 mmol) and the substrate 1
(1 mmol), prepared from the corresponding ortho-hydroxybenzaldehyde
by stirring at 50°C with allyl bromide and potassium carbonate in DMF,
were introduced into the cell. The solution was stirred at room temperature
and electrolyzed at a constant current of 60 mA (current density of 0.2 A/
dm?, 5-15V between the electrodes), up to total consumption of the
starting material (monitored by GLC analysis of aliquots), unless electrode
passivation occurred. After evaporation of the DMF under vacuum, the
crude mixture was hydrolyzed with 0.1m HCI saturated with NaCl up to
pH 1-2 and extracted with Et,0. The organic layers, dried over MgSO,,
were filtered and evaporated. The major product 2 was purified by column
chromatography on SiO, with pentane/diethyl ether (90/10) as eluent and
analyzed by NMR and IR spectroscopy and mass spectrometry. Yield:
87 %. To facilitate analysis, 2 was also converted into its methyl ether by
treatment with methyl iodide. '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0="1790 (s, 1H; OH), 7.10 (m, 1H), 6.90 (m, 1H), 6.85-6.70 (m, 2H), 5.84
(dddd, 3J(H,H) s = 17.1, 3J(H,H) ;, = 10.5, 3/ (H,H) = 7.1, 3J(H,H) = 7.1 Hz,
1H), 53 (dd, *(HH),=10.5 2J(HH)=11Hz, 1H), 525 (dd,
3J(HH),., =171, 2J(HH)=11Hz, 1H), 4.87 (dd, 3J/(HH)=76,
3J(H,H) =7.7Hz, 1H), 2.90 (s, 1H; OH), 2.70-2.60 (ddd, */(H,H) =76,
3(HH)=71, Y)(HH)=10Hz, 1H), 2.65-2.55 (ddd, 3(HH)=77,
3J(H,H) =71, 2J(H,H) =1.0 Hz, 1H); *C NMR (200 MHz, CDCl;, 25°C,
TMS): 155.5, 134.0, 129.0, 127.2, 126.6, 119.9, 119.3, 117.3, 74.7, 42.2; MS:
m/z: 164 [M], 146, 131, 121, 107, 91, 77, 65, 43 (100 % ); IR (KBr): 3366,
3071, 1235, 755cm™'; HRMS calcd for C,,H;,0,: 164.083730; found:
164.083091.

General procedure for two-compartment cell electrolyses: Both compart-
ments were filled with a solution of nBu,N*BF,~ (1 g, 3 mmol) in DMF
(50 mL each) under inert atmosphere. The Ni'! complex (0.1 mmol) and 1
or benzaldehyde (0.1 mmol) were added to the cathodic compartment. The
electrolyses were run at 20°C at the desired controlled potential and were
stopped when the current was negligible. The workup was as described
above; the reaction was monitored by GC.

Methods of calculation: It is now generally accepted that DFT methods are
well suited to the study of transition metals complexes. Preliminary
calculations confirmed that the classical HF and post-HF ab initio methods
still remain too expensive in term of computational time. DFT methods
seem to be a good option for the study of systems in which a metal and a
large number of heavy atoms are involved. We chose the B3LYP method,
which uses the gradient-corrected functional of Beckel®! and the correla-
tion functional proposed byl Lee, Yang and Paar. Geometry optimiza-
tions were performed at the B3LYP/LanL2DZP! level. Thermodynamic
corrections®! were applied to the optimized structures and led to the
differences in Gibbs free energy AG between the stationary points. To
refine the charge distributions for the atoms of the molecules, the charges
were calculated by using the natural population analysis (NPA) theory of
the natural bond orbital (NBO)P program. Solvent effects were not taken
into account in the calculations, since the aim was only to compare the
stability of the different conformations that can be adopted by the studied
complexes. A polar solvent would have certainly have slightly modified the
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geometries and therefore the energetics. The most important modification
probably would have been that the weak oxygen—metal bonds would be
broken in competition with a polar solvent. Nevertheless, the conclusions
reached here would not have been modified in an important manner, since
these changes would not affect the relative electron delocalization or the
relative energies. All the calculations with performed with the Gaussian 98/
DFTP! program suite on the SGI Octane of the “Centre de Modélisation et
d'Imagerie Moléculaire” of Université de Nice Sophia Antipolis and at
IDRIS, France.
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Abstract: Aliphatic amines, incorporat-
ing one or three (branched) acylated -
D-glucopyranosyl residues, were coupled
with the acid chloride of ferrocenecar-
boxylic acid and with the diacid chloride
of 1,1'-ferrocenedicarboxylic acid to af-
ford four dendrimer-type, carbohydrate-
coated ferrocene derivatives in good
yields (54-92%). Deprotection of the
peracylated $-p-glucopyranosyl residues
was achieved quantitatively by using

(LSIMS), 'H NMR spectroscopy, elec-
trochemical measurements, and circular
dichroism spectroscopy. Molecular dy-
namics calculations showed that the
unsubstituted cyclopentadienyl ring is
inserted through the cavity of the tor-
oidal host in these complexes. The
electrochemical behavior of the protect-
ed and deprotected ferrocene-contain-
ing dendrimers was investigated in ace-
tonitrile and water, respectively. The
diffusion coefficient decreases with in-

creasing molecular weight of the com-
pound. The potential for oxidation of
the ferrocene core, the rate constant of
heterogeneous electron transfer, and the
rate constant for the energy-transfer
reaction with the luminescent excited
state of the [Ru(bpy);]*" complex
(bpy =2,2"-bipyridine) are strongly af-
fected by the number (one or two) of
substituents and by the number (one or
three) of carbohydrate branches present
in the substituents. These effects are

Zemplén conditions, affording four wa-
ter-soluble ferrocene derivatives. When
only one of the two cyclopentadienyl
rings of the ferrocene unit is substituted,
strong complexes are formed with f-
cyclodextrin in H,O, as demonstrated by
liquid secondary ion mass spectrometry

Keywords:
cyclodextrins

ferrocenes

Introduction

The reversible oxidation of ferrocene to the ferrocenium
cation can be achieved chemically and/or electrochemically.!]
In addition, synthetic approaches to ferrocene derivatives,
bearing substituents on one or both cyclopentadienyl rings,
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assigned to shielding of the ferrocene
core by the dendritic branches. Electro-
chemical evidence for the existence of
different conformers for one of the
dendrimers in aqueous solution was
obtained.

dendrimers

are well established.l'! Thus, ferrocene is an ideal building
block for the construction of both molecular and supra-
molecular systems,!l such as switches and sensors, which can
be controlled by external stimuli.’J In view of these facts and
given our interest in glycodendrimers construction,®! we were
attracted by the possibility of attaching covalently carbohy-
drate residues to one or both of the cyclopentadienyl rings in
ferrocene in order to confer water solubility and biocompat-
ibility upon the metallocene. The steric bulk of the carbohy-
drate substituents can be increased by introducing one or
more branching points, thus offering the opportunity of
investigating the change in the redox behavior of the
ferrocene core as a result of enlarging the surrounding
carbohydrate shell. These water-soluble dendritic com-
pounds,* 3 containing redox-active cores,®! are reminiscent
of the numerous naturally occurring water-soluble proteins!”!
with redox-active units embedded inside their polypeptidic
frameworks. Furthermore, water-soluble ferrocene deriva-
tives, in their neutral state, have been shown to be bound by -
cyclodextrin.®l Upon oxidation to the corresponding ferroce-
nium cation, the stability of the inclusion complex is expected
to be impaired. As a result, the design of redox-active
carbohydrate-based molecular-sized switches can be envis-
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aged. Here, we report 1) the synthesis of four dendritic
ferrocene derivatives incorporating fully protected (-p-glu-
copyranosyl residues on one or both cyclopentadienyl rings, 2)
the production of their deprotected analogues, 3) the charac-
terization of both the protected and deprotected species by
mass spectrometry and NMR spectroscopy, 4) the complex
formation between two of these carbohydrate-coated ferro-
cene derivatives and f-cyclodextrin, 5) a quantitative inves-
tigation of the electrochemical behavior (diffusion coeffi-
cients, redox potentials, heterogeneous electron-transfer rate
constants) of the eight dendrimers, and 6) the rate constants of
the energy-transfer reactions between the luminescent excited
state of the [Ru(bpy);]** complex (bpy =2,2"-bipyridine) and
these same compounds.

Results and Discussion

Synthesis and characterization: The protected dendrimers 3,
6,9, and 11 were obtained (Schemes 1-4) in good yields (54 -
92 %) by reacting 1 or 5 with 2 or 8 in the presence of Et;N.
Removal of the protecting groups of 3, 6, 9, and 11 with

Abstract in Italian: Condensando ammine alifatiche, conte-
nenti uno o tre residui (-D-glucopiranosilici protetti, con il
cloruro dell’acido ferrocenecarbossilico o dell’acido 1,1'-fer-
rocenedicarbossilico, sono stati ottenuti con buone rese (54—
92 %) quattro composti di tipo dendritico caratterizzati dal
fatto di avere il ferrocene come unita centrale ed un guscio
esterno costituito da carboidrati. Mediante deprotezione quan-
titativa dei residui $-D-glucopiranosilici perbenzoilati o pera-
cetilati, ottenuta in condizioni di Zemplen, sono stati preparati
quattro derivati dendritici del ferrocene solubili in acqua. 1
composti in cui solo uno dei due anelli ciclopentadienilici del
ferrocene € sostituito formano, in H,O, complessi stabili con la
B-ciclodestrina, come dimostrato da esperimenti di spettrome-
tria di massa LSIMS e di spettroscopia '"H NMR, da misure
elettrochimiche e da spettri di dicroismo circolare. Calcoli di
dinamica molecolare hanno evidenziato che, in questi com-
plessi, 'anello ciclopentadienilico non sostituito € inserito nella
cavita toroidale della B-ciclodestrina. Lo studio elettrochimico
dei dendrimeri protetti e deprotetti € stato effettuato rispettiva-
mente in acetonitrile e in acqua. Il coefficiente di diffusione
decresce all’aumentare della massa molecolare del composto; il
numero di sostituenti (uno o due) e delle ramificazioni (una o
tre) presenti nei sostituenti stessi influenza fortemente il
potenziale al quale avviene l'ossidazione dell’'unita centrale
di ferrocene, la costante di velocita del trasferimento elettronico
eterogeneo e la costante di velocita del processo di trasferi-
mento di energia con lo stato eccitato luminescente del
complesso metallico [Ru(bpy);[** (bpy = 2,2'-dipiridina). Ques-
ti effetti sono attribuiti alla schermatura esercitata dalle
ramificazioni dendritiche sull’'unita centrale di ferrocene. Nel
caso di uno dei dendrimeri studiati, gli esperimenti elettrochi-
mici hanno anche evidenziato esistenza, in soluzione acquo-
sa, di due diversi conformeri.
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Scheme 1. Synthesis of the monosubstituted ferrocene derivatives 3 and 4.

0
cl
OBz OBz
B oﬁ/ koﬁ\o%m
z + F + z
207 O™\UNH; e HNTN\_O 7
OBz
2 Cl 5 2
o)
EtsN/PhH/RT/24h
OBz
N (o) OBz
\ BzO
Fe
L% ﬁ
0 H
A
BzO O\/N 6
OBz (e]
MeONa/MeOH/RT/6h
100%
OH
Q. H :Oﬁ\OH
N o OH
Z ~ HO
OH Fe
0 H
ALY »
AT O™NUN 7

OH e]
Scheme 2. Synthesis of the disubstituted ferrocene derivatives 6 and 7.

NaOMe in MeOH quantitatively afforded 4, 7, 10, and 12,
respectively.

All compounds were characterized by low- and high-
resolution liquid secondary-ion mass spectrometry (LSIMS),
as well as by 'H and C NMR spectroscopy. The LSIMS
revealed peaks corresponding to either [M]* or [M+H]" ions
(Table 1). The signals in the '"H NMR spectra of the protected
species 3, 6, 9, and 11 (Table 2), as well as of the deprotected
species 4, 7, 10, and 12 (Table 3), were assigned unambigu-
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10.

ously by two-dimensional homonuclear and heteronuclear
correlation NMR spectroscopy. In the 'H NMR spectra
(CDCl;, 25°C) of 3 and 9, the protons on the unsubstituted
cyclopentadienyl ring resonate as a singlet at approximately
0 =4.2. In both instances, three additional sets of signals are
observed at about 0 =4.3, 4.5, and 4.6 for the protons of the
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Scheme 4. Synthesis of the disubstituted ferrocene derivatives 11 and 12.

Table 1. Liquid secondary-ion mass spectrometric (LSIMS) data of the
compounds 3, 4, 6, 7, and 9-12.

Molecular formula Observed ion

substituted cyclopentadienyl ring. The 'H NMR spectrum z SMEM?E%I igé % ]+‘H]
° . _ 19H1pske 7 o
(CDCls, 25°C) of 6 revgals only two singlets at d =4.20 and 6 CouH,FeN,0,, 1518 [M-+H]
4.44 for the cyclopentadienyl protons. By contrast, four broad 7 CosHoFeN,O,, 685 [M+H]*
singlets are observed at 6 =4.40, 4.51, 4.67, and 4.71 for the 9 Cs;H,;FeNO;, 1323 [M]*
cyclopentadienyl protons in the case of 11. The 'H NMR 1‘1) 833}11;0F;N§16 Ziég {% +E}'
. . _ 104H1136FCINOgp +HJ
'spectra (D,0, 25°C) of 4 and 10 show a smglelt at approx 2 CoHy FeNOng 1453 [M+H]*
imately 0 =4.2 for the protons of the unsubstituted cyclo-
Table 2. '"H NMR spectroscopic data (6 values in ppm) of the protected compounds 3, 6, 9, and 11 in CDCl; at 25°C.1?)
He,  Hy Hg, My
Su. (S
Fe
é R =
Hd HY HB
B-D-Glucopyranosyl protons Cyclopentadienyl protons
H-1 H-2 H-3 H-4 H-5 H-6a H-6b H, Hg and H,
3 495 5.62 5.99 5.75 421-425 455 4.70 4.17 421-425 450 4.61
(d,1H) (dd,1H) (pt,1H) (pt,1H) (m,1H) (dd, 1H) (dd, 1H) | (s, 5H) (m, 2H) (brs,1H) (brs, 1H)
6 5.62 5.65 5.78 6.01 422-428 4.55 4.71 4.20 4.44
(d,2H) (dd,2H) (pt,2H) (pt,2H) (m,2H) (dd, 2H) (dd, 2H) (s, 4H) (s, 4H)
9 447 4.97 517 5.04 3.61-3.71 423-432 4.09 421 423-432 451 4.68
(d,3H) (dd,3H) (pt,3H) (pt,3H) (m,3H) (m,3H)  (dd,3H) | (s,5H) (m,2H)  (brs,1H) (brs, 1H)
11 455 5.02 5.24 5.10 3.74-3.79 436 4.15 4.40 4.51 4.67 4.71
(d,6H) (dd,6H) (pt,6H) (pt,6H) (m,6H)  (dd,6H) (dd, 6H) (brs,2H)  (brs,2H)  (brs,2H)  (brs, 2H)
[a] The signals were assigned by two-dimensional homonuclear and heteronuclear correlation NMR spectroscopy.
Chem. Eur. J. 2002, 8, No. 3 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0803-0675 $ 17.50+.50/0 — 675
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Table 3. '"H NMR spectroscopic data (6 values in ppm) of the deprotected compounds 4, 7, 10, and 12 in D,O at 25°C.I?l

Fe

Hp Hy
@—R
W=

(o}

Hp Hy
b=
Fe
=
Hy H

B

f-D-Glucopyranosyl protons

Cyclopentadienyl protons

H-1 H-2 H-3 H-4 H-5 H-6a H-6b H, H, and H,
4 441 3.23 3.41 3.28 334-338 3.62 3.82 421 4.44 4.72
(d,1H) (dd,1H) (pt.1H)  (pt,1H) (m,1H)  (dd,1H) (dd,1H) | (s, 5H) (brs,2H)  (brs, 2H)
7 441 316-329 332-342 316-329 332-342 356-3.64 3.77-3.84 445 4.66 4.81 4.87
(d,2H) (m,2H) (m, 2H) (m, 2H) (m, 2H) (m, 2H) (m, 2H) (brs,2H) (brs,2H) (brs,2H) (brs,2H)
10 431 3.13 3.30 3.16 323-327 352 3.71 4.15 434 4.63
(d,3H) (dd,3H) (pt,3H) (pt, 3H) (m, 3H) (dd,3H) (dd,3H) | (s,5H) (brs,2H) (brs, 2H)
12 440 3.22 3.39 3.26 3.31-337 3.60 3.80 4.50 4.80
(d,6H) (dd,6H) (pt,6H) (pt, 6H) (m, 6H) (dd, 6H)  (dd, 6H) (brs,4H) (brs, 4H)

[a] The signals were assigned by two-dimensional homonuclear and heteronuclear correlation NMR spectroscopy.

pentadienyl ring and two broad singlets (0 =4.44 and 4.72 for
4, 6 =4.34 and 4.63 for 10) for the protons on the substituted
cyclopentadienyl ring. In the case of 7, the cyclopentadienyl
protons give rise to four sets of signals at 6 =4.45, 4.66, 4.81,
and 4.87. By contrast, only two sets at 6 =4.50 and 4.80 are
observed for the cyclopentadienyl protons of 12.

In order to visualize the preferred conformations of the
protected and deprotected mono- and disubstituted ferrocene
derivatives, their global minima were probed for by molecular
dynamics calculations. The global minima found for the
protected dendrimers 3, 6, 9, and 11, as well as those found for
the deprotected ones 4, 7, 10, and 12, are illustrated in
Figures 1 and 2, respectively. In the monosubstituted deriva-
tives 3, 4, 9, and 10, the substituent “wraps” itself around the
unsubstituted cyclopentadienyl ring as a result of C-H«:--O
contacts between the cyclopentadienyl protons and the oxy-
gen atoms of f-D-glucopyranosyl residues. In addition, the
phenyl ring of the benzoyl group in the 6-position of the

Figure 1. Space-filling representation of the conformational global minima
of the protected compounds 3, 6, 9, and 11 found by molecular dynamics
calculations, followed by multiconformer minimizations.

676 — © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Figure 2. Space-filling representation of the conformational global minima
of the deprotected compounds 4, 7,10, and 12 found by molecular dynamics
calculations, followed by multiconformer minimizations.

perbenzoylated -D-glucopyranosyl residue of 3 stacks along-
side its unsubstituted cyclopentadienyl ring. In the disubsti-
tuted species 6, 7, 11, and 12, the two bulky substituents do not
point away from each other. Rather, they are “glued”
together by hydrogen-bonding interactions 1) between the
amide groups and 2) between the deprotected S-p-glucopy-
ranosyl residues. It is interesting to note the size of the
carbohydrate shell relative to the ferrocene core, which, in the
case of the largest dendrimer 11, is embedded completely into
the surrounding carbohydrate framework.

All the carbohydrate-coated ferrocene derivatives—pro-
tected species in MeCN and deprotected ones in H,O—
exhibit the same absorption spectrum in the visible region,
consisting of a broad and weak band (A, =440 nm; &~
300 Lmol~'em™!). Comparison with the absorption spectrum
of ferrocene in acetonitrile shows that this band is caused by
the d—d transition of the ferrocene moiety.’”’ Below 380 nm,

0947-6539/02/0803-0676 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 3
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the intensity of the absorption spectrum rises with the increasing
number of branches. Ferrocene does not exhibit lumines-
cencel'” and, as expected, nor does any of its derivatives.

Electrochemical behavior: The eight carbohydrate-coated
ferrocene derivatives with their dendritic structures can be
divided into two families—namely, protected (3, 6, 9, 11) and
deprotected (4, 7, 10, 12) species. The protected dendrimers
are soluble in organic solvents and have been studied in
MeCN, whereas the deprotected ones are soluble in H,O and
so have been studied in this solvent. Both families consist of
four compounds, namely mono- and disubstituted species
obtained by using singly- and triply-branched substituents. It
should be noted that the family of the protected dendrimers is
less homogeneous constitutionally than that of the depro-
tected ones because the protecting groups are different for the
singly- and triply-branched species.

In the potential window examined (—2/+2V vs SCE in
MeCN for the protected compounds, —1/+1V vs SCE in
H,O for the deprotected ones), all the dendrimers show the
characteristic oxidation process of the ferrocene moiety and
no reduction process. In discussing the electrochemical
behavior of these species, it is appropriate to consider CPK
space-filling molecular models or the illustrations (Figures 1
and 2) based on molecular dynamics calculations which reveal
clearly the shapes and relative dimensions of the subunits in
each dendrimer.

Protected derivatives 3, 6, 9, and 11: The values of the
halfwave potential for the oxidation of the ferrocene core, the
diffusion coefficient, the electron-transfer coefficient, and
heterogeneous electron-transfer rate constant are shown in
Table 4. Note that, as expected, the values of the diffusion

Table 4. Electrochemical data for the protected dendrimers (MeCN,
0.05 molL~! TBAPF;, 22°C, glassy carbon electrode).

MW [gmol™'] E, [V vsSCE] D,x10°[cm?>s7™'] a kj[cms™!]

3 849.7 0.560 £+ 0.003 6.9+0.7 0.5 0.08+0.03

6 15153 0.730 £ 0.003 47+05 0.4 0.03+0.01
9 1322.0 0.580 £ 0.003 55+06 0.4 0.015+0.005
11 2460.0 0.779 £0.003 24+03 0.4 0.003 +£0.001

coefficients decrease with increasing molecular weights. In
addition, the electrochemical data point to some interesting
trends which include the following: 1) The potential for the
oxidation of the ferrocene core increases on going from the
monosubstituted compounds to disubstituted ones—an ob-
servation which can be ascribed to the slightly electron-
acceptor character of the amidic substituents as well as to the
shielding of the ferrocene core by the appended substituents,
so that the ferrocenium ion resulting from the oxidation
process is considerably less stabilized by interactions with the
polar solvent molecules. 2) For both the mono- and disub-
stituted species, the potential value becomes more positive
with increasing branching of the substituent; furthermore, the
effect is larger for the disubstituted compounds. These effects
can be accounted for by the fact that the ferrocene core
becomes more and more shielded from solvent interactions on

Chem. Eur. J. 2002, 8, No. 3

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

increasing the number and size of the appended moieties. The
effects are smaller for the monosubstituted derivatives
because one side of the ferrocene core remains open to
solvent interactions. We will see, subsequently, that these
results are fully consistent with the values obtained for the
heterogeneous electron-transfer rate constants. 3) For both
the mono- and disubstituted compounds, the rate constants
for the heterogeneous electron-transfer processes are ob-
served to decrease on increasing branching of the substituent;
once again, the effect is larger for the disubstituted species, for
which the rate constants are observed to decrease by a factor
of ten. It should also be noted that the value of the rate
constant for the monosubstituted triply-branched dendrimer 9
is smaller than that for the heavier and larger disubstituted
singly-branched derivative 6, suggesting that a triply-
branched substituent is more effective at isolating the electro-
active core than two singly branched substituents, which, as
indicated by molecular modeling (Figure 1), are located on
the same side of the ferrocene core.

Deprotected derivatives 4, 7, 10, and 12: The values, obtained
in aqueous solution, of the halfwave potential for the
oxidation of the ferrocene core, the diffusion coefficient, the
electron-transfer coefficient, and the heterogeneous electron-
transfer rate constant of 4, 7, 10, and 12 are shown in Table 5.
This family is considered to be homogeneous, since all the
deprotected carbohydrate units are identical. Although the
values of the diffusion coefficient decrease with increasing
molecular weights, they are smaller than those for the
protected derivatives (Table 4), in spite of the fact that the
deprotected ones are much lighter. This result can be
accounted for by 1) the difference in the macroscopic viscosity
of the two solvents!''l and 2) different friction effects at the
molecular level.l'2]

Table 5. Electrochemical data for the deprotected dendrimers (H,O,
0.1 molL~! NaClO,, 22°C, glassy carbon electrode).

MW [gmol™'] E,, [V vs SCE] Djx10° [cm?s™'] a k,[cms™!]
4 4332 0.373 £0.005 3.0+04 0.5 0.028 £0.005
7 6825 0.605 £ 0.005 23+04 0.6 0.009 £ 0.002
10 8175 0.413 £0.004 1.9+04 0.4 0.013+0.004
12 14515 0.54 £0.010 1.5+0.2 bl [b]
0.64 £0.010

[a] Overlapping processes; potential values estimated from the deconvo-
lution of the DPV profile. See text for details. [b] The values of « and k, for
compound 12 could not be estimated reliably.

In general, the values (Table 5) of the halfwave potential for
the oxidation of the ferrocene core are less positive than those
observed for the protected dendrimers (Table 4). This result
can be attributed to the greater stabilization of the ferroce-
nium species in the more polar aqueous medium. As in the
case of the protected derivatives, the value of the redox
potential becomes more positive 1) in going from the mono-
to the disubstituted species, because of the greater number of
electron-withdrawing amide-type substituents, and 2) on
increasing branching, for both the mono- and disubstituted
compounds, owing to the shielding provided by the carbohy-
drate units toward the ferrocene core interacting with the
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solvent. The latter effect is stronger than that observed for the
protected derivatives in MeCN solution, at least for the
monosubstituted species; the increase in the potential value is
40 mV (Table 5) on going from the singly-branched depro-
tected dendrimer 4 to the triply-branched dendrimer 10, while
it is only 20 mV (Table 4) on going from the corresponding
protected species 3 to 9. This observation is in agreement with
the larger difference in polarity between the environment
offered to the electroactive core by the glucopyranosyl
branches and that of the two different solvents (H,O and
MeCN).

The triply-branched disubstituted derivative 12 exhibits a
very peculiar behavior. Its differential pulse voltammogram
reveals two oxidation peaks—the first one at +0.54 V and the
second one at +0.64 V—with an intensity ratio of approx-
imately 1:2 (Figure 3). This behavior suggests that, in aqueous
solution, derivative 12 is present in two distinguishable forms

+0.4 +0.6 +0.8
E/V vsSCE

Figure 3. Differential pulse voltammogram of compound 12 (1 x
103 molL~!, H,0, 0.1 molL~' NaClO,, 22°C; glassy carbon electrode,
scan rate 20 mVs~!, pulse height 75 mV). The potential values have been
corrected for the pulse height. The circles show a simulated DPV profile
consisting of the sum of two individual peaks of different intensities (dotted
lines). For more details, see text.

that experience different shielding effects at this electroactive
ferrocene cores. The reversible character of the two oxidation
processes shows that the interconversion between these two
species is slow on the timescale of the electrochemical
experiments. The simplest hypothesis that accounts for the
observed results is the existence of two conformers of 12
(Figure 3), one having the two substituents placed on the same
(cisoid) side of the ferrocene core and the other on opposite
(transoid) sides. The cisoid form, which can be stabilized by
intramolecular hydrogen bonds, will be less shielded from
solvent interactions than the transoid form and will therefore
be easier to oxidize. If this hypothesis is correct, the processes
observed at +0.54 and +0.64 V correspond to the oxidation
of the cisoid and transoid conformers of 12, respectively. In
the light of this conclusion, the high value of the potential
exhibited by 7 indicates a fransoid conformation predomi-
nantly for this compound in aqueous solution.[3]

The magnitudes of the heterogeneous electron-transfer rate
constants (Table 5) are consistent with the above conclusions.
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In particular, the fact that the value found for the disubsti-
tuted singly-branched species 7 is smaller than that found for
the monosubstituted triply-branched derivative 10—contrary
to what happens for the analogous protected compounds 6
and 9—is consistent with a transoid configuration for 7. The
rate constants are much smaller for the deprotected mono-
and disubstituted singly-branched derivatives 4 and 7 relative
to those for the corresponding protected species 3 and 6. This
effect arises, partly at least, from the higher reorganization
energy of the oxidation process in H,O than in MeCN.

Quenching of the [Ru(bpy);]** luminescence: It is well known
that excitation of [Ru(bpy);]** (bpy=2,2"-bipyridine) with
visible light leads to the formation of a metal-to-ligand
charge-transfer (MLCT) singlet excited state which then
undergoes deactivation to the lowest MLCT triplet,'*] here-
after indicated by *[Ru(bpy);]**. Such an excited state shows a
long-lived luminescence (7 =172 ns in aerated MeCN solution
at 298 K), which lies 2.12 €V above the ground state, and can
play the role of an oxidant (E,,{*[Ru(bpy);]**/[Ru(bpy);]*} =
+0.80 V vs SCE in MeCN).

We have investigated the quenching of the *[Ru(bpy);]**
luminescent excited state by 1) ferrocene and the protected
derivatives 3, 6 and 9 (11 was not available in a sufficient
amount) in MeCN containing 0.05 molL~! TBAPF,, and 2)
the ferrocenecarboxylate anion and the deprotected species 4,
10, and 12 (7 was not available in a sufficient amount) in H,O
containing 0.05 molL~! NaClO,. The solutions were air-
equilibrated, and both intensity and lifetime quenching
measurements were performed. In all cases, the quenching
of the intensity was larger than that of the lifetime, suggesting
the presence of some associated [Ru(bpy);]**—dendrimer
species in which static quenching takes place.["”]

Dynamic quenching takes place through diffusion-control-
led formation of encounter complexes between the excited
state and the quencher, followed by some quenching inter-
action between the two reaction partners. The values of the
dynamic quenching constant, obtained from Stern- Volmer
plots based on lifetime measurements (Table 6), are all below
the diffusion rate constants k, of the solvent used (1.9 x
10 Lmol~'s! in MeCN and 7.4 x 10° Lmol~'s™ in H,O at
298 K).['81 This observation means that the rate-limiting step
of the quenching process is that within the encounter complex

Table 6. Experimental (k,) and diffusion-corrected (k) quenching rate
constants of [Ru(bpy);]** by ferrocene, protected dendrimers 3, 6, and 9,
ferrocenecarboxylate anion, and deprotected dendrimers 4, 10, and 12.

Quencher  Solvent kyx 1077 keor X 1070
[Lmol~'s~!'] [Lmol-!s!]@l

Fc MeCN, TBAPF, (0.05 molL") 7.8+0.8 1B3+1

3 MeCN, TBAPF, (0.05 molL™") 33+0.3 4.0+04

6 MeCN, TBAPF, (0.05 molL™") 1.6+0.2 1.7+0.2

9 MeCN, TBAPF, (0.05 molL™") 1.9+04 21+04
Fc-COO~ H,0, NaClO, (0.05 mol L") 35404 6.6+0.8

4 H,0, NaClO, (0.05 mol L") 214+02 29403

10 H,0, NaClO, (0.05 mol L") 1.4+0.2 1.7+0.2

12 H,0, NaClO, (0.05 mol L") 1.2+0.2 1.4+02

[a] Quenching rate constant corrected for diffusional effects; see text for
details.
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for which the rate constant is proportional to k. as
obtained!"” from Equation (1):

Ukeoy = 1/kg — kg 1)

The values of k., are also listed in Table 6. In the case of
ferrocene, the lowest excited state lies less than 1.8 eV above
its ground statel'® 11 and the Fc*/Fc reduction potential is
+0.40 V versus SCE. Therefore, if we consider the excited
state energy and the reduction potential of the luminescent
excited state of [Ru(bpy);]** (vide supra), both the energy-
transfer [Eq. (2)] and electron-transfer [Eq. (3)] quenching
processes turn out to be thermodynamically allowed:

*[Ru(bpy)s]** +Fe — [Ru(bpy)s** + *Fc @

*[Ru(bpy);]** + Fc — [Ru(bpy)s]* +Fc* (3)

Lee and Wrighton,['"l however, have shown that, in the case
of ferrocene, quenching takes place only by energy transfer,
presumably because the electron-transfer process is slowed
down by the large reorganizational energy required by
ferrocene oxidation in polar solvents. For methyl derivatives
of ferrocene, which are much easier to oxidize, competitive
energy- and electron-transfer quenching has been ob-
served." Since oxidation of the ferrocene core of the
protected dendrimers takes place at potential values more
positive than that of ferrocene, it seems safe to assume that
the quenching processes studied in MeCN solutions take place
only by energy transfer. This conclusion can probably be
extended to the processes involving the deprotected deriva-
tives, because of the larger reorganizational energy required
by the electron-transfer quenching in the more polar aqueous
solution.

Energy-transfer quenching can occur by two different
mechanisms. One may be viewed as a resonance dipole —di-
pole effect (Forster mechanism),?” and the other as a double
electron exchange (Dexter mechanism).?!] As recently point-
ed out by Encinas et al.,”! the overlap integral between the
[Ru(bpy);]**-type luminescence and the ferrocene-type ab-
sorption bands is so small that energy transfer by the Forster
mechanism can be ruled out. The only plausible quenching
mechanism is therefore the Dexter one, whose rate constant
can be expressed®! by Equation (4):

ken=(45*/h) H* I, 4)

in which H is the matrix element for electronic coupling
between donor and acceptor and Jy, is the Franck — Condon
term, which is related to overlap integrals between the
luminescence spectrum of the donor and the absorption
spectrum of the acceptor. Since the absorption spectrum of
the ferrocene acceptor moiety is essentially the same for all
the examined compounds, the J, term should be constant, and
the decrease of k,, (which is proportional to k,,) on increasing
number of substituents (3 vs 6, 10 vs 12) and number of
branches (3 vs 9, 4 vs 10) must arise from different electronic
interaction values. This conclusion fully agrees with the
expected shielding effects on the ferrocene core by substitu-
ents and branches.
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Binding studies: The monosubstituted ferrocene derivatives 4
and 10 are bound by S-cyclodextrin (5-CD) in D,O (Figure 4).
The LSIMS of equimolar mixtures of 5-CD and either 4 or 10
revealed peaks at m/z 1570 or 1954, respectively, for the

DH R
i
R - @:Q g
9]
HOY
HO N
OH
HO

fp-CD

&

Figure 4. The complexation of the monosubstituted ferrocene derivatives
4 and 10 by S-cyclodextrin (5-CD).

(@@I -

corresponding 1:1 complexes. In D,O at 25°C, the complex-
ation/decomplexation processes are slow on the 'H NMR
timescale (500 MHz). As a result, the sharp and well-resolved
signals for protons in the uncomplexed species (Figure 5a)
become broad and unresolved in the presence of S-CD

Unsubstituted
a -«— | Cyclopentadienyl
Ring Protons

Substituted
Cyclopentadienyl
Ring Protons

ML/L

Unsubstituted
-«— | Cyclopentadienyl
Ring Protons

Substituted
Cyclopentadienyl
Ring Protons

¢ HW
I

4.50 4.30 4.10

6 (ppm)

Figure 5. Partial '"H NMR spectra (500 MHz, D,0, 25°C) of a) 4, b) a 4:1
mixture of S-cyclodextrin ($-CD) and 4, and c) a 10:1 mixture of 5-CD
and 4.
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(Figure 5b). After the addition of more than seven equiv-
alents of 3-CD, most of the guest present in solution is bound
by B-CD, and sharp and well-resolved resonances are
observed once again. However, while the chemical shifts of
the resonances associated with the f-pD-glucopyranosyl pro-
tons of 4 and 10 are almost unchanged on complexation
(compare the signals associated with H-1 in Figure 5a and 5c¢),
the resonances of the cyclopentadienyl protons shift upfield.
Interestingly, when the disubstituted ferrocene derivatives 7
and 11 are mixed with 3-CD under the same conditions, no
significant changes in their '"H NMR spectra occur. In support
of this observation, peaks for complexed species are not
observed by LSIMS, suggesting that these compounds are not
bound by 5-CD. Molecular dynamics calculations performed
on the complexes, revealed (Figure 6) that the unsubstituted
cyclopentadienyl rings of 4 and 10 are located inside the cavity
of 8-CD, while the substituted cyclopentadienyl rings, with the
attached carbohydrate residues, protrude outside.?!! In 7 and
11, both cyclopentadienyl rings bear bulky substituents and, as
a result, cannot fit inside the cavity of 3-CD.

f-CD+4

o

[-CD-10

Figure 6. Space-filling representation of the global minima of the com-
plexes formed between the monosubstituted ferrocene derivatives 4 and 10
and f-cyclodextrin (3-CD) found by molecular dynamics calculations
followed by multiconformer minimizations.

We have investigated the effect of the addition of 5-CD on
the electrochemical behavior of the deprotected derivatives 4,
7, 10, and 12 in aqueous solution. Clear changes in the
voltammetric behavior were observed for the monosubstitut-
ed compounds 4 (Figure 7) and 10, whereas no effect was
found in the case of the disubstituted species 7 and 12, even
after addition of 5-CD up to a concentration close to that of
the saturation value (ca. 10-2molL!). These results confirm
that—as shown by NMR measurements—only the monosub-
stituted derivatives associate with 8-CD. For 4 and 10, we have
found that, on addition of 3-CD, the oxidation wave remains
reversible, but moves toward more positive values and
decreases in intensity. These effects can be attributed to the
stabilization of the neutral ferrocene moiety on inclusion
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E/V vsSCE

Figure 7. Cyclic voltammetric behavior of compound 4 in the absence (full
line) and in the presence (dashed line) of 10 equiv of 5-CD. Conditions: 1 x
10-3 mol L', H,0, 0.1 mol L' NaClO,, 22 °C; glassy carbon electrode, scan
rate 100 mVs™.

inside the 3-CD cavity and to the decrease in the diffusion
coefficient of the [4-5-CD] and [10-5-CD] adducts, relative
to the free 4 and 10 species.

The chemical —electrochemical mechanism previously dis-
cussed by Evans, et al.’ and, later, by Kaifer, et al.’™! for the
electrochemical behavior of ferrocene in the presence of f3-
CD [Eqgs. (5) and (6)] can be used to explain the results
obtained:

Fc+B-CD = [Fc-$-CD] (%)

Fc 2 Fct+e~ (6)

In other words, only the uncomplexed ferrocene species are
electroactive, and, therefore, the electron-transfer process
must be preceded by decomplexation. The diffusion coef-
ficient of the adduct can be obtained®! from the ratio of the
current peak values observed in the absence and in the
presence of an excess of 5-CD, and the stability constant can
be calculated from simulations of the voltammetric curves
obtained at different 5-CD concentrations. The values of the
diffusion coefficients and stability constants are shown in
Table 7. It should be noted that the stability constants are of
the same order of magnitude as that observed for the
ferrocenecarboxylate anion and 3-CD (K, =2200 Lmol )
by Evans et al.® and larger than those found by Kaifer
et al.b™ for ferrocene with appended polyamide branches.
The decrease in the association constant on going from 4 to 10
is not surprising in view of the larger size of the substituent in
the latter compound.

Table 7. Stability constants and diffusion coefficients of the complexes
formed between $-CD and dendrimers 4 and 10 (H,O, 0.1 mol L~! NaClO,,
22°C).

K [Lmol™] D¢ x 10° [em?s™!]
4 2000 4200 1.3+£0.2
10 1300 £ 200 1.0£0.2
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Since it is known that inclusion of achiral guests into the
chiral cavity of (-CD induces circular dichroism in the
absorption bands of the guest,”! we have investigated the
association of the deprotected derivatives with $-CD by
circular dichroism spectroscopy. It should be noted that, in the
compounds under investigation here, the achiral ferrocene
core is linked to chiral carbohydrate residues. For this reason,
4 and, particularly, 10 (Figure 8, curve a) already exhibit a

g
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2 g
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[
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Figure 8. Circular dichroism spectral changes (1 x 10~ molL"!, H,O,
22°C) of compound 10 in the absence (a) and in the presence of increasing
amounts of 3-CD (b: 1 equiv; c: 2 equiv; d: 3 equiv; e: 10 equiv). The inset
shows a titration curve based on the circular dichroism changes at 350 nm.

circular dichroism signal in the region of the ferrocene bands.
Since the through-bond electronic interaction of the carbohy-
drate moieties with the (remote) ferrocene unit is likely to be
very small, it seems more probable that the induced circular
dichroism is caused by through-space interactions, which are
expected to be qualitatively different and quantitatively
stronger in the case of the triply-branched substituent of 10.
On addition of 8-CD to aqueous solutions of 4 and 10, small
changes are observed in the circular dichroism (see, e.g.,
Figure 8). In the case of 10, from a titration curve based on the
value of the signal at 350 nm (Figure 8, inset), an association
constant of approximately 10°Lmol~! was obtained, in fair
agreement with the value obtained from voltammetric
measurements (vide infra).

Conclusion

The covalent attachment of carbohydrate shells to ferrocene
cores has been realized by amide-bond formation. The
carbohydrate framework affects greatly the properties of the
core by conferring upon it water solubility and by influencing
its redox behavior. When only one -D-glucopyranosyl-con-
taining substituent is attached to a ferrocene core, the
hydrophobic redox active unit is bound by f-cyclodextrin in
H,0, leading to complexes composed of a carbohydrate-based
host and a carbohydrate-containing guest. In these complexes,
the unsubstituted cyclopentadienyl ring of the ferrocene unit
is located inside the cavity of the host. By contrast, when 5-D-
glucopyranosyl-containing substituents are attached to both
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the cyclopentadienyl rings on the ferrocene core, no complex-
ation occurs.

A quantitative investigation has been performed on the
electrochemical behavior (diffusion coefficients, redox poten-
tials, rates of heterogeneous electron transfer) of the eight
dendritic compounds and on the rates of the energy-transfer
quenching process of the luminescent excited state of the
[Ru(bpy);]** complex by the dendrimers. The results obtained
have shown that the number (one or two) of substituents and
the number (one or three) of carbohydrate branches present
in the substituents play a crucial role in protecting the
ferrocene core from solvent interactions, as well as from
interactions with an electrode or a partner in an encounter
complex. The examined species mimic the behavior of
proteins incorporating a redox active unit embedded into a
polypeptidic framework. For the monosubstituted derivatives
soluble in aqueous solution, the effect of inclusion of the
ferrocene moiety in the cavity of S-cyclodextrin has also been
investigated with a variety of techniques. Electrochemical
evidence for the existence of different conformers for one of
the dendrimers in aqueous solution has been obtained,
opening the way to processes capable of mimicking effects
related to the tertiary structure of proteins.

Experimental Section

General methods: Chemicals were purchased from Aldrich and used as
received. Solvents were dried according to literature procedures.”®! The
compounds 1,77 2,128 5 5] and 8% were prepared according to literature
procedures. Thin-layer chromatography (TLC) was carried out on alumi-
num sheets coated with silica-gel 60 (Merck 5554). Column chromatog-
raphy was performed on silica-gel 60 (Merck, 40-63 nm). Liquid secon-
dary-ion mass spectra (LSIMS) were recorded on a VG ZabSpec mass
spectrometer, equipped with a cesium ion source using m-nitrobenzyl
alcohol, containing a trace amount of NaOAc. For high-resolution LSIMS
(HRLSIMS), the instrument was operated at a resolution of about 6000 by
employing narrow-range voltage scanning along with polyethylene glycol
or Csl as reference compounds. Optical rotation measurements were
measured at 23°C on a Perkin - Elmer 457 polarimeter. 'H NMR Spectra
were recorded on a Bruker AC300 (300 MHz), a Bruker AMX400
(400 MHz), or a Bruker ARX500 (500 MHz) spectrometer. *C NMR
Spectra were recorded on either a Bruker AC300 (75.5 MHz) or on a
Bruker AMX400 (100.6 MHz) spectrometer. The chemical shift values are
expressed as O values in ppm and the coupling constant values (J) are in
Hertz.

Absorption spectra, circular dichroism spectra, and luminescence quench-
ing experiments: Measurements were carried out at 22°C on air-equili-
brated MeCN (Merck Uvasol™) or H,O (milliQ, 18.2 MQ c¢m) solutions in
the concentration range from 5 x 107 to 1 x 103 molL~'. UV/Vis absorp-
tion and circular dichroism spectra were recorded with a Perkin-El-
mer A16 spectrophotometer and a Jasco J-810 spectropolarimeter, respec-
tively, and uncorrected luminescence spectra were obtained with a Perkin —
Elmer LS-50 spectrofluorimeter equipped with a Hamamatsu R928 photo-
tube. Luminescence lifetimes were measured by time-correlated single-
photon counting with Edinburgh Instruments DS199 equipment (D,-filled
arc lamp, 4., =300 nm). For the quenching studies, increasing amounts of
the dendrimer were weighed and added to an air-equilibrated, dilute (5 x
10> mol L~') MeCN or H,O solution of [Ru(bpy);](ClO,),. Tetrabutylam-
monium hexafluorophosphate (0.05 molL™') or sodium perchlorate
(0.05 molL~") were employed as ionic strength buffers in MeCN and
H,0, respectively. For each solution, the luminescence intensity (4., =
450 nm, A, =610 nm) and lifetime were measured.

Electrochemical measurements: Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in argon-purged

0947-6539/02/0803-0681 $ 17.50+.50/0 — 681





FULL PAPER

A. Credi, F. M. Raymo et al.

MeCN (Romil Hi-Dry) or H,O (milliQ, 18.2 MQ cm) solution at 22 °C with
an Autolab 30 multipurpose instrument interfaced to a personal computer.
The working electrode was a glassy carbon electrode (Amel); its surface
was routinely polished with a 0.05 um alumina-water slurry on a felt surface
immediately prior to use. In all cases, the counter electrode was a Pt wire; in
MeCN, a quasi-reference electrode (Ag wire) was employed and ferrocene
was present as an internal standard, while in H,O, a saturated calomel
electrode (SCE) was used as the reference electrode. The concentrations of
the compounds examined were 5.0 x 10~ mol L for the protected species
and 1.0 x 10> molL~! for the deprotected ones; tetrabutylammonium
hexafluorophosphate (0.05 molL-") and sodium perchlorate (0.1 molL-")
were added as supporting electrolyte in MeCN and water, respectively.
Cyclic voltammograms were obtained at sweep rates varying from
20mVs~! to 10 Vs~!; DPV experiments were performed with a scan rate
of 20mVs~!, a pulse height of 75 mV, and a duration of 40 ms. The iR
compensation of the Autolab30 was used, and efforts were made
throughout the experiments in order to minimize the uncompensated
resistance of the solution. The values of the diffusion coefficients of the
dendrimers were obtained by chronocoulometry from the fitting of the O
versus 2 plots (pulse width, 2 s; potential step from 0 to +0.8 V vs SCE).
The effective area of the electrode (0.096 + 0.004 cm?) was determined with
the same method by using ferrocene (Dy=2.4 x 105 cm?s~! in MeCN)Pl as
the electroactive species.

The values of the heterogeneous electron-transfer rate constants (k, in
Tables 4 and 5) were first estimated by using the Nicholson method ;P! such
values were then employed in the digital simulations of the cyclic
voltammograms, obtained by using the program Antigona.’ From
optimization of the fitting of the digital simulations to the experimental
CV curves for the full range of scan rates employed, the values of k, and of
the charge-transfer coefficient a were obtained. The fitting and deconvo-
lution of the DPV profile shown in Figure 3 were obtained by employing
the equations proposed by Parry and Osteryoung.®]

The voltammetric experiments upon addition of S-cyclodextrin (-CD)
were performed with scan rates of 50, 100, and 200 mV s~.. The diffusion
coefficient of the complex was determined from the ratio of the anodic
peak current of the compound alone to its value in the presence of a large
excess of 3-CD, where most of the guest is bound by the host. The stability
constant of the complex was obtained by fitting of digital simulations to
the experimental CV curves taken at different values of 8-CD concentra-
tions.

Molecular modeling: The compounds 3, 4, 6, 7, and 9-12, as well as the
complexes 5-CD -4 and $-CD - 10, were constructed within the input mode
of Macromodel 5.0.7Y The geometries were optimized by employing the
Polak - Ribiere conjugate gradient (PRCG) algorithm! in conjunction
with the MM2* force field®! as implemented in Macromodel 5.0. The
minimized geometries were subjected to an equilibration molecular
dynamics run of 20 ps (simulated temperature =500 K, time-step = 1.5 fs),
followed by a molecular dynamics run of 200 ps (simulated temperature =
500 K, time-step=1.5 fs) using the MM2* force field. In all cases,
200 randomly selected geometries were minimized with the PRCG
algorithm and the MM2* force field. In all calculations, parameters
reported previously in the literaturel®! were employed for the cyclo-
pentadienyl rings. For the iron atom, a new atom type was defined
(charge = +1.23, van der Waals radius = 1.40 A) within the atom types file
of Macromodel 5.0. The distances between the iron atom and all the carbon
atoms of the cyclopentadienyl rings were constrained at 2.03 A (force
constant = 9999 kJ mol~' A2, half-width restraint =0.0 A).

General procedure for the preparation of 2-0-[2,3,4,6-tetra(O-benzoyl)-f-
D-glucopyranosyl]ethylaminocarbonyl ferrocene (3), 1,1'-bis{2-0-[2,3,4,6-
tetra(O-benzoyl)-f-D-glucopyranosyl]ethylaminocarbonyl} ferrocene (6),
tris{O-[2,3,4,6-tetra(O-acetyl)-f-D-glucopyranosyl Jmethyljmethylamino-
carbonyl ferrocene (9), and 1,1'-bis{tris{O-[2,3,4,6-tetra(O-acetyl)-f-D-
glucopyranosylJmethyljmethylaminocarbonyl} ferrocene (11): A solution
of 1 or 5 (0.2 mmol) in dry PhH (3 mL) was added to a stirred solution of 2
or 8 (0.4 mmol) and Et;N (45 mg, 0.5 mmol) in dry PhH (5 mL) at room
temperature and under an atmosphere of N,. After 5 h (24 h when 2 and 5
were employed), the solvent was distilled off under reduced pressure. The
residue was purified by column chromatography (SiO,) with the eluants
indicated for the individual compounds. The products were isolated as
orange oils.
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Data for 3: Yield 92 %; PhMe/EtOAc (725:2.75-6:4); [a]p=+18.1 (c=1
in CHCL); 'H NMR (CDCL): 6 =3.54—3.61 (m, 1H), 3.61 -3.69 (m, 1H),
3.79-3.85 (m, 1H), 4.04-4.10 (m, 1H), 417 (s, SH), 4.21-4.25 (m, 3H),
4.50 (brs, 1H), 4.55 (dd, J=5.3, 12.2 Hz, 1 H), 4.61 (brs, 1 H), 470 (dd, J =
3.0, 12.2 Hz, 1H), 4.95 (d, J=79 Hz, 1H), 5.62 (dd, /=79, 9.8 Hz, 1H),
5.75 (pt, J=9.8 Hz, 1 H), 5.99 (pt, / = 9.8 Hz, 1 H), 6.14 (1, /= 5.6 Hz, 1 H),
7.30-8.08 (m, 20H); *C NMR (CDCL,): 6 =39.0, 62.8, 67.9, 63.1, 69.4, 69.4,
69.6,70.2,72.0,72.4,72.6,75.6,101.3,125.2-137.8,165.1, 165.1, 165.7, 166.0,
170.2; LSIMS: m/z: 851 [M]*; HRLSIMS: m/z calcd for [M]* (Cy;H,, Fe-
NOy,): 851.2029; found: 851.2018.

Data for 6: Yield 54 %; PhMe/EtOAc (1:1); [a]p =+21.7 (¢ =1 in CHCLy);
'"H NMR (CDCly): 6 =3.58-3.70 (m, 4H), 3.88-3.93 (m, 2H), 4.11-4.17
(m, 2H), 4.20 (s, 4H), 4.22-4.28 (m, 2H), 4.44 (s, 4H), 4.55 (dd, J=5.1,
12.2 Hz, 2H), 4.71 (dd, J=2.9, 12.2 Hz, 2H), 5.62 (d, /=79 Hz, 2H), 5.65
(dd,J=179,9.8 Hz, 2H), 5.78 (pt, J = 9.8 Hz, 2H), 6.01 (pt,/ = 9.8 Hz, 2H),
6.83 (brs,2H), 723-8.07 (m, 40H); *C NMR (CDCl;): 6 =39.3, 62.9, 68.9,
69.4,70.2, 70.3, 71.2, 71.4, 71.9, 72.3, 72.8, 101.1, 125.2-137.7, 165.1, 165.7,
166.0, 170.0; LSIMS: m/z: 1518 [M+H]"; HRLSIMS: m/z calcd for [M]*
(CgsH,FeN,0,,): 1516.3926; found: 1516.3951.

Data for 9: Yield 91 %; PhMe/EtOAc (1:2); [a]p = —22.0 (c=1in CHCL);
'"HNMR (CDCL): 6 =1.97-2.03 (m, 36 H), 3.61-3.71 (m,3H), 3.78 (d,J =
10.1 Hz, 3H), 4.09 (dd, J=2.2, 12.3 Hz, 3H), 4.21 (s, 5SH), 4.23-4.32 (m,
8H), 4.47 (d, /=79, 3H), 4.51 (brs, 1H) 4.68 (brs, 1H), 4.97 (dd, J=79,
9.6 Hz, 3H), 5.04 (pt,/=9.6 Hz,3H), 5.17 (pt, J, =J,=9.6 Hz, 3H), 5.89 (s,
1H); “C NMR (CDCly): 6 =20.5, 20.7, 20.8, 21.4, 59.1, 61.6, 67.4, 6.1, 68.8,
70.0, 70.5, 70.6, 71.4, 71.9, 72.6, 75.6, 101.2, 169.2, 169.4, 170.1, 170.6, 171.8;
LSIMS: m/z: 1323 [M]*; HRLSIMS: m/z calcd for [M]* (Cs;H73FeNO3,):
1323.3516; found: 1323.3576.

Data for 11: Yield 87 %; PhMe/EtOAc (1:9-0.5:9.5); [a]p =—26.7 (c=1in
CHCL;); 'H NMR (CDCl;): 6 =2.02-2.11 (m, 72H), 3.74-3.79 (m, 6H),
3.81 (d, /J=10.3 Hz, 6H), 4.15 (dd, J=2.0, 123 Hz, 6H), 435 (d, J=
10.3 Hz, 6H), 4.36 (dd, J=4.5, 12.3 Hz, 6H), 4.40 (brs, 2H), 4.51 (brs,
2H), 4.55 (d, J=79 Hz, 6H), 4.67 (brs, 2H), 4.71 (brs, 2H), 5.02 (dd, J =
79,9.6 Hz, 6H), 5.10 (pt, J =9.6 Hz, 6 H), 5.24 (pt, J = 9.6 Hz, 6 H), 6.19 (s,
2H); BC NMR (CDCl;): 6 =20.6, 59.4, 61.5, 68.1, 68.6, 69.7, 70.0, 71.3, 71.7,
72.5,72.9, 73.0, 101.1, 169.1, 169.3, 169.9, 170.0, 170.4; LSIMS: m/z: 2462
[M+H]*; HRLSIMS: m/z caled for [M]* (C,pH;3FeN,Og,): 2460.6900;
found: 2460.6989.

General procedure for the preparation of 2-O-(#-D-glucopyranosyl)ethyl-
aminocarbonyl ferrocene (4), 1,1'-bis[2-O-(f-D-glucopyranosyl)ethylami-
nocarbonyl] ferrocene (7), tris-{O-[f-D-glucopyranosyllmethyljmethyl-
aminocarbonyl ferrocene (10), and 1,1’-bis{tris-[ O-(f-D-glucopyranosyl)-
methylJmethylaminocarbonyl} ferrocene (12): A solution of NaOMe (14 mg,
0.3 mmol) in MeOH (0.3 mL) was added to a stirred solution of 3, 6,9, or 11
(0.3 mmol) in MeOH (10 mL) at room temperature under an atmosphere
of N,. After 6 h (3 h when 11 was employed), Amberlyst 15 (H* form) was
added, and the resulting mixture was filtered. The solvent was distilled off
under reduced pressure, and the residue was dissolved in H,O (50 mL) and
washed with Et,O (2 x 30 mL). The aqueous layer was concentrated under
reduced pressure to afford the product quantitatively as an orange oil.
Data for 4: [a], =—6.1 (c=1 in H,0); 'H NMR (D,0): 6=3.23 (dd, J =
79,9.3 Hz, 1H), 3.28 (pt, /=9.3 Hz, 1 H), 3.34-3.38 (m, 1H), 3.41 (pt, /=
9.3 Hz, 1H), 3.42-3.46 (m, 1H), 3.49-3.55 (m, 1H), 3.62 (dd, /J=5.9,
12.0 Hz, 1H), 3.70-3.77 (m, 1H), 3.82 (dd, J=3.1,12.0 Hz, 1H), 3.93-4.00
(m, 1H), 4.21 (s, 5H), 4.41 (d, /=179, 1H), 4.44 (brs, 2H), 4.72 (brs, 2H);
BC NMR (D,0): 6 =39.2, 60.6, 68.1, 68.3, 68.4, 69.5, 69.9, 71.4, 73.0, 73.6,
75.5,75.8,102.2, 174.1; LSIMS: m/z: 436 [M+H]*; HRLSIMS: m/z calcd
for [M+H]" (CoH,FeNO;): 436.1060; found: 436.1059.

Data for 7: [a]p = — 54.0 (c=1in H,0); 'HNMR (D,0): 6 =3.16-3.29 (m,
4H),3.32-3.42 (m,4H), 3.48-3.55 (m,2H), 3.56-3.64 (m, 2H), 3.70-3.76
(m, 2H), 3.77-3.84 (m, 2H), 3.86-3.96 (m, 2H), 4.34-4.39 (m, 2H), 4.41
(d,J=8.0 Hz, 2H), 4.45 (brs, 2H), 4.66 (brs,2H), 4.81 (brs, 2H), 4.87 (brs,
2H); “C NMR (D,0): 6 =39.2, 60.5, 68.2, 69.4, 69.6, 69.7, 72.8, 73.0, 75.4,
75.6, 102.1, 172.5; LSIMS: m/z: 685 [M+H]"; HRLSIMS: m/z calcd for
[M+H]* (C;Hy FeN,Oy,): 685.1907; found: 985.1885.

Data for 10: [a], = —45.3 (c=11in H,0); 'HNMR (D,0): 6 =3.13 (dd,J =
9.4,79 Hz, 3H), 3.16 (pt, J=9.4 Hz, 3H), 3.23-3.27 (m, 3H), 3.30 (pt, /=
9.4 Hz, 3H), 3.52 (dd, /=6.0, 12.3 Hz, 3H), 3.71 (dd, J,=2.0Hz, J,=
12.3 Hz, 3H), 3.82 (d, /=10.5 Hz, 3H), 4.15 (s, 5H), 4.21 (d, J=10.5 Hz,
3H), 431 (d, J=79 Hz, 3H), 4.34 (brs, 2H), 4.63 (brs, 2H); C NMR
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(D,0): 6=59.7,60.6, 67.4, 69.3, 69.6, 71.2, 72.1,72.9, 75.4,75.7,102.7, 174.1;
LSIMS: m/z: 820 [M+H]*; HRLSIMS: m/z calcd for [M+H]* (Cs;Hs Fe-
NO,y): 820.2326; found: 820.2365.

Data for 12: [a]p = —59.6 (c=1 in H,0); '"H NMR (D,0): 6 =3.22 (dd,J =
9.3,79 Hz, 6H), 3.26 (pt, J=9.3 Hz, 6H), 3.31-3.37 (m, 6 H), 3.39 (pt, J =
9.3 Hz, 6H), 3.60 (dd, /=5.2,12.2 Hz, 6 H), 3.80 (dd, /=2.0, 12.2 Hz, 6 H),
3.91(d,J/=10.1 Hz, 6 H), 4.29 (d,/=10.1 Hz, 6H), 4.40 (d, /=79 Hz, 6H),
4.50 (brs, 4H), 4.80 (brs, 4H); BC NMR (D,0): 6 =59.6, 60.6, 67.4, 69.5,
69.9,72.9,74.3,75.4,75.7,102.7, 174.1; LSIMS: m/z: 1453 [M+H]*.
Complexes -CD -4 and -CD -10: The complex 5-CD -4 or 5-CD - 10 was
prepared by mixing S-CD and 4 or 10, respectively, in D,O at ambient
temperature. 5-CD -4: LSIMS: m/z: 1570 [M]*. f-CD-10: LSIMS: m/z:
1954 [M]*.
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Mixed Anhydrides: Key Intermediates in Carbamates Forming Processes

of Industrial Interest!*

Michele Aresta* and Angela Dibenedetto!*!

Abstract: Mixed anhydrides of carbonic acid with phosphonic or carbamic acid, are
mimic of relevant biological systems, and behave as key intermediates in trans-

esterification processes that afford carbamates of industrial interest. They are formed
in the phosphonic acids mediated or direct transesterification reaction of organic
carbonates with amines to afford carbamates and have been isolated and
characterised in the solid state and solution. Their conversion into the products

Keywords: anhydrides - carbamates
- carbonates - industrial processes -
intermediates

has been demonstrated to occur with high regioselectivity. The application of such

intermediates in some synthetic processes is discussed.

Introduction

Mixed anhydrides, compounds of general formula
X,(O)EOE'(0O)Y,,, play an important role as intermediates
in biologicalll and chemical processes.?l According to the
nature of E and E’ they can be categorized as reported in
Figure (1).

(0] (0]
organic E E E = E' = C (organic)
X~ No" Ny X, Y = alkyl, aryl, other
o (0]
organic/ I'E‘ g E = C (organic) o
inorganic X~ o >y E'=N, P, S, C (carbonic acid)
m X = alkyl, aryl, other; Y = OH, OM, OR, R
m =1, 2; M = metal ion
(0] (0]
inorganic I'E‘ E E = C (carbonic acid)
X~ o TNy E,E'=N,P,
n m X,Y=0H, OM, OR, R
n, m=1, 2; M = metal ion

Figure 1. Categorization of mixed anhydrides.

Although they are common intermediates in organic,?!
organometallic,”! and inorganicl®! reactive processes, they
have only seldom been used for solving synthetic problems.
Their role is rarely emphasized and the only review available
in the literature dates back to early sixties.?] In biochemical
systems, mixed anhydrides play a key role in synthetic
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via Celso Ulpiani 27, 70126 Bari (Italy)
Fax: (-+39)080 544 2429
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processes as active form of otherwise much less reactive
species. However, one of the most interesting compounds is
carboxyphosphate (see below) which represents the active
form of hydrogencarbonate anion, HCO;™, used instead of
CO, in some natural carboxylation reactions.!!

In this paper we report the characterisation and reactivity
of mixed anhydrides of formula MAA and MAB which have a
key role in transesterification reactions which convert amines
and organic carbonates into organic carbamates.

bR It
. c c. _C
XY/\O/ “~OR' R\N/ ~0”" " ™OR"
R
MAA MAB

The conversion of the mixed anhydride into the final
product is 100% regioselective, which ensures that mixed
anhydrides react in very selective processes in vitro as they do
in biosystems.

Results and Discussion

Organic carbamic esters, RR'NCOOR”, find a large utilisa-
tion in the chemical ! pharmaceutical,[’! and agrochemicall®
industry. Presently, they are synthesized from phosgene,
mainly as in Equation (1), but also by alternative synthetic
routes if necessary to meet environmental and raw material
diversification issues.

ROH + COCl, ROCOCI + BHCI (1a)
ROCOCI + RRNH R'R"NCOOR + BHCI (1b)
0947-6539/02/0803-0685 $ 17.50+.50/0 — 685
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Innovative synthetic pathways are reported in Equa-
tions (2) and (3).

B
RRNH + CO, + R"X —— =  RRNC(O)OR" + BHX @

RR'NH + (R"0),C=0

RR'NC(O)OR" + R"OH 3)

which also correspond to the atom economy principle and
reduction of waste.’] These reactions could find an industrial
exploitation, given that fast and selective reactions were to be
developed.

In particular, Reaction (3) is attractive, as routes alternative
to phosgene are now available for the synthesis of organic
carbonates as the ENIChem!'% [Eq. (4)] and Ubel" processes

[Eq. (9)]:

cu'/cy" )

2CH3OH + CO + 1120, (CH30),CO + H,0

Pd''/NO 5)

2 CHgOH + CO + 1/20, (CH30),CO + H,0

Reaction (3) requires a catalyst which is often a transition
metal system.['” The major drawback is the concurrent
alkylation/arylation reaction of the amine [Eq. (6), R” = alk-

yl, aryl].

RR'NH + (R"0),CO RR'R"N + R"OH + CO3 (6)

Therefore, the ideal catalyst should not promote the amine
alkylation/arylation [Eq. (6)], while enhancing the carbama-
tion reaction, at moderate temperature, as this parameter may
also play an important role in the byproduct formation.

As we have anticipated, biological systems use mixed
anhydrides in processes related to those described above. A
relevant case is represented by the enzyme carboxyphosphate
(CP)[3 in the carbamation of ammonia or amines [Eq. (7)].

oo +NHz (TO),P(O)OH + H,NCOO ™~
70//7\0/ \O— (7)
0 +RNH, (TO),P(O)OH + RHNCOO™
cp

CP represents the active form of HCO;~ from which it is

generated by reaction with ATP [Eq. (8a)].

o o o
I \ [ ~ Q 0

a0t o oo FHE0s T ADP (8a)
g- 9 §-94- 00”0

Despite several attempts, CP has not yet been synthesized
in vitro starting from phosphate and HCO;~ or CO,. Thus, it
has not been possible to demonstrate so far and exploit its
peculiar properties [Eq. (7)] nor those of relevant species.
Mixed anhydrides (MAA) derived from phosphoric/phos-
phonic acids and organic carbonates have structural proper-
ties similar to CP. They can be easily synthesized starting from
the sodium salt of the commercial phosphonic acid, XY-
P(O)OH, and an alkyl ester of the chlorocarbonic acid,!
CIC(O)OR [Eq. (8b)].

non

P Co

8b
X1 0 OR (8b)
Y

XYP(O)ONa + CICOOOR —=

686 ———
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However, in order to evaluate the potential of such mixed
anhydrides in synthetic chemistry, we have prepared such
compounds and treated them with amines. XYP(O)ONa, the
sodium salts of the commercially available acids Ph,P(O)OH,
(PhO),P(O)OH, (BuO),P(O)OH, promptly react with organ-
ic chloroformates CIC(O)OR to afford mixed anhydrides of
general formula MAA [Eq.(8b)]. The latter then easily
reacts with aliphatic and aromatic amines to afford organic
carbamates [Eq. (9)] and ammonium phosphonate:

o o
0o
_P___C + 2RR'NH === XYP(O)ORR'NH, + RR"NC(O)OR
X Y/\o “OR ©) 2 (OIOR " (g)

MAA

Thus, MAA acts as an active organic carbonate in a
transesterification process, a reaction of great potential
interest [Eq. (3)] that can be implemented as alternative to
the phosgene amination/alcoholation for the synthesis of
carbamates. However, the synthetic strategy based on the use
of sodium salts of phosphonic acids and chloroformates
[Eq. (8b)] is not economically viable, although it is interesting
for the easy synthesis of MAA. Therefore, we have inves-
tigated alternative ways to the synthesis of the mixed
anhydride MAA. As the acid XYP(O)OH itself promptly
reacts with amines to afford the corresponding ammonium
salt [Eq. (10)], the question arose whether the latter would
efficiently substitute the sodium salt used in our first attempts
or not.

XYP(O)OH + RR'NH === XYP(0)O  R'R"NH," (10)

The discovery that the ammonium salts of phosphonic and
phosphinic acids react with organic carbonates [Eq. (11)]

XYP(O)O RBR'NHz + (RO)CO =——= XYP(O)OC(O)OR + ROH + RR"NH (11)
opened the way to the exploitation of phosphonic acids as

catalysts in the transesterification reaction described in
Scheme 1, which shows how a catalytic cycle can be run based

XYP(O)OH RR"NH
RR'N. _OR
i XYP(O YO RR"NH,"
R R"NH (RO),CO
o

\ \

x 0" or
Y

Scheme 1. Use of phosphonic acids as catalysts in transesterification

reactions for the selective synthesis of carbamates from amines and organic
carbonates.

on the reactions described in Equations (10), (11) and (9),
respectively.
However, the net reaction is represented by Equation (12):

(RO),CO + RR'NH, === R'R"NC(O)OR + ROH 12)
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The practical interest of such a reaction is demonstrated by
the fact that phosphonic acids have been used as efficient
catalysts in the carbamation of industrially relevant amines
such as TDA and MDA..[!5 161

CHs
NH,
HzNOCHZ—QNHZ
NH,
TDA MDA

The transesterification reaction is carried out treating the
diamine with the organic carbonate under mild conditions
(360 K) using the carbonate itself as the solvent. The reaction
seems to be of general application. In fact, we have used either
dimethylcarbonate (DMC) or diphenylcarbonate (DPC) or
methylphenylcarbonate (MPC) for the carbamation of both
mono-aromatic amines as aniline or naphthylamine, and the
diamines reported above.

The reaction is very selective (see Experimental Section)
and the alkylation/arylation of the amine is not observed
under the experimental conditions reported above. The
reactivity of carbonates is in the order DPC > MPC > DMC.

Interestingly, MPC behaves as a very selective carboxy-
methylating reagent for aromatic amines with selective
release of phenol instead of methanol [Eq. (13)].

o
a)
o AF::N)LOME + PhOH
ArNH, + PhO” “OMe o (13)
b
) Ar\N)J\OPh + MeOH

-

Thus, MPC is more reactive and selective than DMCUI¢! in
the synthesis of the methylcarbamate, and neither the
alkylation nor the arylation of the substrate is observed. The
fact that the carbonate itself can be used as solvent, either
liquid or low melting solid, makes the reaction and recycling
of the catalyst easier as the phosphonic acid can be easily
separated as ammonium phosphate and, thus, does not
contaminate the product. 1%

The catalyst runs for hours, with a 1 -3 % load with respect
to the amine, the carbonate being both reagent and solvent.
The intermediacy of the mixed anhydride is of crucial
importance in the overall reaction. The deactivation of the
catalyst is caused by the formation of esters of the acid which
can, in principle, be produced either by an intramolecular
rearrangement of the mixed anhydride as in Reaction (14¢) or
by reaction of the acid or the mixed anhydride with the
alcohol present in the reaction medium as in Reactions
(14a, b)].

XYP(O)OH + ROH =—= XYP(O)OR + H,0 (14a)
XYP(O)OC(O)OR + ROH =—= XYP(O)OR + HOC(O)OR (14b)
HOC(O)OR —— H,0 + CO, + ROH (14b°)
XYP(O)OC(O)OR —>  XYP(O)OR + CO; (l4¢)

Chem. Eur. J. 2002, 8, No. 3
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Although all routes described in Reactions (14 a—c) have
been proven to occur independently, Reaction (14¢) is most
likely to be operative under the reaction conditions at least
until a low concentration of free alcohol is present in the
reaction medium. The direct deactivation of the MAA
undergoes an intramolecular rearrangement, and the rate of
deactivation depends on the alcohol used. In the case of
PhOH or MeOH, we have observed that it occurs that the rate
is MeOH > PhOH. It may be worth to note that the rate of the
intramolecular rearrangement reaction follows the trend of
the acidity of the alcohol (pKapnon 9.89, pKayeon 16), that
means that Reaction (14b) may be operative when the
concentration of free alcohol increases in the medium.

We have found that the species XYP(O)OR is not active in
catalysis when R = Me, while with R = Ph it still has a catalytic
activity. However, the deactivation of the catalyst has been
observed essentially when DMC or MPC is used, while DPC
does not produce any negative effect on the catalyst.

Reaction (14c¢) is an example of CO, elimination from a
mixed anhydride. The process takes place with high regiose-
lectivity. Two pathways are possible for the CO, expulsion, as
depicted in Scheme 2: a) nucleophilic attack at the P atom by
the RO group; b) electrophilic
attack by R at the bridging O o
atom. Patha) is actually ob-
served as was demonstrated by
labeling the O atoms.

Carbamates of TDA and
MDA find an industrial use as
precursor of isocyanates (TDI
and MDI) which are formed upon controlled thermal treat-
ment of the relevant carbamates.

The purity of the carbamates is, thus, of crucial importance
in order to avoid side reactions (for example, ureas formation)
and the reaction based on mixed anhydrides has a good
potential for application purposes.['’]

The high regioselectivity of CO, elimination has been also
demonstrated using mixed anhydride MAB, which is formed
by reacting ammonium carbamates with organic carbonates.
Mixed anhydrides of the MAB type are known since time.['*!
According to the amine used, they have been shown to have a
different stability at room temperature, undergoing CO,
elimination."”

For a complete characterisation of the system we have
synthesized'’) MAB by reacting sodium N-alkylcarbamates
with CIC(O)OMe [Eq. (15), R =benzyl, cyclohexyl, allyl].

Scheme 2. Possible pathways
for CO, elimination from the
mixed anhydrides.

RNHCO;Na + CIC(O)OMe === RNHC(O)OC(0)OMe + NaCl 15)

Either aliphatic or aromatic amine derivatives can be
synthesized in this way and characterized.!'”! The subsequent
elimination of CO, affords organic carbamates as in Equa-
tion (16).

RNHC(0)OC(0)OMe ——= RNHC(O)OMe + CO, (16)
Again, the reaction per se may have a synthetic interest, but
the reagents used in Reaction (15) render it of no economic

interest.

0947-6539/02/0803-0687 $ 17.50+.50/0 — 687





FULL PAPER

M. Aresta and A. Dibenedetto

However, Reaction (15) provides a means for the isolation
of various MAB, which have been studied for the elimination
mechanism. By using labelled *CO,, the reaction has been
shown to occur according to the mechanism presented in
Scheme 3a, which represents a quite unique CO,-catalyzed
transesterification process. In fact, '3CO, has been recovered

MAB

i
CHOH
e :

R
~n \OMe

1360, 2 RR'NH

1N 13, 1 DMC
RR'NCOORR'NH;

A NaBPh,

i RR'NH,BPh,
13

R\N/C\O/C\OM o RR'N'*COONa
| -

12
> OMe

Scheme 3. CO, catalysis in the formation of mixed anhydrides and their
reactivity.

at the end of the cycle and 3*C NMR experiments have clearly
shown that no *C was incorporated into the methylcarbamate
isolated in quantitative yield. This estimate is easily done by
comparing the intensity of the peaks for the carbamic C in
reactions with labelled and unlabelled CO, by allowing the
decomposition reaction to occur in an NMR tube. The
reaction clearly takes place through a nucleophilic attack of
carbamic N at carbonic C (path a), Scheme 4) with expulsion
of 3CO,. The nucleophilic at-
tack by OR at *C would also
have generated the carbamate,
but with ®C incorporation.
The global reaction is repre-
sented in Scheme 3a. A better
exploitation of this reaction to
a synthetic end is achieved by
performing the reaction of
amines with organic carbonates under a CO, atmosphere.
As shown in Scheme 3b, CO, behaves as a catalyst and mixed
anhydride MAB has a crucial importance in the formation of
the carbamates from amines and organic carbonates. The
catalytic property of CO, is clearly demonstrated by kinetic
studies which have shown that in absence of CO, the reaction
of amines with organic carbonates has an induction time
(Figure 2) of a few hours (c). The marked difference of
reactivity in presence (a) and absence of CO, (c) stimulated us
to investigate and explain the reason for such behaviour.

We have shown that in absence of CO,, the organic
carbonate primarily acts as an alkylating/arylating (depending
on the nature of R) agent for the amine [Eq. (6)].1"")

This reaction eventually releases CO,, which is formed and
can be detected in the reaction medium. Once CO, is formed,
it reacts with the amine and generates the carbamate, which,
in turn, produces MAB according to Scheme 5b. This explains
why the carbamation reaction starts with a long delay under
N, with respect to the case of the reaction carried out under

Scheme 4. Elimination of CO,
from the mixed anhydride to
afford an organic carbamate.

688 — © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

25
a
" /
%7,
5 315
& E
St
z =10
- Q b
5
C
0 4—1———l_d_“_"_+_—_—4

0 5 10 15
time/h
Figure 2. Formation trend of aliphatic carbamates.

CO, and why it can be accelerated under nitrogen by using
ammonium salts, which can speed up the formation of CO,
according to Reaction (17).

RNHsCl + (R'0),CO — RNH, + ROH + CO, + RCI a17)

However, also if CO, is not added to the amine/carbonate
system, there may be a CO, catalysis, but obviously much less
important, due to the limited amount of CO, formed
concurrently with the alkylation/arylation of the amine by
the organic carbonate.

Noteworthy under CO, catalysis the alkylation/arylation of
the amine proceeds at a much less extent with respect to a
metal catalysed reaction, with a benefit for the whole process.
The usefulness of such synthetic methodology is demonstrat-
ed by the fact that it can be applied to the conversion of
functionalized amines, such as silylamines, into carbamates.
We have reported in a preliminary notel?> 2! that silylamines
of formula H,N(CH,);Si(OMe);, H,N(CH,);Si(OEt);, H,N-
(CH,),NH(CH,);Si(OMe);, and H,NC(O)NH(CH,),NH-
(CH,);Si(OMe); can be selectively converted into the
corresponding carbamates MeO(O)CNH(CH,);Si(OMe);,
MeO(O)CNH(CH,);Si(OEt);, MeO(O)CNH(CH,),NH-
(CH,);Si(OMe);, MeO(O)CNHC(O)NH(CH,),NH(CH,);-
Si(OMe); under mild conditions. The CO, catalysis, which
bears to the formation of mixed anhydrides, appears to be
useful for substituting more drastic conditions and harsh
catalysts.

Mixed anhydrides MAA and MAB are, thus, quite useful
intermediates in a chemistry which is relevant to industrial
processes. They can be used for developing innovative
synthetic methodologies with both waste elimination at the
source and energy-saving costs.

Conclusion

We have shown that mixed anhydrides of formula XYP(O)O-
C(O)OR and RR'NC(O)OC(O)OR” can be easily formed
under different conditions in which amines, an organic
carbonate and a phosphonic acid and/or CO, are present.
They have an important role as intermediates in chemical
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syntheses, recalling the role of similar compounds in bio-
logical systems. Their formation represents the key step for
evolving selective synthesis of organic carbamates from
amines and organic carbonates in transesterification reactions
to be useful in obtaining industrially relevant compounds.

Experimental Section

All reactions and manipulations were carried out under an inert
atmosphere, by using vacuum line techniques. All solvents were dried as
described in the literature® and stored under N,.

IR spectra were obtained with a Perkin — Elmer 883 spectrophotometer. 'H
and 3C NMR spectra were recorded with a Varian XL-200 spectrometer.
3'P NMR shifts were referenced to the peak of H;PO, (85 %, ext. ref). GC/
MS analyses were carried out with a gas chromatograph Shimadzu 17 A
(capillary column: 1000 (30 m x 0.00025 m, 0.25 pm thickness) detector
linked to a Shimadzu GCMS-QP 5050 mass. HPLC analyses were
performed with a Perkin Elmer Series 4LC connected with a LC 290
UV/Vis spectrophotometer detector.

The synthesis of Group 1 carbamates by using MBPh,, CO, and amines has
been described in ref. [23].

Synthesis of the mixed anhydride Ph,P(0)OC(0O)OMe: a) A solution of
Ph,P(O)CI (0.39 mL, 2.05 mmol) in THF (10 mL) was added to NaO(O)-
COMe (0.201 g, 2.05 mmol), dispersed in THF (20 mL). The reaction
solution was stirred at 253 K for 24 h, then concentrated to half volume and
filtered at 273 K. The solvent was evaporated in vacuo and the residue, a
colorless oil, was identified as Ph,P(O)OC(O)OMe (396 mg, 70%). IR
(Nujol, KBr disks): #=1770 (s, br, v¢p), 1591 (m), 1440 (s), 1250 cm™" (s,
br); 'HNMR (CDCl;, 200 MHz, 293 K): 6 =7.9-7.3 (10H, Ar), 3.76 (s, 3H,
CHj;); ®*CNMR (CDCl;, 50.3 MHz, 293 K): 6 =149.27 (brd, 2/ op = 5.6 Hz,
0C(0)0), 132.99 (d, Jp=2.8Hz, C,), 13159 (Jep=10.8 Hz, C,yo).
12871 (Jep=14.2 Hz, Cppera), 56.03 (CH;); 3P NMR (CDCl;, 50.3 MHz,
293 K): 0 =31.7; elemental analysis calcd (%) for C,H;;PO,: C 60.86, H
4.74, P 11.22; found: C 60.76, H 4.66, P 11.15.

b) CIC(O)OMe (0.201 g, 2.05 mmol) was added to a solution of Ph,P(O)O-
Na (0.39 mL, 2.05 mmol) in THF (10 mL). The reaction solution was stirred
at 253 K for 24 h, then concentrated to half volume and filtered at 273 K.
The filtered solvent was evaporated in vacuo and the residue, a colorless
oil, was identified as Ph,P(O)OC(O)OMe (396 mg, 70 % ). The 'H, 13C, 3'P
NMR spectra were identical with those obtained for the sample isolated
according to procedure a). Elemental analysis calcd (%) for C;;H;;PO,: C
60.86, H 4.74, P 11.22; found: C 60.81, H 4.72, P 11.20.

Deactivation of the mixed anhydride Ph,P(0O)OC(0O)OMe: Ph,P(O)O-
C(O)OMe was prepared as described above in the paragraph a). At 293 K,
both in the pure state and in THF solution, the mixed anhydride slowly
decarboxylates and converts into Ph,P(O)OMe and CO,. The GC/MS of
the reaction solution shows the presence of the diphenylphosphinic acid
methyl ester (m/z 232) in the reaction mixture. At 373 K the decarbox-
ylation reaction is much faster and completed within a few minutes. The
same behaviour has been observed when Ph,P(O)C(O)OPh is used. Both
PhP(O)OMe and Ph,P(O)OPh have been used as catalysts in the trans-
esterification reactions replacing the free parent acid (see the following
paragraphs) and shown to have a quite different reactivity. Ph,P(O)OPh
still has good catalytic properties, while Ph,P(O)OMe is totally inactive.
Reaction of Ph,P(0)OC(O)OMe with aniline: The mixed anhydride
Ph,P(O)OC(O)OMe (1.57 g, 5.7 mmol) was treated with aniline (0.5 mL,
5.7 mmol) in THF at room temperature. The reaction immediately took
place and the phosphinic acid Ph,P(O)OH and the carbamate
PhHNCOOMe were formed. The aniline carbamate was isolated by
column chromatography, and shown identical with an authentic sample
synthesized by a different procedure.

Reaction of DPC with aniline in the presence of Ph,P(0) OH—Synthesis of
N-phenylcarbamate: Ph,P(O)OH (0.118 mg, 0.54 mmol) was added to a
solution of aniline (1 mL, 11.4 mmol) and DPC (2.335 g, 10.9 mmol) in
THF (20 mL). The reaction mixture was stirred for 20 hours at 363 K, then
cooled to room temperature and concentrated under reduced pressure.
After addition of hexane (30 mL) the pure carbamate was isolated

Chem. Eur. J. 2002, 8, No. 3
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(1.170 g, 50%). IR (Nujol, KBr disks): ¥=23321 (ms, br, vyy), 1715 (s,
Veo), 1597 (m-s), 1590 (m), 1530 (s), 1488 (m-s), 1443 (s), 1317 (m-s), 1260
(m), 1223 (s), 1201 (s), 790 (m-s), 755 (s), 724 (m), 694 cm~' (s); 'H NMR
(CD,Cl,, 200 MHz, 293 K): 6 =746 (m), 742 (m), 7.38 (m), 7.34 (m), 729
(m), 7.26 (m), 721 (m), 7.18 (m), 7.15 (tt). Addition of D,O reveals the NH
proton at around ¢ =7.1; ¥C ATP NMR (CDCl;, 50.3 MHz, 293 K): d =
151.79 (br, C(0)0), 150.53 (Cys,, OPh), 137.36 (br, C;,, NHPh), 129.43/
129.15 (Cpera; OPW/Cypero, NHPD)), 125.74 (Cpyp, OPh), 12391 (br, Cporas
NHPh), 121.68 (C,no, OPh), 118.78 (br, C,no» NHPh); elemental analysis
caled (%) for C3Hy;NO,: C73.22, H 5.20, N 6.57; found: C 73.52, H 5.24, N
6.40.

The same methodology has been used for the synthesis of mono- and
dicarbamates of MDA and TDA.[*

Synthesis of PhCH,NHC(O)OC(0O)OMe: A solution of PhCH,NH,
(1.0 mL, 0.981 g, 9.15 mmol) in diethyl ether (40 mL) was saturated with
CO, at 233 K to afford benzylammonium carbamate, PhCH,NHCOO~*
H;NCH,Ph. CIC(O)OMe (0.35 mL, 0.432 g, 4.57 mmol) was added to the
suspension. The reaction mixture was stirred for 4 h at 233 K under CO,,
then filtered. The mother solution was collected and evaporated in vacuo.
A white powder was obtained and identified as PhCH,NHC(O)O-
C(O)OMe. IR (Nujol, KBr disks): 7 =3360, 1805, 1740 cm™! (s, br, v¢o);
elemental analysis caled (%) for C,H;;NO,: C 5741, H 5.30, N 6.69; found:
C 58, H 5.87, N 7.01.

Synthesis of N-benzylmethylcarbamate: A solution of PhCH,NH, (1.0 mL,
0.981 g, 9.15 mmol) in DMC (10 mL) was prepared under N, and then
saturated by bubbling CO,. A white precipitated identified as
PhCH,NH;"PhCH,NHCO,~ was obtained. The reaction mixture was
heated at 363 K for 24 h. After cooling to room temperature, a small
amount of a white solid was isolated by filtration, which analyzed as
PhCH,NH;"PhCH,NHCO, . The solution was collected and fractionated
on asilica gel column with diethyl ether/hexane (2:1 v/v) mixture as eluent.
After evaporation of the solvent, the pure carbamate was isolated (1.07 g,
71%). IR (Nujol, KBr disks): ¥ =23374 (ms), 3350 (m, sh), 1715 (ms, sh),
1690 (vs), 1527 (vs), 1274 cm~! (vs); '"H NMR (CDCl;, 200 MHz, 293 K):
0="1727 (m, 5H, H,omaic), 544 (br, 1H,NH), 431 (d, 2H; */yeng = 5.32 Hz,
CH,), 3.64 (s, 3H, CH;); BC NMR (CDCl;, 200 MHz, 293 K): 6 =157.16
(sept, C(O)O; *Jeocu=enen=3.8 Hz); 12743, 12741, 128.61, 138.60
(Car); 5220 (q; Jey=146.58 Hz, CH;); 45.07 (brt, ey =137 Hz, CH,);
elemental analysis calcd (%) for CoH;;NO,: C 65.45, H 6.67, N 8.48; found:
C65.70, H 6.87,N 8.37; GC/MS: m/e: 165 [M]*+, 150, 133, 121, 106, 91, 79, 77,
28.

Reaction of DMC with cyclohexylamine in the presence of *CO,: A
solution of CyNH, (2mL, 1.734 g, 1.75 mmol) in DMC (20 mL) was
prepared under N, and then saturated with CO, to give CyN-
H;*CyNH®CO,". The reaction mixture was heated to 343 K. The pathway
of the reaction was monitored by GC/MS and IR spectroscopy. After 2 h
the main product was the cyclohexyl carbamate. IR (Nujol, KBr disks): 7=
3350 (s), 3320 (ms, sh), 1710 (s, sh), 1685 (vs), 1529 (vs), 1450 (vs), 1317 (v),
1275 (s), 1250 (s), 1228 (s), 1052 cm™! (vs); GC/MS: mle: 157 [M]*+, 142,114,
101, 82, 76, 59, 28.

The related mass spectrum showed the I(M+H)/I(M) isotope ratio which is
in agreement with the value expected for unlabelled carbamate. Moreover,
the IR spectrum of the isolated carbamate showed that '*CO, was not
incorporated into the product.

In a similar manner several other aliphatic amines??* and aminofunctional
silanes® were converted into their respective carbamates using organic
carbonates.

Kinetic studies to demonstrate the catalytic role of CO,: The reaction flask

was a 30 mL tube sealed with a two-way valve which allowed withdrawing

of the solution with a chromatography syringe without no air contact. The

reaction was carried out using three different conditions.

1) PhCH,NH;"PhCH,NHCO,~ (9.15 mmol) obtained from PhCH,NH,
and CO,; pco,=0.1 MPa; DMC (20 mL);

2) PhCH,NH, (18.3 mmol); PhCH,NH;Cl (9.06 mmol); py,=0.1 MPa;
DMC (20 mL);

3) PhCH,NH, (18.3 mmol); py,= 0.1 MPa; DMC (20 mL).

In all cases the reaction vessel was heated to 393 K. At fixed times, the

reaction mixture was cooled to room temperature and a sample analyzed

by HPLC. Data are represented in Figure 3. The complete kinetic study
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with evaluated AG* and isokinetic temperature estimation can be found in
ref. [24].

Kinetic measurements to study the formation trend of mono- and
dicarbamate of MDA and TDA in the presence of P acids: The reaction
was performed into a 25 mL tube equipped with a two-way valve as
reported above. Amine (0.267 g, 1.35 mmol) was added into the reactor
containing Ph,P(O)OH (0.0299 g, 0.135 mmol). The carbonate (DPC) or
THF (when the carbonate was MPC) were used as solvent. The reaction
was carried out at 363 K. At intervals of time a sample was withdrawn and
analyzed by HPLC.
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Abstract: A straightforward method for
the synthesis of enantiomerically pure
bis(valine)metallocenes is presented.
Derivatives of lithium cyclopentadienyl-
valine 1a, b were obtained by addition
of the (R)- or (S)-Schollkopf reagents
to 6,6-dimethylfulvene as single enan-
tiomers and gave with FeCl, or
[RuCl,(dmso),] the chiral metallocenes
[Fe{CsH,-CMe,-[C,H,N,(OMe),iPr]},]

(2a,b) and [Ru{CsH,-CMe,-[C,H,N,-
(OMe),iPr]},] (3a, b). Complex 2b was
hydrolyzed to the ferrocenylene-bis-
(valine-methylester) [{Fe[CsH,~-CMe,-
CH(NH;*)COOMel,}**(CI),] (7) with-

[Re(CO)sBr], [{(cod)RhCL},] (cod=
1,5-cyclooctadiene) or [Cp*MCl;] (M =
Ti, Zr) gave the -cyclopentadienyl
complexes [{Co{CsH,-CMe,-[C,H,N,-
(OMe),iPr]},}"I7] (11) and [Re{CsH,-
CMe,-[C.H,N,(OMe),iPr]}(CO);] (13),
[(CsH 2)Rh{CsH,-CMe,-[C,H,N,(OMe),-
(@Pr)]}] (14), [{Rh{CsH,-CMe,-[C,H,N,-
(OMe),(iPr) ]}, (u-1),] (15), [Cp*Cl,Ti-
{CsH,-CMe,-[C,H,N,(OMe),(iPr)]}] (16),
and [Cp*ClLZr{CsH,-CMe,-[C,H,N,-
(OMe),(iPr)]}] (17), with chiral valine
derivatives as substituents on the cyclo-
pentadienyl ring and with excellent
diastereoselectivities. Also the Seebach

reagent (Boc-BMI) or O’Donnell re-
agent could be added to 6,6-dimethyl-
fulvene to give the lithium cyclopen-
tadienides  Li[CsH,-CMe,-{C;H,(¢Bu)-
(N-Boc)(NMe)O}] (18) and Li[CsH,-
CMe,-CH(NCPh,)(COOE?)] (21), which
formed the ferrocene derivatives
[Fe{CsH,-CMe,-[C;H,(tBu)(N-Boc)-

(NMe)O]},] (19) and [Fe{C;H,-CMe,-
CH(NCPh,)(COOEt)},] (22). The stable
cobaltocinium cation in 11 and the
complex 19 could be hydrolyzed to the
metallocenes 12 and [Fe{CsH,-CMe,-
CH(NH;")(COO)},] (20) with two va-
lines in the 1,1-position. The structures

out racemization. Complex 7 could be
used as ligand and was treated with
[{Cp*IrCl,},] to afford [Fe{CsH,-CMe,-
CH(COOMe)(NH,-IrCp*Cl,)},]  (10).
The reactions of 1 with CoCl,,

metallocenes -

Introduction

Recently, organometallic compounds that contain amino
acids and peptides have found considerable interest.[ 2 The
first example of a metallocene with an amino acid as
substituent, ferrocenylalanine, was discovered in 1957.13-¢
Also ruthenocenylalaninel’l and ferrocenylene bis(alanine)[®
have been reported. Meanwhile several amino acids and
peptides with metal s-coordinated aromatic side chains have
been synthesized,’'°! for example, for the selective labeling of
aromatic amino acids.' ¥ Optically active ferrocenylalanine
was obtained by asymmetric hydrogenation of prochiral
precursors® 41 or by enzymatic resolution of the race-

[a] Prof. Dr. W. Beck, Dr. H. Dialer, Dr. K. Polborn,
Dipl.-Chem. W. Ponikwar, Prof. Dr. K. Siinkel
Department Chemie der Universitdt Miinchen
Butenandtstrasse 9-13, 81377 Miinchen (Germany)
Fax: (+49) 89-2180-7464
E-mail: wbe@cup.uni-muenchen.de

[**] Metal Complexes of Biologically Important Ligands, Part CXXXVIIL.
For Part CXXXVII: see ref. [1].
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of 2a, b, 11, 15, and 16 were determined
by X-ray diffraction and confirm the

bioorga- ) ) )
diastereomeric purity of the compounds.

mate.['> 191 The Schollkopf reagent!'”) was added to [(arene)-
Mn(CO);]* ions to give optically active phenylglycines.['®!
Recently cyclopentadienides with amino acid derived sub-
stituents could be prepared from N-protected alanine and
LiCp.["l Herein we report a general route for the synthesis of
enantiomerically pure amino acid metallocenes.?"!

We have applied the addition of nucleophiles to 6,6-
dimethylfulvene, a method which was established by Pauson
for the preparation of substituted metallocenes.?!! Using the
Schollkopf,l'”! the Seebach,? and O'Donnell® reagents as
nucleophiles optically active metallocenes were accessible.

Results and Discussion

The reaction of the deprotonated Schollkopf reagent!!”! (from
(5)- and (R)-valine) with 6,6-dimethylfulvene afforded the
lithium cyclopentadienides 1a (RScs) and 1b (SRcs) as
single enantiomers which were characterized by their
'H NMR spectra and which gave with FeCl, or [RuCl,-
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(dmso),] the bis(aminoacid) de-
rivatives 2 and 3 in high M =
Fe) to good (M =Ru) yields
(Scheme 1; 2a: M=Fe C2/C2
R, C5/C5' §;2b: M =Fe C2/C2 N
S, C5/C5' R;3a: M=Ru C2/C2
R, C5/C5' S;3b: M =Ru C2/C2’

-

1.0.1 N HCI
S, C5/C5" R). As confirmed by 2. Boc, 0/
"H NMR spectroscopy only one NaHCOs
diastereoisomer of 2 and 3 is

N —/
& @ﬁ\ ( H (NHBOC

formed (de> 99%). For the
diastereotopic protons of the
Cp groups in 3 a lowfield shift
of 0.4 ppm compared to that of
2 is observed. In the C NMR
spectra of 2 and 3 a lowfield

o (e}
\ (o}
o) Fe o \
| BocH
NH Boc
' - Boc-vVal-OMe
BocHN ; \

< NHBoc
BOCHH@

shift by 28 ppm for the ipso-
carbon atom of the Cp ligand is
noteworthy.

Complexes 2a and 2b were
characterized by X-ray diffrac-
tion (see Figure1l) . The ex-
pected absolute configurations
at C2 and C5 were confirmed
by the experiment. As an ex-

4
v P T
HCI/EE o] e o
CI'H,N
8
cl H4N<+@

NH,CI” H, CI~
H
o @ i ;/._
\o Te N o

ample 2b was hydrolyzed with
0.1~ HCI (CH;CN/H,0), and
by tert-butyloxycarbonyl (Boc)
protection of the amino groups and chromatographic separa-
tion the bis(valine ester) complex 4 was isolated along with a
mixture of the isomers 5 and 6 which contain an amino acid
and a dipeptide residue (Scheme 2). Further hydrolysis gave
the 1,1'-bis(valine ester) ferrocene 7 as well as 8 and 9. The
'"H NMR spectra show the expected signals and reveal that no
racemization of 2b occurred during hydrolysis.

6 \
0
Nlj?.:( S nBuli_ I( j\(
N

Scheme 2. Synthesis of 4-9.

LsN THF ~o0 R

1 \

~

6]

/@4L
ﬁ@p

2a,b (M= Fe); 3a,b (M= Ru)

Scheme 1. Synthesis of compounds 1-3.

Cyclovoltammetric studies on 7 reveal a completely rever-
sible oxidation to the monocationic species with a redox
potential (252 mV), 135 mV less than that of ferrocene. This is
due to the electron-donating effect of the amino acid

692 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

substituents. Complex 7 can be used as ligand and was treated
with [{Cp*IrCl,},] to give the heterotrimetallic compound 10.
In spite of the diastereotopic protons of the Cp residue only

lr \\‘CI
HNT e
Ny >0,
0 Fe o \
Cl /NH2

two multiplets were observed in the 'H NMR spectrum of 10.
Similarly, from 1a and CoCl, with subsequent oxidation by
iodine the cobaltocinium complex 11 was obtained as a single

diastereoisomer in high yield (80%). Its absolute structure
was confirmed by an X-ray structure determination (see
Figure 2). The S configuration of C5 and the R configuration
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of C2 in 1a are retained at the corresponding carbon atoms
C3/C24 and C9/C26 of 11, respectively.

As expected, complex 11 is very stable and can even be
hydrolyzed with aqueous 6N HCI to give analytically and
again optically pure 12 after neutralization and precipitation
with NaBPh,.

o

W ; Nee© \

H,N ° T
Re\ o

14 15

A

16 (M= Ti), 17 (M= Zr)

From 1 and [Re(CO);sBr], [(cod)RhCl], or [Cp*MCl;]
(M =Ti, Zr), the optically active complexes 13—-17 were
obtained. Complex 15 is formed by oxidation of 14 with
iodine.

Bioligands that contain metal carbonyls as in 13 could be
used for the carbonyl metalloimmunoassay which was intro-
duced by Jaouen?* or as radiopharmaceuticals.?*] Recently
the [(CsH,)Re(CO);] fragment was attached to a steroid using
Pauson’s fulvene method.?’]

Halide-bridged rhodium complexes are important precur-
sors for homogeneous catalysts.?! Complex 15 contains an
asymmetric residue as well as a donor function and could
therefore be useful as chiral catalyst. Cyclopentadienylrho-
dium complexes with tethered donor functions are rare.?’]
The X-ray structure determination of 15 (see Figure 3) again
confirmed the expected absolute configurations of the 2- and
5-positions: S for C9/C26 and R for C7/C24.

The titanium and zirconium complexes 16 and 17 are new
chiral candidates for application as catalysts in olefin poly-
merization.®! Recently a highly enantioselective electron-
transfer reaction of oxiranes catalyzed by a titanocene
dichloride with chiral Cp ligands was reported.?’l The crystal
of 16 contains two independent molecules of a single
diastereoisomer with the expected absolute configurations

Chem. Eur. J. 2002, 8, No. 3
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(see Figure 4). The R configuration of C2 and S configuration
of C5 in 1b are retained at the corresponding carbon atoms
C19/C19A and C17/C17A of 16, respectively.

The addition of the deprotonated Seebach reagent (tert-
butyl 2-(fert-butyl)-3-methyl-4-oxo-1-imidazolidinecarboxy-
late; (R)-Boc-BMI) to 6,6-dimethylfulvene gave the lithium
cyclopentadienide 18 with a de>99% from which the
ferrocene derivative 19 could be prepared (Scheme 3). In

(o]
b g\ @/Nk "
T | o FeCl, >§/Boc N’§<
o/ Boc
T v &
19

Scheme 3. Synthesis of compounds 18 and 19.

the 'H NMR spectrum of 19 only one diastereoisomer can be
detected. Following Seebach’s procedure® 1,1'-ferrocenyl-
ene-bis(valine) 20 was accessible. In the IR spectrum of 20 the
typical NH;* absorption at 3091 cm™' for the zwitterionic
form is observed.

[ gx

NH
H3N+ Fe
20

O

u+o

In an analogous manner the O'Donnell reagent®! could be
successfully added to 6,6-dimethylfulvene to give 21 and
finally the ferrocene derivative 22 (Scheme 4). The latter is
formed as a 1:1 mixture of diastereoisomers (RR/SS and RS),
as expected. From an ethylacetate/n-hexane solution of 22
only one diastereoisomer crystallized, as ascertained by
'H NMR spectroscopy.

Ph._Ph
T (

+ nBuLi FeCl, O
— 0 ©—> o d
| o} THF )
A |
Scheme 4. Synthesis of compounds 21 and 22.

Discussion of the molecular structures of 2a, 2b, 11, 15,
and 165"

The experimental details of the crystal structure determina-
tions are collected in Table 1, while the most important
structural features (Scheme 5) of these complexes are sum-
marized in Table 2. As mentioned before, all structure
determinations confirmed the postulated absolute structures:
at least for the isolated and examined crystals, any racemiza-
tion can be excluded.
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Table 1. Crystallographic data of 2a, b, 11, 15, and 16.5*]
2a 2b 11 15 16
molecular formula C3,H5)N,O,Fe C3,H50N,O,Fe C3H5,N,O,5Col C3H5N,O,I,Rh, C,;H,N,O,Cl, Ti
formula weight 634.63 634.63 773.61 1292.20 543.41
a[A] 21.425(4) 21.422(2) 7.566(3) 8.4626(13) 12.037(3)
b [A] 7.297(2) 7.2985(12) 15.1355(16) 8.6919(13) 15.598(3)
c[A] 14.972(2) 14.9671(10) 32.245(4) 14.472(3) 15.500(4)
a [’ 90 90 90 79.286(14) 90
AN 133.434(11) 133.419(7) 90 84.859(14) 101.25(2)
v [°] 90 90 90 85.905(13) 90
VA 1699.9(5) 1699.7(3) 3692.4(16) 1040.1 (3) 2854.3(12)
V4 2 2 4 1 4
crystal system monoclinic monoclinic orthorhombic triclinic monoclinic
space group 2 C2 P2.2.2, P1 P2,
u [mm™1] 0.485 0.485 1.342 3.801 0.512
o [gem3] 1.240 1.240 1.390 2.063 1.265
crystal Size [mm] 0.53 x 0.40 x 0.20 0.53x0.43x0.10 0.38 x 0.38 x 0.38 0.43 x 0.40 x 0.23 0.53 x 0.40 x 0.13
diffractometer Enraf Nonius Enraf Nonius Siemens Enraf Nonius Enraf Nonius
CAD 4 CAD 4 Syntex P4 CAD4 CAD4
temperature [K] 294(2) 295(2) 293(2) 295(2) 295(2)
20 scan range [°] 5.24 to 47.94 5.24 to 47.94 3.70 to 50.02 6.00 to 47.94 4.72 to 47.94
reflections collected 2757 2984 4747 6633 9712
indep. refl. [Riy] 2658 (0.0134) 2658 (0.0098) 4495 (0.0259) 6506 (0.0144) 8922 (0.0166)
absorption correction ¥ scans Y scans ¥ scans ¥ scans ¥ scans
max./min. transmission 0.999/0.941 0.998/0.941 0.922/0.904 0.999/0.599 0.999/0.959
data/restraints/param. 2658/1/201 2658/1/201 4495/0/418 6506/3/445 8922/1/635
goodness-of-fit on F? 1.059 1.073 1.058 1.129 1.055
R, [F>40(F)] 0.0245 0.0225 0.0505 0.0260 0.0392
wR, (all data) 0.0646 0.0586 0.1371 0.0678 0.0973
Largest difference peak 0.153 and 0.132 and 0.454 and 0.887 and 0.429 and
and hole [e A3 —0.240 —0.145 —0.967 —0.618 —0.286
The metric parameters of the two enantiomeric ferrocenes
7 8 2a and 2b (Figure 1) are as expected identical. Both
Y. f compounds crystallize in the acentric monoclinic space group

Scheme 5. Numbering scheme for discussion of structures.

Table 2. Comparison of important structural features of 2a, 2b, 11, 15, and

16.121

20 2b 11 15 16
Sigpln (Cp) 0.004 0002 00080013  0.026/0.023 0.016/0.014
Sigpln (Het) 0.122 0121  0.033/0.071  0.140/0.132  0.147/0.144
[Cp, Het][(] 422 422  45.6/435 37.4/33.8  31.5/32.5
[Cp, Cp'] [] 27 26 48 - (55.8/55.8)
[Cp.Cssl ] 961 960  78.6/91.8 101.7/106.7  80.2/82.6
d(M—Cp)[A] 1.659 1.659  1.644/1.645  1.769/1.797 2.100/2.104
dM-X)[A] 1659 1.659 1.644/1.646  1.770/1.797 2.118/2.120
(rec (CP)wy [A] 1409 1408  1.405/1.424  1.394/1.418  1.401/1.397
d (X-Y) [A] 344 344 3455349 441/458  324/324
] 1331 1331 1432 - -
C-C+C, [7] 1183 1186  124.6/1265  1162/1147 1158/115.6
CeCrCC ] 09 —12 —10.1/7.1 —1027/117.6  5.4/5.8

[a] The symbols for the carbon atoms (C;) and the ring centroids (X, Y)
correspond to those given in Scheme 5. Cp, Cp’, Het, and Cs;; represent the
planes defined by both cyclopentadienyl rings, the heterocycle and the three
carbon atoms Cs-C;-Cs. d stands for distance and r¢c (Cp),, for the average C—C
bond lengths within the cyclopentadienyl rings. The ring-planarity parameter
Sigpln is defined in the program package WINGX] as Sqrt(Sum(j =1:n) (D#
(n—3)) and the conformational angle 7 is defined in the paper by Herberhold
et al. as the torsional angle Cg-X-X'-Cy'.
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C2, with the iron atom on the crystallographic C, axis. The
cyclopentadienyl rings are essentially planar, nearly eclipsed
(ca 11.4° stagger) with their planes inclined by about 2.6°. The
dihedral angle between the Cp substituent bonds, C1—C6 and
C1A—C6A, is about 120.5°.

Figure 1. Molecular structure of 2b.

It appears interesting to take a closer look at the relative
orientations of the cyclopentadienyl ring and the heterocyclic
substituent. The angle between their “best planes” is
42.2°,while the plane of the connecting carbon atoms 5-7-8
(Scheme 5) is nearly orthogonal to the Cp ring. This allows
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the heterocycle to bend towards the m system of the cyclo-
pentadienyl ring, which is indeed the case, as can be seen from
the dihedral angle between the carbon atoms 8§—7 and 5-2,
and the distance of 3.44 A between their ring centroids.

Most likely due to its ionic character the isoelectronic
cobalticinium salt 11 (Figure 2) crystallizes in a different space
group, the orthorhombic P2,2,2,, with half a water molecule of
crystallization. The crystal contains neither crystallographic
nor molecular symmetry, which means that both Cp rings have
to be treated independently. The cyclopentadienyl rings are
essentially planar, fully eclipsed (1.6° stagger) and their planes
inclined by 4.8°. These parameters are very similar to the ones
observed for [{Co(CsHBu),},][CoCl,].BY

Figure 2. Molecular structure of 11.

While the interplanar angles between the Cp rings and the
attached heterocycles are very similar for both rings and also
to the ones found in the ferrocenes 2a and 2b, there is a
significant difference in the relative orientations of the
connecting units at carbon atoms 5-7-8: the plane defined by
C24-C23-C18 is nearly orthogonal to the cyclopentadienyl
ring, as is observed in the ferrocenes described above, while
the plane defined by C1-C6-C7 is inclined by about 12° from
orthogonality. While both heterocycles are still bent towards
the m systems of their cyclopentadienyl ring neighbors, the
distance between the ring centroids is longer by about 4 pm in
the second case.

The titanocene dichloride complex 16 crystallizes in the
monoclinic space group P2, with two independent molecules
(Figure 4). However, as can be seen from the data in Table 2,
there are only minor differences in the general structural
features of these molecules. Despite the principal distinctions
between bent metallocenes and ,,parallel“ metallocenes on
one hand, and symmetrical (with two identical Cp rings) and

Chem. Eur. J. 2002, 8, No. 3
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Figure 3. Molecular structure of 15.

unsymmetrical metallocenes on the other hand, the geo-
metrical parameters around the connection of cyclopenta-
dienyl ring and heterocyclic substituent are very similar to the
ones found for the above-mentioned ferrocenes and the
cobalticinium compound. The major difference in this part of
the molecule is the much smaller angle between the planes of
the cyclopentadienyl ring and the heterocycle, which leads to
a significantly closer approach of the corresponding ring
centroids. The most striking difference, however, to the other
cyclopentadienyl complexes described herein, is the observa-
tion of significant ring slippage for the monosubstituted
cyclopentadienyl ring. The Ti—C bond lengths for this ring
vary between 231 and 2.58 A, with the largest distances
observed for the substituted carbon atoms. Although ring
slippage has been observed before for mono-substituted
titanocene dichlorides, for example [(CsH,/Bu),TiCl,],? or
[(CsH,CMe,C,3Hy),TiCL] P such a long Ti—C, bond has
never been reported.

The dimeric doubly iodide-bridged rhodium complex 15
crystallizes in the triclinic space group P1. Besides the lack of
crystallographic symmetry there is also no molecular symme-
try in the crystal, that is both cyclopentadienylrhodium units
are independent (Figure 3). The central Rh,], unit is planar, as
usual for complexes of the type [{CpRhL,},]4 or generally
doubly halide- bridged d® complexes,™! and forms a nearly
ideal square with Rh-I-Rh angles of about 92° and I-Rh-I
angles of about 88° (Rh—Rh distance ca. 3.89 A). The
geometry around Rh is best described as distorted octahedral.

c26

Figure 4. Molecular structure of 16.
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While in the four other complexes described before the
heterocycle was bent towards the m system of the cyclo-
pentadienyl ring, it is rotated away in this rhodium complex.
The large torsional angles around the C—C linkages 8 -7 and
5-2, particularly in the Rh2-“half“ of the molecule, lead to
distances between the centroids of the five- and six-membered
rings that are more than 1 A larger than in the other
complexes. Although this fact is obvious from the data, we
cannot give an explanation for this difference, as there seem
to be no special intermolecular forces in the crystal packing.

Conclusion

The procedure described herein is a straightforward method
for the synthesis of optically active bis(valine) metallocenes
from Schollkopf or Seebach reagents and 6,6-dimethylful-
vene. Only a few steps are necessary and the bis(amino acid)
metallocenes are formed in good yields and with excellent
diastereoselectivites. The novel compounds may be of use for
asymmetric reactions.

Experimental Section

All experiments were carried out in Schlenk tubes under argon. Precip-
itates were separated by centrifugation with a Kryofuge 6000 i (Heraeus).
Silica gel (0.063-0.200 mm, Merck) was used for chromatography. IR:
Nicolet 520 FT-IR and Perkin-Elmer Modell 841. NMR: Jeol GSX270 and
Jeol EX400. Elemental analyses: Analytical laboratory of the Department
Chemie.

[RuCl,(dmso),],*! [Rh(cod)Cl],*"! and [{Cp*1rCl,},]*! were prepared as
described. The other starting materials were used as purchased.

General method for 1a and 1b: A 1.6M solution of nBuLi (1.25 mL,
2.0 mmol) in n-hexane was added dropwise at —78 °C to a solution of (2R)-
or (25)-2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine (Schollkopf re-
agent) (2.0 mmol) in THF (10 mL). After stirring for 15 min a cooled
solution of 6,6-dimethylfulvene (2.0 mmol) in THF (5mL) was added
dropwise over 30 min. After stirring for 2 h at —78°C, the solution was
allowed to warm up to room temperature. This solution was used for the
preparation of the cyclopentadienyl complexes. For the characterization of
1 the solvent was removed from a small amount of the solution; the residue
was dried in vacuo. "TH NMR (270 MHz, C,Dy): 6 =0.21 (s, 3H; (CH;),CH),
0.65 (s, br, 3H; (CH;),CH), 1.21 (s, br, 3H; (CH;),C,), 1.28 (s, br, 3H;
(CH;),C,), 1.80 (s, br, 1H; (CH;),CH), 2.51 (s, br, 1H; C(2)-H), 3.27 (s, br,
3H; OCHs;), 3.34 (s, br, 3H; OCHj), 3.59 (m, 1H; C(5)-H), 5.56 (s, br, 2H;
Cp), 5.91 (s, br, 2H; Cp).

[Fe{CsH,-CMe,-[C;H,N,(OMe),iPr]},] (2a): FeCl, (300 mg, 2.39 mmol),
was added at room temperature to a solution of 1a from (2R)-Schéllkopf
reagent (884 mg, 4.80 mmol), a solution of nBuLi (3,0 mL, 4.80 mmol), and
6,6-dimethylfulvene (509 mg, 4.80 mmol) in THF (30 mL). After the
mixture had been stirred for 15 h, the solvent was removed in vacuo and
the residue was purified by column chromatography (silica gel, n-hexane/
ethyl acetate 4/1). Crystals were obtained from a solution in diethyl ether at
+4°C. Orange crystals. Yield 1380 mg (91 %). IR (KBr): #=3109 m, 2979,
2967 s, 2883 s, 1691 vs (C=N), 1432 s, 1382 5, 1298 5, 1241 vs (C—0), 1193 s,
1100's, 1014 vs, 824 vs, 773 s cm~'; 'H NMR (270 MHz, CDCl;): 6 =0.47 (d,
3J=170Hz, 6H; (CH;),CH), 0.86 (d, 3J=7.0 Hz, 6H; (CH;),CH), 1.40 (s,
6H; (CH),C,), 144 (s, 6H; (CH;),C,), 2.06 (dsept, /=32 Hz, 2H;
(CH;),CH), 2.61 (t,3J=3.1 Hz, 2H; C(2)-H), 3.59 (s, 6H; OCH;), 3.63 (s,
6H; OCHs;), 3.80 (m, 2H; Cp), 3.85 (m, 2H; Cp), 3.86 (m, 2H; C(5)-H),
3.96 (m, 2H; Cp), 3.99 (m, 2H; Cp); BC NMR (67.9 MHz, CDCL,): 6 =
16.23 ((CH;),CH), 19.18 ((CH;),CH), 26.48 ((CH;),C,), 27.05 ((CH;),C,),
29.92 ((CH;),CH), 40.42 ((CH;),C,), 51.88 (OCHy;), 52.38 (OCH,), 59.61
(C(2)), 65.73 (C(5)), 67.49, 67.88, 68.01, 68.17, 94.13 (Cp), 162.60 (C=N),
164.92 (C=N); elemental analysis (%) calcd for C;,HsN,FeO, (634.64): C
64.35, H 7.94, N 8.83; found: C 64.43, H 7.74, N 8.81.
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[Fe{CsH,~-CMe,-[ C;H,N,(OMe),iPr]},] (2b): The compound 2b was ob-
tained as described for 2a using (2S)-Schollkopf reagent (858 mg,
4.66 mmol), a 1.6M solution of nBuLi (2.9 mL, 4.66 mmol), 6,6-dimethyl-
fulvene (561 pL, 4.66 mmol), and FeCl, (295 mg, 2.39 mmol). Orange
crystals. Yield 1316 mg (89 %). IR (KBr): #=23109 m, 2979 s, 2967 s, 2883 s,
1691 vs (C=N), 1432 s, 1382 5, 1298 5, 1241 vs (C—0), 1193 5, 1100 s, 1014 vs,
824 vs, 773 scm™!; 'TH NMR (270 MHz, CDClL;): 6=0.47 (d, 3/ =7.0 Hz,
6H; (CH;),CH), 0.86 (d, 3/=70Hz, 6H; (CH;),CH), 141 (s, 6H;
(CH3),C,), 1.44 (s, 6 H; (CH;),C,), 2.06 (dsept, *J = 3.2 Hz, 2H; (CH;),CH),
2.61 (t,3J=3.1 Hz, 2H; C(2)-H), 3.59 (s, 6H; OCHj), 3.63 (s, 6H; OCHj),
3.80 (m, 2H; Cp), 3.85 (m, 2H; Cp), 3.86 (m, 2H; C(5)-H), 3.97 (m, 2H;
Cp), 4.00 (m, 2H; Cp); C NMR (679 MHz, CDCl): 6=16.23
((CH;),CH), 19.18 ((CH;),CH), 26.48 ((CH;),C,), 27.05 ((CH3),C,), 29.92
((CH;),CH), 40.42 ((CH;),C,), 51.88 (OCH3;), 52.38 (OCH3), 59.61 (C(2)),
65.73 (C(5)), 67.49, 67.88, 68.01, 68.17, 94.13 (Cp), 162.60 (C=N), 164.92
(C=N); elemental analysis (% ) calcd for C3,Hs,N,FeO, (634.64): C 64.35, H
7.94, N 8.83; found: C 64.47, H 7.84, N 8.89.
[Ru{CsH,-CMe,-[C,H,N,(OMe),iPrl},] (3a): [RuCl,(dmso),] (264 mg,
0.55 mmol) was added at room temperature to a solution of la from
(2R)-Schollkopf reagent (201 mg, 1.09 mmol), a solution of nrBuLi
(0.68 mL, 1.09 mmol), and 6,6-dimethylfulvene (131 uL, 1.09 mmol) in
THF (10 mL). After the mixture had been stirred for 15 h, the solvent was
removed in vacuo and the residue was purified by column chromatography
(silica gel, n-hexane/ethyl acetate 4/1). Analytically pure material was
obtained from a solution in diethyl ether at —30°C. Slightly yellow crystals.
Yield 267 mg (72 %). IR (KBr): #=3106 m, 2967 s, 2872 m, 1690 vs (C=N),
1434 s, 1381 m, 1301 s, 1238 vs (C-0), 1194 s, 1100 m, 1016 s, 827 m, 776
sem™'; 'H NMR (270 MHz, CD,ClL): 6=0.53 (d, 3J=6.7Hz, 6H;
(CH;),CH), 0.94 (d, *J=6.7 Hz, 6H; (CH;),CH), 1.19 (s, 6H; (CH;C,),
1.21 (s, 6H; (CH;),C,), 2.16 (dsept, */ =3.3 Hz, 2H; (CH;),CH), 2.99 (t,
3] =3.1Hz, 2H; C(2)-H), 3.62 (s, 6H; OCH,), 3.66 (s, 6H; OCH,), 3.93 (d,
3J=32Hz, 2H; C(5)-H), 428436 (m, 8H; Cp); *C NMR (100.5 MHz,
CD,CL,): 6 =15.97 ((CH,),CH), 19.08 ((CH;),CH), 26.98 ((CH;),C,), 27.43
((CH;),Cy), 2997 ((CH;),CH), 40.10 ((CH;),C,), 51.79 (OCHj;), 52.36
(OCH3), 59.83 (C(2)), 64.99 (C(5)), 70.39, 70.44, 70.59, 70.93, 98.94 (Cp),
162.99 (C=N), 164.67 (C=N); elemental analysis (%) caled for
C3,H5N,O,Ru (679.86): C 60.07, H 741, N 8.24; found: C 60.38, H 7.54,
N 8.16.

[Ru{Cs;H,-CMe,-[ C;H,N,(OMe),iPrl},] (3b): The complex 3b was ob-
tained as described for 3a. (25)-Schollkopf reagent (188 mg, 1.02 mmol), a
solution of nBuLi (0.64 mL, 1.02 mmol), 6,6-dimethylfulvene (123 uL,
1.02 mmol), and [RuCl,(dmso),] (247 mg, 0.51 mmol) were used. Slightly
yellow crystals. Yield 112 mg (69 % ). IR (KBr): #=3106 m, 2967 s, 2872 m,
1690 vs (C=N), 1434 s, 1381 m, 1301 s, 1238 vs (C—0), 1194 5, 1100 m, 1016 s,
827 m, 776 s cm~'; 'H NMR (270 MHz, CD,Cl,): 6 =0.53 (d, 3/ = 6.7 Hz,
6H; (CH),CH), 094 (d, =67 Hz, 6H; (CH,),CH), 1.19 (s, 6H;
(CH3),Cy), 121 (s, 6 H; (CH;),C,), 2.16 (dsept, *J = 3.3 Hz, 2H; (CH;),CH),
2.99 (1,3 =3.1 Hz, 2H; C(2)-H), 3.62 (s, 6H; OCH,), 3.66 (s, 6H; OCH,),
3.93 (d, ¥=32Hz, 2H; C(5)-H), 428-436 (m, 8H; Cp); *C NMR
(100.5 MHz, CD,CL,): 6=15.97 ((CH,),CH), 19.08 ((CH,),CH), 26.98
((CHs),C,), 2743 ((CHs),C,), 29.97 ((CH),CH), 40.10 ((CH,),C,), 51.79
(OCH,), 52.36 (OCH,), 59.83 (C(2)), 64.99 (C(5)), 70.39, 70.44, 70.59, 70.93,
98.94 (Cp), 162.99 (C=N), 164.67 (C=N); elemental analysis (%) calcd for
C3,H5oN,O4Ru (679.86): C 60.07, H 7.41, N 8.24; found: C 59.43, H 7.46, N
8.02.

4 and 5/6: Acetonitrile (20 mL) and 0.2N hydrochloric acid (20.0 mL,
4.00 mmol) were added to 2b (634 mg, 1.00 mmol). Gas was removed from
the suspension using vacuum and argon (3 x ). After the mixture had been
stirred for 15h a clear orange solution was obtained. The solvent was
removed in vacuo, and CHCl; (15 mL) and water (10 mL) were added to
the residue. The two-phase mixture was cooled at 0°C and NaHCO;
(336 mg, 4.00 mmol) and Boc,0 (873 mg; 4.00 mmol) were added. After
the mixture had been stirred for 14 h the aqueous phase was extracted with
CHCI; (2 x 10 mL). The organic solution was dried over Na,SO, and the
solvent was removed in vacuo under stirring. The residue was purified by
column chromatography (n-hexane/ethyl acetate 3/1). The first yellow
fraction gave compound 4, and the second yellow fraction contained a
mixture of 5 and 6.

[Fe{C;H,~-CMe,-CH(NHBoc)COOMe},] (4): Yellow powder. Yield 406 mg
(63%). IR (KBr): 7 =3055 vs, 2986 vs, 2833 w, 1739 vs, 1715 vs, 1500 s (CO,,
NCO), 1392 s, 1368 s, 1208 m, 1161 s, 1054 m, 1022 m, 897 m, 829 w cm™';
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'H NMR (400 MHz, CD,Cl,): 6=1.33 (s, 6H; (CH;),C,), 1.35 (s, 18H;
(CH;);C), 1.38 (s, 6H; (CH;),C,), 3.49 (s, 6H; OCH3), 3.98 (m, 2H; Cp),
4.01 (m, 2H; Cp), 4.04-4.07 (m, 2H; a-H), 4.11 (m, 2H; Cp), 4.13 (m, 2H;
Cp), 4.94 (d, 3J=9.4 Hz, 2H; NH); *C NMR (100.5 MHz, CD,Cl,): 6 =
24.86 ((CH,),C,), 25.52 ((CH;),C,), 28.04 ((CH;);C), 37.97 ((CH;),C,),
49.38 (CH), 51.40 (OCH3,), 66.52, 66.89, 68.49, 68.58 (Cp), 79.39 (CH5;),;C),
95.15 (ipso-Cp), 155.28 (CON), 171.56 (CO,); elemental analysis (% ) calcd
for C3,H,sN,OgFe (644.58): C 59.63, H 7.51, N 4.35; found: C 59.49, H 7.78,
N 4.67.

[Fe{Cs;H,~-CMe,-CH[NHCOCH(NHBoc)(iPr)|COOMe} {C;H,CMe,CH-
(NHBoc)COOMe}]; mixture of isomers 5 and 6: Yellow powder. Yield
156 mg (21 %). IR (KBr): ¥ =3099 m, 2974 s, 2931 m, 2842 w, 1742 vs, 1719
vs, 1679 vs, 1502 s (CO,,NCO), 1392 5,1366°s, 1298 5, 1248 m, 11725, 1052 m,
1025 m, 906 w, 874 w, 825 w, 772w cm~'; 'TH NMR (270 MHz, CD,Cl,): 6 =
0.79 (pt, *J=6.6 Hz, 6H; (CH;),CH), 1.33 (s, 3H; (CH;),C,), 1.34 (s, 3H;
(CH;),C,), 136 (s, 9H; C(CHa;)3), 1.37 (s, 9H; C(CH;);), 1.39 (s, 3H;
(CH;),C,), 1.40 (s, 3H; (CH5),C,), 1.90 (m, 1H; (CH;),CH), 3.49 (s, 3H;
OCH,), 3.64 (s, 3H; OCH,), 3.81 (d, */ =8.8 Hz, 1H; CH), 3.99-4.22 (m,
10H; CH und Cp), 4.93 (d, 3/ =9.6 Hz, 1H; NH), 5.11 (d, =70 Hz, 1H;
NH), 5.60 (d, /=78 Hz, 1H; NH); ¥C NMR (67.9 MHz, CD,Cl,): d =
18.14 ((CH;),CH), 18.53 ((CH,),CH), 24.21, 24.82 ((CH;),C,), 25.55, 26.02
((CH;),C,), 28.04 ((CH;);C), 31.04 ((CH;),CH), 37.66, 37.96 ((CH;),C,),
51.42 (OCHa), 51.85 (OCH,;), 5740 (CHCH(CHa),), 62.46 (CH), 63.66
(CH), 66.64, 66.92, 67.01, 67.07, 68.43, 68.51, 68.61, 68.81 (Cp), 79.42, 79.44
(CH;);0), 95.22, 96.34 (ipso-C, Cp), 155.18, 155.21 (CON), 171.55, 171.72
(CO,); MS(FAB): 743 (100) [M]*, 687 (5), 644 (12), 588 (7), 544 (3), 449
(11); elemental analysis (%) calcd for C3;Hs,N;O,Fe (743.71): C 59.75, H
772, N 5.64; found: C 59.65, H 7.92, N 5.47.
[{Fe[CsH,-CMe,-CH(NH;")COOMe],}**(CI"),] (7): A 2™ solution of
hydrogen chloride in ethyl acetate (15mL) was added at 0°C to 4
(200 mg, 0.31 mmol) and the mixture was stirred for 15 h under argon. The
yellow precipitate was centrifuged off from the colorless solution and dried
in vacuo. Ochre yellow powder. Yield 157 mg (98 %). IR (KBr): 7=2960 s,
2872 s, 1745 vs (C=0), 1508 m, 1374 m, 1315 m, 1268 m, 1241 m, 1160 w,
1034 m, 830 w cm™'; 'H NMR (400 MHz, CD;OD): 6=1.51 (s, 6H;
(CH;),C,), 1.55 (s, 6H; (CH;),C,), 3.66 (s, 6H; OCHs), 3.73 (s, 2H; a-H),
420 (m, 2H; Cp); 422 (m, 2H; Cp), 431 (m, 4H; Cp); “C NMR
(100.5 MHz, CD;OD): 6=23.84 ((CH;),C,), 24.27 ((CH;),C,), 36.62
((CH;),C,), 51.81 (OCHj;), 62.43 (CH), 66.81, 67.03, 69.30, 69.43 (Cp),
94.39 (ipso-C, Cp), 168.48 (CO,); elemental analysis (%) calcd for
C,H;N,CLFeO, (51727): C 51.08, H 6.62, N 5.42; found: C 50.79, H
6.90, N 5.16.

[{Fe{C;H,-CMe,-CH[NHCOCH(NH;")(iPr)] COOMe}{C;:H,-CMe,CH-
(NH;")COOMe}}**(CI-),]; mixture of isomers 8 and 9: A 2M solution of
HCl in ethyl acetate (15 mL) was added at 0°C to the mixture of 5 and 6
(102 mg, 0.14 mmol) and the mixture was stirred for 15h under an
atmosphere of argon. The yellow precipitate was centrifuged off from the
colorless solution and dried in vacuo. Yellow powder. Yield 81 mg (96 % ).
IR (KBr): 7 =3048 m, 2967 s, 2886 s, 1742 vs (CO,), 1679 vs, 1585 m, 1510s,
1374 s, 1268 s, 1239 m, 1159 m, 1034 m, 830 w, 511 w cm™'; 'H NMR
(400 MHz, CD;0D): 6 =0.92 (d, *J = 6.7 Hz, 3H; (CH;),CH), 0.95 (d, 3/ =
6.7 Hz, 3H; (CH;),CH), 1.49 (s, 3H; (CH;),C,), 1.51 (s, 3H; (CH;),C,), 1.56
(s, 3H; (CH;),C,), 1.58 (s, 3H; (CH3),C,), 2.05 (m, 1 H; (CH;),CH), 3.66 (s,
3H; OCH,), 3.68 (s, 1H; CH), 3.70 (s, 3H; OCH;), 3.72 (s, 1 H; CH), 4.17
(d, 3/=6.0Hz, 1H; CHCH(CHs;),), 4.19-4.31 (m, 8H; Cp); *C NMR
(100.5 MHz, CD,0D): 6=1773 ((CH;),CH), 18.22 ((CH;),CH), 23.26,
23.84,24.29, 24.48 ((CH;),C,), 30.19 ((CH;),CH), 36.39, 36.63 ((CH;),C,),
51.28 (OCHj;), 51.80 (OCHj;), 58.52 (CHCH(CH;),), 62.04 (CH), 62.45
(CH), 66.82, 66.92, 67.04, 67.40, 69.14, 69.33, 69.45, 69.55 (Cp), 94.39, 95.31
(ipso-C, Cp), 152.52 (CON), 172.26 (CO,); MS(FAB): 544 (42) [M —2Cl]*,
349 (25), 307 (30), 289 (16); elemental analysis (%) caled for
CyHy3N;CLFeOs (616.40): C 52.60, H 7.03, N 6.81; found: C 52.09, H
725, N 6.41.

[Fe{CsH,-CMe,-CH(COOMe)(NH,-IrCp*Cl)},] (10): Compound 7
(29 mg, 0.055 mmol) in methanol (10 mL) was deprotonated with a 1.5m
solution of NaOMe in methanol (74 pL, 0.11 mmol). [{Cp*IrCl,},] (44 mg,
0.055 mmol) was added to the resulting yellow solution and the mixture was
stirred for 15 h. The solvent was removed in vacuo and dichloromethane
(5mL) was added to the residue. After filtration over celite n-hexane
(20 mL) was added to the filtrate. The precipitate was centrifuged off and
dried in vacuo. Orange powder. Yield 62 mg (92%); IR (KBr): #=2975 m,
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2916 m, 1732 vs (C=0), 1630 w, 1564 m, 1453 5, 1381 s, 1248 5,1163 5, 1123 m,
1059 s, 1033 s, 837 m cm'; 'H NMR (400 MHz, CD,Cl,): 6 =1.35 (s, 6H;
(CH;),C,), 137 (s, 6H; (CH;),C,), 1.46 (s, 30H; C5(CHy)s), 3.59 (s, 6H;
OCH,), 3.83 (s, br,2H; a-H), 4.02 (m,4H; Cp), 4.19 (m, 2H; Cp); *CNMR
(100.5MHz, CD,CL): 6=8.72 (Cs(CH,)s), 24.76 ((CH;),C,), 25.51
((CH;),Cy), 38.72 ((CH;),C,), 51.96 (OCHj;), 65.39 (CH), 66.84, 67.10,
69.09, 69.22 (Cp), 85.02 (Cs(CHs)s), 95.01 (ipso-C, Cp), 17143 (CO,);
elemental analysis (%) calcd for Cy,Hg,N,ClFelr,0, (1241.06): C 40.64, H
5.04, N 2.26; found: C 40.38, H 4.96, N 2.18.

[{Co{CsH,-CMe,-| C;H,N,(OMe),iPr]},}*I'] (11): CoCl, (280 mg,
2.16 mmol) was added to a solution of 1a in THF (30 mL) which was
obtained from (2R)-Schollkopf reagent (795 mg, 4.31 mmol), a solution of
nBuLi (2.70 mL, 4.31 mmol), and 6,6-dimethylfulvene. After stirring for 1 h
a solution of iodine (285 mg, 1.12 mmol) in THF (10 mL) was added
dropwise whereby the mixture became solid. After addition of methanol
(10 mL) and stirring for a few minutes the solvent was removed in vacuo.
The residue was dissolved in dichloromethane (20 mL), LiCl was centri-
fuged off, and the product was precipitated with n-pentane and purified by
column chromatography (silica gel, CHCl;/MeOH 20/1). Crystals were
obtained by evaporation of a solution of 11 in CH;OH/THF on air. Yellow
thin plates. Yield 1321 mg (80 %). IR (KBr): #=3055 w, 2975 m, 2938 m,
2872 w, 1691 vs (C=N), 1437 m, 1383 m, 1332 w, 1240 vs (C-0), 1195 m,
1005 m, 873 w, 777 s cm™'; '"H NMR (270 MHz, CD;0D): 6 =0.54 (d, 3/ =
7.0 Hz, 6 H; (CH;),CH), 0.98 (d, 3/ =7.0 Hz, 6 H; (CH;),CH), 1.50 (s, 12H;
(CH;),C,), 2.23 (dsept. *J =3.3 Hz, 2H; (CH;),CH), 3.35 (t, *J=3.3 Hz,
2H; C(2)-H), 3.62 (s, 6H; OCH,), 3.66 (s, 6H; OCH,), 3.95 (d, */ =3.7 Hz,
2H; C(5)-H), 5.70 (m, 4H; Cp), 5.76 (m, 4H; Cp); BC NMR (67.9 MHz,
CDCL): 6 =15.14 (CH;),CH), 18.22 (CH;),CH), 24.98 ((CH,),C,), 25.09
((CH;),C,), 30.41 ((CH;),CH), 40.37 ((CH;),C,), 5146 (OCH;), 52.03
(OCH,), 60.08 (C(2), 64.55 (C(5)), 82.54, 82.63, 83.03, 83.07 (Cp), 117.22
(ipso-C, Cp), 161.59 (C=N), 165.09 (C=N); elemental analysis (% ) calcd for
C3,H5oN,ColO, (764.62): C 53.41, H 6.59, N 7.33; found: C 53.25, H 6.57, N
7.33.

[{Co[CsH,-CMe,-CH(NH;)COO],}"BPh, ] (12): 6N hydrochloric acid
(10 mL) was added to 11 (200 mg, 0.26 mmol) at 0°C and the mixture was
stirred for 2 h. Then, concentrated hydrochloric acid (5 mL) was added
dropwise to the solution. After the mixture had been stirred for 15 h the
solution was concentrated to 3 mL in vacuo under stirring and neutralized
with 6N NaOH to pH 6.5 using a potentiometer. Compound 12 was
precipitated by addition of a solution of NaBPh, in methanol, washed with
water and dried in vacuo. Yellow powder. Yield 112 mg (80 % ). IR (KBr):
7=3055 m (br, NH;*"), 2967 m, 2872 w, 1674 s (CO,), 1600 s, 1582 m, 1508
m, 1471 m, 1440's, 1397 s, 1339 5, 1275 5, 1242 5, 1028 m, 869 m, 740 m, 705 vs
(Ph) cm™'; 'TH NMR (400 MHz, CD;0D): 6 =1.39 (s, br, 6H; (CH;),C,),
1.44 (s, br, 6H; (CH;),C,), 418 (m, 2H; a-H), 5.53-5.64 (m, 8H; Cp),
7.28—-17.37 (m, 12H; m- und p-C4Hs), 7.53-7.58 (m, 8 H; 0-C¢Hs), *C NMR
(100.5 MHz, CD;OD): 6=23.57 ((CH;),C,), 24.96 ((CH;),C,), 38.43
((CH;),Cy), 5713 (CH), 82.17, 82.59, 83.27, 83.34 (Cp), 115.02 (ipso-C,
Cp), 122.15,125.07,127.11, 127.35,128.01, 128.13, 133.76, 135.89 (Ph), 174.22
(CO,); elemental analysis (%) calcd for C,;H;gN,BCoO, (738.17): C 71.55,
H 6.55, N 3.79; found: C 71.35, H 6.71, N 3.52.

[Re{CsH,-CMe,-[C;H,N,(OMe),iPr]}(CO);] (13): [Re(CO);sBr]| 1062 mg,
261 mmol) was added at room temperature to a solution of 1a in THF
(30 mL) which was obtained from (2R)-Schollkopf reagent (482 mg,
2.61 mmol), a solution of nBuLi (1.64 mL, 2.61 mmol), and 6,6-dimethyl-
fulvene (315 pL, 2.61 mmol). The suspension was refluxed for 16 h and the
solvent was removed in vacuo. The residue was chromatographed on silica
gel with n-hexane/ethyl acetate 4/1). Slightly yellow oil. Yield 394 mg
(27%). IR (KBr): #=3121 w, 2974 m, 2938 w, 2872 w, 2022 vs (C=0), 1917
(C=0), 1690 vs (C=N), 1435 s, 1382 w, 1303 m, 1238 (C—O) vs, 1194 m, 1106
m, 1016 s, 827 m, 776 m cm™'; IR (CH,CL,): #=2022 vs (C=0), 1925 vs
(C=0), 1754 5,1693 vs (C=N) cm™'; '"H NMR (400 MHz, CD,Cl,): 6 =0.57
(d, 3/=6.9 Hz, 3H; (CH;),CH), 1.00 (d, *J=6.9 Hz, 3H; (CH;),CH), 1.26
(s, 3H; (CH;),C,), 1.29 (s, 3H; (CH;),C,), 2.25 (dsept, *J =33 Hz, 1H;
(CH;),CH), 3.31 (t, 3/ =3.3 Hz, 1H; C(2)-H), 3.65 (s, 3H; OCHj), 3.68 (s,
3H; OCH;), 4.01 (d, 3/ =3.7 Hz, 1 H; C(5)-H), 5.19 (m, 2H; Cp), 5.26 (m,
1H; Cp), 5.31 (m, 1H; Cp); *C NMR (100.5 MHz, CD,Cl,): 6 =15.93
((CH;),CH), 19.02 ((CH;),CH), 27.12 ((CH;),C,), 27.60 ((CH;),C,), 30.48
((CH;),CH), 40.57 ((CH3),C,), 52.05 (OCH,), 52.52 (OCH3), 60.22 (C(2)),
64.80 (C(5)), 82.13, 82.23, 86.07, 86.26, 115.43 (Cp), 162.06 (C=N), 164.74
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(C=N), 194.78 (C=0); elemental analysis (%) calcd for C,H,sN,OsRe
(559.63): C 42.93, H 4.50, N 5.01; found: C 43.63, H 4.69, N 4.95.

[(CsH;)Rh{C;H,-CMe,-[C,H,N,(OMe),(iPr)]}] (14): A solution of
[{(cod)RhCl},] (423 mg, 0.86 mmol) in THF (20 mL) was added by a
syringe to a solution of 1b in THF (20 mL) which was obtained from (25)-
Schollkopf reagent (316 mg, 1.72 mmol), a solution of nBuLi (1.07 mL,
1.72 mmol), and 6,6-dimethylfulvene (207 pL, 1.72 mmol). After the
mixture had been stirred for 15 h, the solvent was removed in vacuo and
the residue was chromatographed on silica gel with n-hexane/ethyl acetate
15/1. Yellow crystals were obtained from a solution in n-pentane at —30°C.
Yield 294 mg (34 %). IR (KBr): 7=2969 s, 2938 s, 2872 m, 2828 s, 1691 vs
(C=N), 1433 s, 1380 s, 1299 s, 1239 vs (C-O), 1192 s, 1016 s, 892 m, 776
sem™; 'H NMR (270 MHz, CiDy): 0=0.82 (d, 3/=68Hz, 3H;
(CH;),CH)), 1.19 (d, *J=6.9 Hz, 3H; (CH;),CH), 1.59 (s, 3H; (CH;),C,),
1.63 (s, 3H; (CH;),C,), 1.94 (m, 4H; H,;,,-COD), 2.22 (m, 4H; Hj-
COD), 2.44-2.58 (m, 1H; (CH;),CH), 3.12 (t, 3/ =3.3 Hz, 1H; C(2)-H),
3.57 (s, 3H; OCHs;), 3.63 (s, 3H; OCHs;), 3.97 (s, br, 4H; H,.-COD), 4.26
(d,3J=3.3 Hz, 1H; C(5)-H), 4.50 (m,2H; Cp), 4.95 (m, 2H; Cp); *CNMR
(679 MHz, CiDy): 6=16.66 ((CH;),CH), 19.81 ((CH;),CH), 27.76
((CH;),C,), 28.38 ((CH;),C,), 30.27 ((CH;),CH), 32.73 (C,,-COD),
32.93 (Cyipn-COD), 41.17 ((CH5;),C,), 51.90 (OCHj;), 52.52 (OCHs), 60.03
(C(2)), 63.12 (d, Jgpc=4.2Hz, C,~COD), 63.33 (d, Jrnc=4.2 Hz, C -
COD), 66.25 (C(5)), 85.24 (d, Jg,c=3.5 Hz, Cp), 85.93 (d, Jryc=3.6 Hz,
Cp), 86.36 (d, Jrnc=3.9 Hz, Cp), 86.72 (d, Jpnc=4.0 Hz, Cp), 113.80 (d,
Jrnc=4.7Hz, ipso-C, Cp), 163.42 (C=N), 165.04 (C=N); elemental analysis
(%) caled for C,sH3;N,O,Rh (500.48): C 59.99, H 745, N 5.60; found: C
59.79, H 7.51, N 5.49.

[{Rh{CsH,-CMe,-| C;H,N,(OMe),(iPr) }1},(x-1), 1 (15): A solution of 14
(180 mg, 0.36 mmol) in diethyl ether (7 mL) was cooled to —10°C and a
solution of iodine (91 mg, 0.36 mmol) in Et,O (5 mL) was added dropwise.
The mixture was allowed to warm up to room temperature over 1 h. Then,
the solvent was removed in vacuo. The residue was dissolved in dichloro-
methane and layered with n-hexane to give dark violet crystals of 15. Yield
252 mg (93 %). IR (KBr): # =2967 m, 2938 w, 2872 w, 1690 vs (C=N), 1467
m, 1435 m, 1304 w, 1239 vs (C—0O), 1196 w, 1007 m, 775 s cm~'; '"H NMR
(400 MHz, CD,Cl,): 6 =0.54 (d, 3/ =71 Hz, 3H; (CH;),CH), 0.55 (d, *J =
6.5 Hz, 3H; (CH;),CH), 0.99 (d, 3/ =6.5 Hz, 3H; (CH;),CH), 1.00 (d, 3/ =
70 Hz, 3H; (CH;),CH), 1.41 (s, 3H; (CH;),C,), 1.42 (s, 3H; (CH;),C,), 1.45
(s, 3H: (CH;),C,), 1.46 (s, 3H; (CH;),C,), 2.19-2.28 (m, 2H; (CH;),CH),
3.56 (s, 3H; OCH,), 3.57 (s, 3H; OCHs), 3.58 (s, 3H; OCHj), 3.59 (s, 3H;
OCHj), 3.62 (t, br, 3J=3.0 Hz, 2H; C(2)-H), 3.85 (s, br, /=33 Hz, 2H;
C(5)-H), 5.40-5.46 (m, 4H; Cp), 5.58-5.61 (m, 4H; Cp); *C NMR
(100.5 MHz, CD,CL): 6=15.93 ((CH;),CH), 18.95 ((CH;),CH), 25.37
((CH;),C,), 30.86 ((CH;),CH), 41.18 ((CH;),C,), 52.07 (OCHj;), 52.60
(OCHs), 60.28 (C(2)), 65.23 (C(5)), 81.29 (d, Jryc =79 Hz, Cp), 81.42 (d,
Jrnc=176 Hz, Cp), 85.49 (d, Jryc=5.2Hz, Cp), 85.88 (d, Jrnc=5.3 Hz,
Cp), 113.27 (d, Jgyc = 8.4 Hz, ipso-C, Cp), 161.10 (C=N), 164.67 (C=N);
elemental analysis (%) calcd for C3HsN,I,O,Rh, (1292.20): C 31.60, H
3.89, N 4.34; found: C 31.29, H 3.53, N 4.22.

[Cp*CLTi{CsH,~-CMe,-[ C;H,N,(OMe),(iPr)]}] (16): [Cp*TiCl;] (1038 mg,
3.59 mmol) was added at —78°C to a solution of 1a in THF (30 mL) which
was obtained from (2R)-Schollkopf reagent (661 mg, 3.59 mmol), a solution
of nBuLi (225mL, 3.59 mmol), and 6,6-dimethylfulvene (432 uL,
3.59 mmol). The mixture was allowed to warm up over 15 h and then the
solvent was removed in vacuo. The residue was dissolved in dichloro-
methane (10 mL) and filtered through a column of silica gel (3 cm). The
solvent of the filtrate was removed in vacuo and the residue was
recrystallized from warm n-octane to give dark red crystals of 16. Yield
897 mg (46 %). IR (KBr): ¥ =2975 m, 2938 m, 2872 w, 1688 vs (C=N), 1435
m, 1379 m, 1302 m, 1237 vs (C-0), 1194 m, 1009 m, 827 m, 776 m cm™;
'HNMR (270 MHz, CD,Cl,): 6 =0.52 (d, %/ = 6.7 Hz, 3H; (CH;),CH), 0.96
(d,*J=6.8 Hz, 3H; (CH;),CH), 1.57 (s, 6 H; (CH;),C,), 1.98 (s, 15H; Cp*),
2.11-2.22 (m, 1H; (CH;),CH), 3.09 (t, 3J=3.3 Hz, 1H; C(2)-H), 3.58 (s,
3H; OCH,;),3.63 (s,3H; OCHj3), 3.85 (d, 3/ =3.4 Hz, 1 H; C(5)-H), 5.84 (m,
1H; Cp), 5.88 (m, 1H; Cp), 6.04 (m, 1H; Cp), 6.11 (m, 1 H; Cp); *C NMR
(100.5 MHz, CD,ClL): 0=13.26 (CH;-Cp*), 15.89 ((CH;),CH), 19.03
((CH3),CH), 23.78 ((CH,),C,), 24.20 ((CH;),C,), 30.32 ((CH;),CH), 43.94
((CH;),C,), 51.90 (OCH3;), 52.46 (OCH,), 59.71 (C(6)), 67.66 (C(3)), 113.21,
113.47, 122.93, 123.56 (Cp), 129.68 (Cp*), 14291 (ipso-C, Cp), 162.38
(C=N), 164.26 (C=N); elemental analysis (%) calcd for C,;H,(N,CLO,Ti
(543.41): C59.68, H 7.42, N 5.15; found: C 59.65, H 7.53, N 5.13.
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[Cp*CLZr{CsH,-CMe,-[C;H,N,(OMe),(iPr)]}]1 (17): This complex was
obtained as described for 16: (2R)-Schéllkopf reagent (598 mg, 3.25 mmol),
a solution of nBuLi (2.03 mL), 6,6-dimethylfulvene (391 uL, 3.25 mmol),
and [Cp*ZrCl;] (1080 mg, 3.25 mmol) were used. Colorless crystals. Yield
1009 mg (53 %). IR (KBr): 7 =2974 m, 2938 m, 2872 w, 1688 vs (C=N), 1433
m, 1366 m, 1301 m, 1237 vs (C-0O), 1194 m, 1010 s, 813 s, 776 m cm™;
'H NMR (400 MHz, CD,CL): ¢ = 0.53 (d, / = 6.9 Hz, 3H; (CH,),CH), 0.96
(d, =69 Hz, 3H; (CH;),CH), 157 (s, 3H; (CH;),C,), 1.58 (s, 3H;
(CH3),C), 1.99 (s, 15H; Cp*), 2.17 (dsept, *J =3.2 Hz, 1H; (CH;),CH),
2.96 (t,%J=3.4 Hz, 1H; C(2)-H), 3.60 (s, 3H; OCHj), 3.65 (s, 3H; OCHs),
3.87 (d, % =3.4 Hz, 1H; C(5)-H), 5.86 (m, 1H; Cp), 5.89 (m, 1 H; Cp), 6.08
(m, 1H; Cp), 6.13 (m, 1H; Cp); ¥*C NMR (100.5 MHz, CD,Cl,): 6 =12.07
(CH;-Cp*), 15.68 ((CHs),CH), 18.86 ((CH,),CH), 24.14 ((CH;),C,), 24.63
((CH,),C,), 30.05 ((CHs),CH), 42.99 ((CHs),C,), 51.70 (OCHj), 52.23
(OCHS,), 59.38 (C(2)), 6722 (C(5)), 110.73, 110,98, 117.83, 118.06 (Cp),
124.12 (Cp*), 138.99 (Cp), 162.17 (C=N), 164.13 (C=N); elemental analysis
(%) calcd for C,;H,N,CLO,Zr (586.75): C 55.27, H 6.87, N 4.77; found: C
55.20, H 6.95, N 4.71.

Li[CsH,-CMe,-{C;H,(rBu)(N-Boc)(NMe)O}] (18) and [Fe{C;H,-CMe,-
[C;H,(Bu)(N-Boc)(NMe)O]},] (19): A solution of nBuLi (2,6 mL,
4.08 mmol) in n-hexane was slowly added at —78°C to diisopropylamine
(414 mg, 4.09 mmol) in THF (10 mL). After 30 min a solution of Seebach
reagent ((R)-Boc-BMI) (950 mg, 3.71 mmol) in THF (10 mL) was added
dropwise and the mixture was stirred for 2h at —78°C. Then 6,6-
dimethylfulvene (496 puL, 3.89 mmol) was added and the slightly yellow
solution was stirred for 1 h at —78°C. From a small amount of this solution
the solvent was removed in vacuo and the "H NMR spectrum of the lithium
cyclopentadienide 18 was recorded. 'H NMR (270 MHz, CDy): 6 (Cp) =
5.49 (s, br, 2H), 5.87 (s, br, 2H). FeCl, (236 mg, 1.85 mmol) was added to
the solution of 18 and the mixture was allowed to warm up to room
temperature over 15 h. The solvent was removed in vacuo and the residue
was extracted with diethyl ether (30 mL). The solution was concentrated
and purified on silica gel (n-hexane/ethyl acetate 4/1). Orange crystals of 19
were obtained from a solution in diethyl ether at —30°C. Yield 782 mg
(54%). IR (KBr): #=3109 m, 2975 s, 2930 m, 1702 vs (C=0), 1680 s (C=0),
1480 s, 1398 s, 1365 s, 1352 5, 1255 m, 1164 s, 1106 s, 921 m, 786 m cm™;
'H NMR (270 MHz, CD,CL): 6=0.79 (s, 18H; C(CH,);), 1.39 (s, 6H;
(CH;),C,), 1.48 (5,18 H; O-C(CHs)3), 1.53 (s, 6 H; (CH;),C,),2.24 (s, 6 H; N-
CH3), 3.90 (m, 2H; Cp), 3.97 (m, 2H; Cp), 3.99 (d, 3/ =2.1 Hz, 2H; C(5)-
H), 403 (m, 4H; Cp), 432 (d, =18 Hz, 2H; C(2)-H); “C NMR
(679 MHz, CD,Cl,): 0=24.88 (C(CH;);), 2697 ((CH;),C,), 27.80
((CH;),Cy), 29.92 (O-C(CH3;)3), 32.53 (N-CH;), 41.91 (C(CHy);), 42.99
((CH,),C,), 67.39 (C(5)), 67.46, 67.58, 67.82, 68.14 (Cp), 80.56 (O-C(CHs;);),
81.42 (C(2)), 93.92 (ipso-C, Cp), 154.87 (C=Ogy), 170.04 (C=Oppmia);
elemental analysis (%) calcd for C,,HgsN,FeOq (778.85): C 64.77, H 8.54, N
7.19; found: C 64.51, H 7.98, N 6.74.

[Fe{CsH,-CMe,-CH(NH;")(COO")},] (20): Trifluoroacetic acid (2.17 mL,
28.11 mmol) was added at 0°C to a solution of 19 (782 mg, 1.00 mmol) in
dichloromethane (10 mL). After the mixture had been stirred for 15 h the
solvent was removed in vacuo. The residue was dissolved in 0.75m HCI
(20 mL) and brought into an ace pressure tube. DOWEX 50-WX 8 with
0.75M HCI (10 mL) and toluene (2 mL) were added and the mixture was
degassed by bubbling argon for 10 min through the mixture. Then, the
pressure tube was heated for three days at 105°C. The solution was
decanted and the ion exchange resin was washed with methanol and then
with water to pH 7. In a short column the product was eluted from the resin
with aqueous NHj; solution (10 % ). The fractions which gave a positive test
with ninhydrin were combined and concentrated in vacuo. The product 20
was purified by recrystallization from methanol/acetone. Orange-brown
powder. Yield 128 mg (31 %). IR (KBr): 7 =2974 m, 2938 m, 2872 m, 16555,
1605 m, 1530, 1469 m, 1366 m, 1172 w, 1041 w, 826 m cm™'; 'H NMR
(400 MHz, CD;0D): 6=1.31 (s, br, 6H; (CH;),C,), 1.41 (s, br, 6H;
(CH;),C,), 4.09-4.22 (m, 10H; Cp and CH); elemental analysis (%) calcd
for C,yHyN,FeO, (416.30); MS(FAB): 416 (4) [M]*, 372 (18) [M — CO,]*.

Li[C;H-CMe,-CH(NCPh,)(COOEt)] (21) and [Fe{C;H,-CMe,-
CH(NCPh,)(COOE)},] (22): A solution of nBuLi (2.44 mL, 3.90 mmol)
in hexane was added dropwise at — 78 °C to N-diphenylmethylene glycine
ethyl ester (1042 mg, 3.90 mmol) in THF (25 mL). The mixture was stirred
for 1 h at —78°C. Then 6,6-dimethylfulvene (470 pL, 3.90 mmol) in cooled
THF (7 mL) was added dropwise to the solution and the mixture was again
stirred for 2h. From a small amount of the solution the solvent was

0947-6539/02/0803-0698 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 3





a-Amino Acids with Metallocenyl Side Chains

691-699

removed and the '"H NMR spectrum of the lithium cyclopentadienide 21
was recorded ("H NMR (270 MHz, C;Dy): 6 (Cp) =5.56 (s, br, 2H), 5.94 (s,
br, 2H)). FeCl, (247 mg, 1.95 mmol) was added to the solution of 21, and
the mixture was allowed to warm up to room temperature over 15 h. The
solvent was removed under reduced pressure and the residue was
crystallized from hot n-hexane/ethyl acetate (4/1). The precipitate was
centrifuged off and crystals were obtained by layering a solution in ethyl
acetate with n-hexane. Yellow powder. Yield 1420 mg (91%). IR (KBr):
7=3091 w, 2982 s, 2938 m, 1739 vs (C=0), 1625 s (C=N), 1447 s, 1178 s,
1365 w, 1030 s, 781 m (Ph), 696 vs (Ph) cm~'; 'H NMR (270 MHz, CD,Cl,):
0=109 (t,*J=7.1Hz, 6H; CH;CH,), 1.41 (s, 6H; (CH;),C,), 1.44 (s, 6 H;
(CH3),Cy), 3.59 (s, 2H; a-H), 3.92 (q, *J=7.1 Hz, 2H; CH,CH,), 3.96 (q,
3J=71Hz, 2H; CH;CH,), 3.83-4.01 (m, 8H; Cp), 6.74-6.79 (m, 4H; Ph),
726-737 (m, 12H; Ph), 7.51-7.56 (m, 4H; Ph); ¥C NMR (100.5 MHz,
CD,CL): 6=13.95 (CH;CH,), 24.24 ((CH,),C,), 24.81 ((CH;),C,), 39.25
((CH;),C,), 60.12 (CH;CH,), 66.61, 67.36, 67.84, 68.06 (Cp), 75.75 (a-C),
9753 (ipso-C, Cp), 127.91, 127.95, 128.09, 128.32, 128.68, 130.12 (Ph), 136.28,
139.79 (ipso-C, Ph), 169.50 (C=N), 170.78 (C=0); MS(FAB): 801 (22) [M]",
428 (100), 354 (9), 278 (26), 267 (12), 73 (2); elemental analysis (%) calcd
for Cs,Hs,N,FeO, (800.82): C 75.00, H 6.54, N 3.50; found: C 75.46, H 6.64,
N 3.33.
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Abstract: The silver aluminates AgAl-
[OC(CF;),(R)], (R=H, CHj, CF;) react
with solutions of white phosphorus P, to
give complexes that bind one
or two almost undistorted tetrahedral
P, molecules in an #* fashion:
[Ag(P,),] [AI(OC(CF3)5),]~ (1) contain-
ing the first homoleptic metal—phos-
phorus cation, the molecular species
(P)AgAI[OC(CH;)(CF3),)s  (2), and
the dimeric Ag(u,n>-P,)Ag bridged
{(P)AAI[OC(H)(CF3).]s), (3). Com-
pounds 1-3 were characterized by var-
iable-temperature (VT) 3'P NMR spec-
troscopy (1 also by VT 3'P MAS-NMR
spectroscopy), Raman spectroscopy, and
single-crystal X-ray crystallography.

species, and this observation was ration-
alized on thermodynamic grounds. The
Ag(P,)," ion has an almost planar coor-
dination environment around the Ag"
ion due to d._,(Ag)— o*(P—P) back-
bonding. Calculations (HF-DFT) on six
Ag(P,)," isomers 4a—f showed that the
planar 5? form 4a is only slightly favored
by 5.2 kJmol~! over the tetrahedral #?
species 4b; 5'-P, and #*-P, complexes
are less favorable (27-76 kI mol~!). The
bonding of the P, moiety in [RhCI-
(7*-P,)(PPhy),], the only compound in

Keywords: density functional calcu-
lations - phosphorus - silver
weakly coordinating anions

which an #? bonding mode of a tetrahe-
dral P, molecule has been claimed, must
be regarded as a tetraphosphabicyclo-
butane, and not as a tetrahedro-P, com-
plex, on the basis of the published NMR
and vibrational spectra, the calculated
geometry of [RhCl(P,)(PH;),] (10), the
highly endothermic (385 kJmol™!) cal-
culated dissociation enthalpy of 10 into
P, and RhCI(PH;), (11), as well as atoms
in molecules (AIM) and natural bond
orbital (NBO) population analyses of 10
and the Ag(P,)," ion. Therefore, 1-3
are the first examples of species con-
taining #?-coordinated tetrahedral P,
molecules.

Other Ag:P, ratios did not lead to new

Introduction

Owing to the unique structure and unusual bonding of the
tetrahedral tetraphosphorus molecule, its chemistry has
attracted much attention over the past decades. However,
knowledge on species containing tetrahedro-P, is still very
limited. Recently complexes of P, with H* [l Li* I or Ag*l!
were investigated by mass spectrometry, and on the basis of
quantum-chemical investigations it was concluded that the P,
molecule retains its structural integrity when complexed with
Li* but forms a P-H-P three-center, two-electron bond in
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HP,". Few structures in which tetrahedral P, molecules are
coordinated to transition metal fragments are known,* >l and
the question whether #?> complexes are derived from neutral
tetrahedro-P, or from P>~ in a tetraphosphabicyclobutane
structure is still disputed. For example, [Rh!Cl(*-P,)-
(PPh;),]*] can formally be viewed as a Rh'"((P,?~) complex.[*]
In fact, upon reaction with transition metal fragments,
decomposition of the tetrahedral P, molecule is usually
observed, and phosphidic degradation appears to be the
normal reaction pathway of P,.[% This led to the question
whether very weak and simple complexes between a univalent
metal cation such as Ag*ll and the P, molecule could also be
accessible in condensed phases. Such compounds can be
regarded as initial steps on the usual pathway leading to
phosphidic degradation of P,.[7]

Here we report on the preparation and structural character-
ization of three silver—P, complexes containing one or two
almost undistorted tetrahedral P, moieties: [Ag(P,),]"-
[AI(OC(CF;);),]~ (1) containing the first homoleptic metal —
P, cation, the molecular species (P;)AgAl[OC(CH,)(CF;),],
(2) and the dimeric Ag(u,n*-P,)Ag bridged [{(P,)AgAl-
[OC(H)(CF3),]4},] (3). A preliminary account on the Ag(P,),"
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ion has been given.l®l For the stabilization of these superweak
silver—phosphorus complexes weakly coordinating anions
(WCAs) of the type AI(ORg),~ (ORg=polyfluoroalkoxy)
had to be used as spectator anions.’! Moreover we reinterpret
the bonding of the Rh(P,) moiety in [RhCI(P,)(PPh;),] as a
tetraphosphabicyclobutane P, unit, and not as a molecular
tetrahedro-P, complex, on the basis of the published NMR and
vibrational spectra, the calculated geometry and thermo-
chemistry of [RhCI(P,)(PHs),] (10), as well as AIM and NBO
population analyses of 10 and the Ag(P,)," ion.

Results and Discussion

Syntheses and NMR spectroscopic characterization: Initial
attempts to prepare M*(P,) complexes were performed by
treating LiAl(ORg), with white phosphorus alone or in
solvents such as CH,Cl, and 1,2-Cl,C,H,. However, NMR
spectroscopy indicated the failure of these reactions, and we
therefore replaced the hard Lewis acid Li* by the soft Ag* (P,
is a soft Lewis base). Analogously, the weak but soft Lewis
bases Se, and Sg formed stable complexes with Ag[Sb-
(OTeF;)e] 1" Several Ag*:P, ratios between 1:1 and 1:4 were
used, but for each anion a preferred product 1, 2, or 3 always
crystallized from the mixture (see Scheme 1).

ORr ZOUCRl . Ag(Pa)I'IAIOR ], 1
ORe| = OC(CHs)(CFa)z

Ag[AORE)g] + n Py P

(P4)AgAI(ORE)a, 2

ORg| = OC(H 1CF3 2

e 1 0.5 [{(P4)AgAI(ORF)4}2], 3

Scheme 1. Reactions leading to the Ag—P, adducts 1-3.

The nature of 1-3 was established by Raman and NMR
spectroscopy and by single-crystal X-ray crystallography. All
three compounds are colorless, highly soluble in CH,Cl,,
CHCl;, and 1,2-Cl,C,H,, and ignite spontaneously in air. The
molecular species 2 and 3 are also soluble in CS, and n-
pentane, and therefore dissociation into discrete Ag(P,)" ions
and AI(ORg), ions in solution appears unlikely. In the room-
temperature 3P NMR spectra of 1-3 the chemical shift of the
P, molecule is only very slightly shifted to lower field and
occurs as a sharp singlet (0(3'P) = — 522 (P,), —497 (1), — 515
(2), —514 (3) in CD,Cl,). The room-temperature solid-state
3IP MAS-NMR spectrum of 1 showed essentially the same
shift (0(*'P) = —511 at 298 and — 507 at 154 K;; Figure 1).

The VT 3P MAS-NMR spectra presented in Figure 1
clearly reflect the motion of the P, tetrahedron. The very
small overall linewidth of the room-temperature spectrum is
consistent with a rotation of the P, tetrahedron about all C;
axes, achieved by intermediate #' coordination as in Equa-
tion (1a). Upon lowering the temperature, the characteristic
frequency is reduced until it matches the MAS frequency at
180 K. Here the interference of the macroscopic rotation
(MAS) and the microscopic internal P, reorientation leads to
disappearance of the NMR signal. Further decrease of the

Chem. Eur. J. 2002, 8, No. 3
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Figure 1. Solid-state *'P MAS-NMR spectrum of 1 with 3 kHz spinning
frequency at 298 (top), 270, 240, 210, 180, 170, 160, and 154 K (bottom).

temperature freezes the rotation of P, about the C; axes, and
the spectra exhibit the full chemical shift anisotropy (CSA)
pattern, as indicated by the numerous spinning side bands.
The isotropic chemical shift remains virtually constant at 6 =
—511 at room temperature and —507 at 154 K. This is in
agreement with the order—disorder phase transition observed
by X-ray crystallography (see below). The chemical shift of
0 =—>511 for 1in the solid state at room temperature suggests
that the 3P NMR chemical shift of 1 is due to a fast
equilibrium between several Ag(P,)," isomers and only to a
small extent, if at all, to a fast equilibrium between Ag(P,),",
P,, and Ag".["l By analogy the same holds for 2 and 3. A
similar conclusion was drawn from the calculated 3P NMR
shifts of Ag(P,)," and Ag(P,)* below. We note that available
3P NMR signals of species containing coordinated P, moieties
are usually shifted considerably to lower field; for example,
0=-282 (av) in [RhCI(7?-P,)(PPhs),],** —391 (1P) and
—489 (3P) in [Re(CO),(n'-P,)(triphos)]*,[*) and —422 (1P)
and —473 (3P) in [W(CO);(5'-P,){P(CsH;,)5}] . Recording
the 3'P NMR spectra of 1 and 3 at low temperature led to a
small shift to lower field (A6 =10-11 at —100°C) and to line
broadening, but no evidence for an AB; or A,B, spin system
was found, in agreement with a fluxional system. Ab initio
calculations (see below) showed that the calculated gauge
invariant atomic orbitals (GIAQ) 3P NMR shifts of the two
nonequivalent phosphorus atoms in four Ag(P,)," isomers
4a—d only differ by A0=11-16 (see Table 1). Experimen-
tally, the two lines are indistinguishable on the NMR time-
scale, and prevents assignment of a unique solution structure
of the Ag(P,)," ion. Probably a mixture of 4a—d will be
present in solution [Eq. (1a)].

Ag(r-Py)," (4ab) = (7'-P)Ag(r-P)" = Ag(y'-P,)," (4ed)  (la)
In the 7' mode, rotation around the Ag—P axis is
presumably very fast and thus equilibrium (1la) makes all

phosphorus atoms equivalent on the timescale of solution and
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Table 1. Calculated GIAO 3P NMR shifts and relative energies of several
Ag(P,)," and Ag(P,)" isomers in the gas phase and in CH,Cl, solution (in

parentheses).
Species 0('P)(coord.)  O('P)(non coord.)  E

[ppm] [ppm] [kJmol-1]
Ag(P,)," 4a (n*; D,,)  —507 —518 0
Ag(P)," 4b (1 Dyy)  — 501 —517 +5
Ag(Py)," de (n': Dy)  —499 -512 +27
Ag(P,)," 4d (n'; Dsy) —500 —512 127
Ag(P,)," de (7°; Dy) —550 —632 +72
Ag(Py),* 4f (% Dy))  —551 —632 +75
Ag(P)* 5 (% Cy) —504 —508 0 (0)l
Ag(P) 5a(y'; Cy)  —461 ~516 +24 (+0.6)
Ag(P)*5b (7% Cy) =570 — 664 £30 (=)

[a] COSMO-model. [b] Calculation did not converge.

MAS-NMR spectroscopy. However, 77° coordination as in 4e,f
can be excluded on the basis of the calculated shifts and the
high relative energies (Table 1). Owing to the similarity of
calculated and observed *'P NMR chemical shifts we conclude
that the majority of the Ag(P,)," and (anion)Ag(P,) com-
plexes in 1 and 3 remain as 7> and 7' complexes in solution and
dissociate only slightly into Ag™ and P,. However, in none of
the spectra at all temperatures and with all Ag:P, ratios tested
the signal of free P, was visible.['”l In 3 the exchange of the
coordinated P, molecules may occur via a dimeric structure
like that observed in the solid state (see below and Eq. (1b),
R = C(H)(CF5),).

2(P,)Ag[AI(OR),] = {(P)Ag[AI(OR),]}, = 2(P,)Ag[AI(OR),] (1b)

However, these exchange processes are faster than the
NMR timescale even at —100°C and therefore lead to the
relatively simple one-line spectra. Equations (1a) and (1b)
were supported by a systematic VT 3P NMR spectroscopic
investigation of the properties of CD,Cl, solutions with
Ag":P, ratios of 1.0:1.0-2.5 for R=C(H)(CF;), and
1.0:2.0-4.0 for R = C(CF;);."™

A different situation was encountered for 2, which contains
the most basic anion of this AI(ORp),  series.) The P,
molecule of 2 is the most weakly bound amongst 1-3.[13
Upon cooling a sample of 2 in CD,Cl,, two broad lines in a
ratio of 1:7 at 6(*'P) = — 466 and — 518, as well as a sharp line
attributable to Ag(P,),", appeared at —80°C and were the
dominant signals at —90°C (Figure 2).

-487 Ag(P@ﬂ

A
“ ! "\
\

Ll -518(7P)
|
466 (12) I
w\ 15 \
J L S it Ay I
-240 -320 -400 -480 -560 -640
-3

Figure 2. 3P NMR spectrum of 2 in CD,Cl, at —90°C.

Comparison with the calculated GIAO 3P NMR shifts of
three Ag(P,)" isomers 5, 5a, and 5b (Table 1) that served as
models for (anion)Ag(P,), which is presumably a molecular
compound in solution, shows that this is best understood as a
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1:1 mixture of Ag(n'-P,) and Ag(#*-P,) moieties within the
(anion)Ag(P,) structure [Eq. (2a), R = C(CH;)(CF;),], with a
small amount of Ag[Al(OR),] and Ag(P,),[Al(OR),] (sharp
line at 0=—487, cf. OC'P) (1, —90°C)=—488 and O('P)
(P,, —80°C) = —516['?) also present [Eq. (2b)].

(7-P,)Ag[AI(OR),] = (7'-P,)Ag[AI(OR),] (2a)

2(P)Ag[AI(OR),] = Ag(Py),[AI(OR),]+ Ag[AI(OR),] (2b)

The broad signal at 0(*'P)=—466 is due to the only
coordinated P atom of the ' species (caled: d = —461) and
the more intense signal at d = — 518 is due to a superposition
of the signals for the three basal P atoms of the #' species and
all the phosphorus atoms of the #? form (see Table 1). In the
gas phase the %' form in the Ag(P,)* model is 24 kJ mol~! less
stable than the #? form, which is compensated in CH,Cl,
solution by the 23.4 kI mol~! higher solvation energy of the #'
isomer (COSMO model: AG,,,=—171.4 kJmol™! for 5,
—194.8 kJmol~! for 5a). This accounts for the 1:1 mixture
observed by NMR spectroscopy. Based on the calculated
NMR shifts, the #* isomer is ruled out and certainly plays no
role in solution.

Reactions of 1 with the Lewis bases C;Dg, 1,5-cycloctadiene,
and Sg: When 1 was dissolved in C¢Dg, the room-temperature
3P NMR spectrum showed one sharp signal at 6 = — 520, that
is, the chemical shift of free P, in this solvent. Therefore, we
conclude that the Ag(P,)," complex is destroyed in C¢Dy, and
an Ag(C¢Dy)," (n=2) complex and 2P, are formed. This is
consistent with the many known stable crystalline Ag* arene
complexes.” 14l Similarly, we also observed destruction of the
Ag(P,)," complex when two equivalents of 1,5-cycloctadiene
(COD) were added to a solution of 1 in CDCl; (6*'P = —521
(free P,); an [Ag(cod),]"BF,~ (cod =1,5-cyclooctadiene) salt
is known!"*l). However, octasulfur S is an even weaker donor
than P,; an NMR-scale reaction between 1 and two equiv-
alents of Sy in CDCl; with ultrasonic enhancement for 30 min
left the sulfur unconverted at the bottom of the NMR tube.
The 3P NMR spectrum of this mixture showed only one line
at 03P = — 496, that is, exactly the position of 1 in this solvent.
Under the same conditions, Ag[Al(OC(CF;);),] reacted
quantitatively with two equivalents of Sy to give Ag(Sg),-
[AI(OC(CF5)s),] ")

Crystal structures: Crystallographic and refinement data of
1-3 are collected in Table 5.

Overall structure: The solid-state structures of 1-3 contain
side-on-bonded Ag(#?-P,) moieties with comparable struc-
tural parameters (Table 2). However, 1, which contains the
least basic anion,” is a salt, and the Ag atom binds two
tetrahedral P, molecules so that the local coordination sphere
of the Ag atom is nearly planar and the two AgP, planes are
tilted by only 10.6° (Figure 3).

When the data for 1 were collected at 200 K, an order—
disorder phase transition occurred, and the Ag(P,)," ion
became perfectly D,,-symmetric, while all OC(CF;); groups
of the AI(OC(CFs;);),~ ion were disordered and freely rotating
(Figure 4).') Therefore, the D,, conformation should be the
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Table 2. Structural parameters of the Ag(y?-P,) moieties in 1-3.

Parameterl? 1 2 3
d(Ag—P) range [A] 2.536(1)-2.548(1) 2.5262(8)-2.5274(9) 2.512(2)-2.523(2)
d(Ag—P) av[A]  2.541(1) 2.5268(9) 2.519(2)
d(a) range [A] 2.328(2)-2.330(2) 2.3076(12) 2.317(2)-2.334(2)
d(a) av [A] 2.329(2) - 2.326(2)
d(b) range [A] 2.145(2)-2.163(2) 2.152(1)-2.174(1)  2.151(2)-2.174(2)
d(b) av [A] 2.154(2) 2.159(1) 2.160(2)
d(c) range [A] 2.172(2)-2.174(2) 2.188(2) 2.161(2)-2.177(2)
d(c) av [A] 2.173(2) - 2.169(2)

P-P-Prange [7]  56.89(7)—65.53(7) 57.29(4)-64.48(4)  56.92(7)—65.26(6)

[a] a, b, c refer to the distances shown in A.

/ P\P «C
Ag\a(P/%\Qp

b

Figure 3. The solid-state structure of the Ag(P,),” ion in 1 at 150 K.
Thermal ellipsoids are drawn at the 25% probability level; for clarity the
AI(OC(CF;);),” ion is omitted.

S
P4

Figure 4. The solid-state structure of the Ag(P,)," ion in 1 at 200 K.
Thermal ellipsoids are drawn at the 25 % probability level; for clarity the
disordered Al(OC(CFs;);), ion is omitted. The bond lengths and angles are
similar to those in the low-temperature modification.!'”!

ground state and is not induced by cation —anion contacts. At
150 K, the rotation of the CF; groups is hindered by the
formation of eleven weak P—F contacts at 3.12-3.36 A

Figure 5. Stabilizing P—F contacts in the low-temperature modification of 1.

(Figure 5, sum of van der Waals radii for P and F: 3.40 A), and
these weak interactions slightly distort the D,, conformation.

There is only one family of ions with an isolobal topology to
1, namely, [M{M'(tppme)(P3)},]PFs (M =Cu, Au; M’'=Co,
Rh, Ir; tppme = 1,1,1-tris(diphenylphosphanylmethyl)ethane),
in which the local coordination of the M atom is between
planar and tetrahedral [the two MP, planes form an angle of
about 51° (Au) or 57° (Cu); in 1: 10.6° (150K) or 0°
(200 K)].['®! In contrast to 1, the Ag* ions in 2 and 3 are
additionally ligated by the AI[OC(R)(CF;),],” ions (R=H,
CHj;), and Ag* can therefore only bind one P, molecule. The
oxygen atoms of these anions are sterically more accessible
and more basic than those in Al[OC(CF;);], ! and thus also
coordinate in a bidentate fashion to the Ag atom to give the
molecular species 2 (Ag—O 2.365(2), 2.388(2) A; Figure 6)
and the dimeric species 3 (Ag—O 2.353(3)-2.401(3) A; Fig-
ure 7). The latter distances are comparable to those of other

Figure 6. The solid-state structure of 2. Thermal ellipsoids are drawn at the
25% probability level; for clarity all hydrogen atoms are omitted, and
carbon and fluorine (gray) atoms are shown as small circles on an arbitrary
scale.

weak Ag—O interactions, for example, in (OC)Ag[B(OTeFs),
(Ag—O 2.324(6), 2.436(6) A).Y Interestingly, the local
AgO,P, coordination sphere in 2 is tetrahedral, while that in
3 is planar. However, the two (P,)AgAl[OC(H)(CF;),], units
in 3 dimerize by weak Ag—P contacts of 3.352(2)-3.429(2) A,
and if one weak Ag—F interaction per Ag atom (3.250(3) and
3.282(3) A) is included, the local coordination environment of
the silver atoms is elongated octahedral (Figure 8). In contrast
to 3, no Ag—F contact below 4.269 A is found in 2. The
phosphorus atoms in 2 (3) exhibit
three (five) weak stabilizing con-
tacts to fluorine atoms below the
sum of the respective van der
Waals radii of 3.40 A: 3.302(1) to
P3,3.350(1) to P2, and 3.400(1) A
to P1 (3: 3.230(3) to P4, 3.301(3)
to P1, 3.328(3) to P2, 3.331(3) to
P7, and 3.340(3) A to P6).

The Ag(n?*-P,) moieties: All three
solid-state  structures contain
Ag(n?*-P,) moieties with local C,,
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Figure 7. The dimeric solid-state structure of 3. Thermal ellipsoids are
drawn at the 25% probability level; for clarity all hydrogen atoms are
omitted, and carbon and fluorine atoms (apart from F123A and F224A) are
shown as small circles on an arbitrary scale.

DF123A

l13.282(3)

022
B '(Ag2 Po6

[ o1 |
3.3520)! P5 " P8 ®
3.4292)  O11

P3\ I 1 ( ): &

i 4

T, AL on
P4 13.250(3)
& F224A

Figure 8. The local octahedral coordination of the Ag atoms in 3, including
one weak Ag—F contact each. All hydrogen, carbon, and fluorine atoms
except for F123A and F224A are omitted for clarity.

symmetry. The Ag—P [P—P] distances vary only slightly and
range from 2.519 (3) to 2.541 A (1) (2.145 (1) to 2.334 A (3)).
The coordinated edge of the P, tetrahedron is elongated by
about 0.10—0.12 A, but all other P—P distances are shortened
by 0.02 to 0.07 A relative to the free P, molecule (2.21 A; see
Table 2). There are three sets of distinctly different P—P bond
lengths: the coordinated edge (av 2.323 A, denoted a), the
four adjacent bonds (av 2.158 A, b) and the opposite edge (av
2.177 A, ¢), but the overall geometry of the P, molecule is only
slightly distorted, as seen by the small range of P-P-P bond
angles of 56.9-65.5°. In contrast, the coordinated edge in
[RhCI(72-P,)(PPh;),]*! is elongated to 2.462(2) A, that is,
025 A longer than in P,. The Rh—P, bonds in the complex are
short (av2.293 A, cf. av 2.529 A in 1-3), even shorter than the

strong dative Rh—PPh; bonds in the same molecule (av
2.333 A). This is surprising given the low nucleophilicity of the
neutral P, molecule, and one would expect a difference of
about 0.1 A between Ag—P and Rh—P bonds, since the atomic
and ionic radii of silver and rhodium differ by this amount,
whereas the difference between 1-3 and [RhCI(n*
P,)(PPh;),] is about 0.23 A I This again underlines the weak
coordination of the tetrahedral P, molecule in 1-3 and raises
the question whether the P, moiety in [RhCl(%?-P,)(PPh;),]*!
should better be formulated as being formally derived from
|

Raman spectra: The FT-Raman spectra of 1-3 also show the
weak coordination to the Ag* ion. Upon coordination of P,
the local symmetry of the Ag(P,) moieties is lowered from T},
(in P,) to C,,, and therefore the three A;, T,, and E Raman
bands of P, split into six Raman active A; (3), A, (1), B, (1),
and B, (1) modes. All observed frequencies of 1-3 are
collected in Table 3, and a typical spectrum (of 1) is shown in
Figure 9.

0.38

374 (A,) 458(B,)

\

0.34
0.30
0.26
300 400 500 600 700
Figure 9. FT-Raman spectrum of 1 between 300 and 700 cm™".

The Raman frequencies of 1-3 are very similar and only
slightly shifted relative to those of P,; this indicates nearly
undistorted and therefore weak coordination of the P,
molecule. In contrast, the P—P Raman frequencies of
[RhCI(7*-P,)(PPh;),] are shifted to lower energy by 27-
72 cm~!, in agreement with considerable weakening of the
P—P bonds and strong coordination to the rhodium center.
Moreover, the symmetric A; breathing mode of P,, which in
free P, and 1-3 is the most intense band, is weak in [RhCI(#?-
P,)(PPh,),].*®! This again raises the question of whether this
n*>-P, moiety should be regarded as neutral P, or P,>".

Calculations: To understand the bonding situation in the
Ag(n?*-P,) moieties in 1-3 and to establish the thermody-
namics of 1-3 we fully optimized the structures of six isomers
of Ag(Py)," (7°-Dyy (4a), 77>-Day (4b), n'-D3, (4¢), 7'-D3q (4d),

Table 3. Experimental Raman spectra of 1-3, calculated scaled®! frequencies Veygeq Of Ag(Py),* (Dyy), (4a), and (P,) AgAl(OCF;),F, (C,) (6a), experimental

frequencies V,y, of P, and [RhCl(#>-P,)(PPh;),]*"! [incm™'].

1 2 3 Ag(P.),"

Vexp (I%) Vexp (IO/") Vexp (I%) Vealed (1%) Sym.
601 (100) 598 (100) 598 (100) 595 (100) A,
473 (18) 469 (sh) 471 (26) 468 (21). B,
458 (16) 457 (29) 459 (sh) 465 (13). B,
413 (5) 414 (7) 414 (8) 413 (15), A,
381 (sh) 371 (6) 374 (12) 366 (7). By,
374 (9) 358 (6) - 361 (12), A,

6a Rh(P,)t! P,

Vealed (I%) sym. chp (1%) chp (I%) Sym.
596 (100) A, 571 (w) 598 (100) A,
470 (28) B, 438 (m)

469 (19) B, 386 (m) 457 37) T,
414 21) A, 374 (sh)

367 (13) A, 344 (w) 360 (9) E

362 (20) A,

[a] Rh =Rh(PPh;),(Cl). [b] In the solid state on our spectrometer.
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7>-Dy, (4e), 1>-Dsq (41)), Ag(P,)" (Cy, 5), two isomers of
(P,)AgAl(OCF,),F, (C, tetrahedral (6a), C,, planar (6b)),
AgAl(OCF,),F, (C,, 7), AI(OCF;),F,” (C,, 8), and P, (T, 9)
at the hybrid HF-DFT MPW1PWO91 level. The OCF; and F
ligands served as models for the fluorinated alkoxy ligands in
the aluminate anions of 2 and 3. All optimized geometries of
4a, 5-8 (Figure 10) are in very good agreement with the
structural parameters of 1—3 or other comparable species and
are therefore not discussed in detail.

The optimized geometry of P, has a P—P bond length of
2.209 A (exp: 2.21 A) and a total energy of —1365.48801 a.u.
The tetrahedrally coordinated compound 6a is a true mini-
mum, but the planar species 6b is a fifth-order saddle point
with small imaginary frequencies of 7i—28i cm~'. However,
the fact that 6a is only favored by 15kJmol™! over 6b
indicates the presence of a very shallow hypersurface for
compound 6. A similar situation to that in 6a,b is encountered
for the Ag(P,)," cation (4): The tetrahedrally coordinated
cation 4b is a second-order saddle point but is only
5.2 kJmol! less favorable than the planar global minimum
4a. All other 5'- and #73-bonded species 4¢—f are also saddle
points and are about 27 (') to 76 kImol~' (%°) less favorable
than 4a (for geometries and total energies of 4b—f, see Sup-
porting Information). All calculated imaginary frequencies of
4b-f are very small (<44icm™') and therefore indicate
shallow potential energy wells on the hypersurface of 4.

To compare the 7> bonding of the P, molecules of 1-3 to
that of [RhCl(%?-P,)(PPh,),]*®! and to answer the question
whether the Rh atom in this species should be regarded as Rh!
or Rh'" (formally with a P/~ ligand), we fully optimized
the model compounds [RhCl(%*-P,)(PH;),] (10) and

- \' -
Pass
C?\(m?nggoo 70 61
Tt

P i .
® f 3
I 1.375 6a, (C,) -7809.96173 a.u.

\F/,

7,(Cy)

[RhCI(PH;),] (11) at the same level of theory as 4—9. The
structural features of [RhCl(3%-P,)(PPh,),]*! are reproduced
in the optimized structure of 10 (Figure 11) within 0.034 A
and thus lend credibility to the results of the calculation
(calculated structural features of 11 are given in the Support-
ing Information).

0.06
4 008 DHi
0.08 ¢ .
HI2 ')\w\w 0.06

2.480 2.462) 201
| P5 i

001
043023 - 2.189
c Rl : (2.188)

. -
2.416 (2.410)] ’Mm N

2.299 (2.333)

(2.293) 2.213\P4)

(2.213)
VAN

IeTaal. P6 |

/ \Ci{w

H9“

10 (C)); -7176.97176 a.u.

Figure 11. Optimized geometry and structural parameters of [RhCl(?*-
P,)(PH;),] (10). The corresponding bond lengths of the structurally
characterized [RhCl(*P,)(PPh;),]*! are given in parentheses, and calcu-
lated Mulliken charges in italics.

Thermodynamics of the tetraphosphorus complexes: We
quantified the weak coordination behavior in complexes 1-
3 with the help of model reactions in comparison with
[RhCI(#*-P,)(PH;),] (10) and rationalized the exclusive
formation of the molecules 2 and 3 and the salt 1. Suitable
Born - Fajans — Haber cycles were constructed to approximate

-1268.18714 a.u.

4a, (D) -7907.15092 a.u.

Figure 10. Optimized geometries of 4a, 5-8 at the MPW1PWOI1 level; selected calculated Mulliken charges are given in italics.
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the solid-state behavior. The lattice potential enthalpies of
salts were estimated by the modified Kapustinskii equation of
Jenkins and Passmore,?!l and the sublimation enthalpies of
molecules by a recently employed formula.’! All estimated
lattice potential enthalpies and sublimation enthalpies can be
found in the Supporting Information. Estimated solid-state
enthalpies of reaction should be accurate to within
30 kI mol 1?2 while the gas-phase values calculated by hybrid
HF-DFT methods should be correct to within 20 kJ mol~.[

The strength of coordination of the tetraphosphorus molecule:
The dissociation of the model complex (P,)AgAl(OCF;),F,
(6a) into P, and AgAl(OCF;),F, (7) [Eq. (3)] was calculated
to be endothermic (endergonic) only by 91 (14) kImol~".
Similarly the first step of the dissociation of Ag(P,)," (4a) into
5 and P, is endothermic (endergonic) by only 112
(61) kJmol! [Eq. (4)].?4 In contrast, the P, molecule in the
model compound [RhCI(%?-P,)(PH,),] (10), calculated at the
same level, is bonded much more strongly, and dissociation of
10 is highly endothermic (endergonic) by 385 (334) kJmol ™!

[Eq. (5)]-

(Py)AgAI(OCF;),F, (g) — Py(g) + AgAl(OCF;),F, (g) (3)
Ag(Py)," (g) — Pu(g) +Ag(P) (g) “
[RhCI(P,)(PH;),] (g) — P4(g) + Rh(PH;),Cl(g) (5)

Taking the calculated gas-phase reaction enthalpy of
Equation (3) as a rough approximation of the expected gas-
phase enthalpies of dissociation of 2 and 3 and modeling the
solid-state enthalpies of dissociation of 2 and 3 by incluing the
respective sublimation enthalpies, we estimate that the
dissociation into the solid silver compound and solid neutral
P, is only endothermic by 68 kJmol! [Eq.(6); R=H,
CH;].

(P)AgAI[OC(R)(CF3)]s(s) — Py(s) + AgAI[OCR)(CFy)L; (s) (©)

Equations (3), (4), and (5) clearly demonstrate the weak
coordination of the P, molecule to the Ag" ion in 1-3, while
Equation (5) indicates that the P, moiety in 10 is strongly
bonded to the rhodium center, so that dissociation into
neutral P, and Rh(PHj;),Cl is very unfavorable.

Should species other than 1 -3 be accessible? The experiment
showed that, regardless of the Ag:P, ratio, only one P,
containing species crystallized from the reaction mixture for
each silver salt. This raised the question whether the Ag(P,),*
ion is stable with a A[[OC(R)(CF;)], ion (R =H, Me) in the
solid state (as observed in low concentration in solution; see
Figure 2). Two possible pathways were investigated on the
grounds of thermodynamics:?? The addition of an extra
molecule of P, to the known compounds 2 and 3 [Eq. (7)] and
the internal disproportionation of two molecules 2-3

[Eq. (8)].

(P)AZAI[OC(R)(CF3)](s) + Py (5) —

[Ag(P), JATOCR)(CF)L ) 5) )

AH =215 (R =H) and 236 kJmol"! (R = CH,)
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(Py)AgAI[OC(R)(CF3),)u(s) —

[Ag(P.), JHAITOC(R)(CF).1, ) 5) + AlAIIOCR)(CE)L) ) )

AH =273 (R =H) and 304 kTmol~' (R = CH,)

Both reactions are highly unfavorable, and this accounts for
the exclusive formation of 2 and 3. Analysis of the Born—
Fajans — Haber cycles for Equations (7) and (8) shows that the
most unfavorable contribution for a reaction as delineated
is the heterolytic gas-phase dissociation of the (P,)AgAl-
[OC(R)(CF;)2l4 (2, 3) into Ag(Py)* and AI[OC(R)(CF3),],",
which is endothermic by 415 kI mol~.! The gain in lattice
potential enthalpy does not compensate for this reaction
enthalpy. This shows that only the most weakly coordinating
anion, that is, the perfluorinated Al{OC(CF;);],~ ion, which in
all silver compounds structurally characterized so far does not
form Ag—O contacts, is able to stabilize the Ag(P,)," cation
in the solid state.

The silver— P, bonding in 1-3: In general, linear twofold
coordination is the electronically and electrostatically pre-
ferred coordination mode of the Ag* ion towards a variety of
soft C-, N-, P-, and S-donor ligands (e.g., CN-, SCN-, NH;).*!
The coordination of Ag" by strongly electronegative O and F
ligands is unfavorable and, if enforced, results in higher
coordination numbers (CN) of 4-9 with many weak electro-
static Ag—O and Ag—F contacts that adopt positions on a
sphere around the silver ions.”] Between these two extremes
lies the bonding situation in 1-3. In contrast to NH;,
tetrahedral white phosphorus is a very weak base (the proton
affinity is only 748 kJmol~!; cf. 847 kJmol~! for NH;?")), and
only if the counterion is sufficiently less basic than P, a Lewis
acid—base complex is formed. However, as seen for the Li*
cation above, this electrostatic criterion is not sufficient to
allow the isolation of an M*(P,) complex when M* is a hard
univalent metal like lithium. Only the use of the soft Ag* ion
allowed for the electronic stabilization of the initial electro-
static Lewis acid—base complex. This may be seen from the
similar energies of the LUMO of the Ag" ion at —0.206 a.u.
(5¢" orbital) and the HOMO of the P, molecule
(—0.370 a.u.?®). In this respect the bonding in the Ag(y>-P,)
moieties is similar to that of Ag(n*-C,H,)* units, and the
Ag(P,)," cation may be viewed as a mainly electrostatic
complex of an Ag' ion with linear coordination of two
electron pairs of the two-coordinate P—P bonds. However, if
electrostatic interactions were the only contribution to the
bonding, one would expect a tetrahedral arrangement of the
two coordinated P—P edges (i.e., structure 4b), as was
observed in D,g-symmetric Pd(5*-H,), with the isolectronic
neutral 4d'° Pd® atom.”) The observed planar conformation of
Ag(P,)," (4a) suggested additional d-orbital contributions to
the Ag(»*-P,) bonding (backbonding), and indeed, inspection
of the calculated molecular orbitals of 4a suggested that the
planar conformation may be induced by d.._,.(Ag) — o*(P—P)
back bonding. The filled d,._,. orbital of the Ag* ion donates
electron density into the empty o* orbital of the coordinated
P—P bond of the P, tetrahedron (Figure 12).

The three orbitals [1d,. ,» and 20%(P—P)] transform into
one bonding (b.), one nonbonding (n.b.), and one antibonding
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F(a.u.)l
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-0.197 4-ab. .*

-0,222

-0.574

Figure 12. d,._(Ag) — o*(P—P) interaction in Ag(P,),".

(a.b.) molecular orbital, only the bonding combination of
which is occupied. In principle a similar interaction should
also be feasible in a tetrahedral ligand field, given the small
energy difference between the planar (4a) and tetrahedral
(4b) conformations of only 5.2 kJ mol~L. The final preference
for the planar conformation may be induced by the ligand
field. In a planar ligand field the five degenerate atomic d
orbitals transform into four sets of orbitals, the d,._,. orbital of
which is shifted to highest energy (to +12.28 Dq),*"! that is, to
much higher energy than the three t, orbitals in a tetrahedral
ligand field (to +1.78 Dq).”" Therefore the d.. . orbital of
the Ag®ion of Ag(P,)," (4a) lies at sufficiently high energy to
interact with the empty o* orbital of the coordinated P—P
bond, as shown in Figure 12. Moreover, only one d orbital is at
high energy (the energetically closest d,, orbital lies at a much
lower energy of +2.28 DqPY), which thus explains the planar
arrangement. A natural bond orbital (NBO) analysis assigns a
stabilization energy of 41 kJ mol~' to this process. However, as
can be seen from the small energy difference between planar
4a and tetrahedral 4b of 5.2 kJ mol~, the additional electronic
stabilization achieved by a planar arrangement of the ligands
is small. However in both isomers 4a and 4b an unusual
polarization of the closed 4d' shell of the silver atom occurs.
This is due to backbonding from the silver atom to the
positively charged phosphorus atoms. With this process the
unfavorable positive charge residing on the coordinated
phosphorus atomsP! is removed, and the partial charges of
Pe.oorq are now —0.06 (Mulliken) or —0.10 (NBO).

Another unusual planar coordination environment of the
Ag atom was observed in the neutral D,, complex Ag’(C,H,),
(matrix-isolation ESRP?). Since a significant amount of the
positive charge of the Ag' ion in 1 was transferred to the
P oncoora atoms (see solid-state contacts and calculated charges
of +0.16 (NBO) to +0.17 (Mulliken)), the Ag atom in
Ag(P,)," presumably has a similar electronic situation as that
in the Ag’(C,H,), molecule, and therefore a similar planar
bonding situation resulted. Moreover, the complex of the
weak Lewis base dicyanogen with AgAsF; also exhibits planar
coordination of the Ag* atom.P In d'° Pd’(s*-H,), the
tetrahedral D,y arrangement of the two H, moieties is only
very slightly preferred over the planar D,, form.¥

Let us now examine the situation for compounds 2 and 3, in
which a tetrahedral (2) and a (to a first approximation) planar
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(3) coordination environment of the Ag atom are realized. As
shown above in the thermodynamics section, the more basic
anions interact more strongly with the silver atom than an
additional P, molecule. The nature of this Ag—O interaction is
more electrostatic and therefore the tetrahedral conforma-
tion, as in 2 (or 6a), is expected to be the most stable on
electrostatic grounds. This shows that the planar local AgO,P,
coordination environment in 3 is enforced by the head-to-tail
dimerization of the two (P,)AgAl[OC(H)(CF),], units that
finally leads to an elongated octahedral coordination sphere
around the Ag atoms in 3 if the weak Ag—P and Ag—F
contacts at 3.25 to 3.43 A are included. Consistently, the
planar species 6b lies only 15 kImol~! higher in energy than
the tetrahedral species 6a.

Atoms in molecules (AIM) and natural bond orbital (NBO)
analyses of Ag(P,)," and [RhCI(P,)(PHj;),]: To compare the
n*-P, bonding situation in 1-3 and [RhCI(P,)(PPh;),] and to
investigate the question whether the coordinated edge of the
P, moiety in 1-3 or the rhodium compound must be regarded
as a P-P bond or not, AIM and NBO population analyses?® 4!
were performed for Ag(P,)," and [RhCI(P,)(PH;),] with the
correlated MPW1PW91 electron density. For comparison the
Ag(C,H,)" ion was also analyzed.’" Table 4 summarizes the
results of the population analyses; the calculated bond paths
and bond critical points (BCPs) for both species are shown in
Figure 13.

Table 4. Electron densities p residing on the BCPs, calculated natural charges g
and Wiberg bond orders b.o. of P, Ag(P,),", [RhCl(P,)(PHs),], and Ag(C,H,)".

Property P, Ag(Py),* [RhCI(P,)(PH;),] Ag(CH,)*
P(P—P. o) [eA3] 0112 0.099-0.106  0.110-0.111 -
p(P—P. ) [eA]] - 0.078 - 0.3190
p(M—P_.) [eA’] - 0.046 0.096 0.058]
q(M) - +0.74 +0.08 +0.93
q(Peoora) - —-0.10 —0.04 +0.041
G(Proncoord) - +0.16 —-0.01 -
b.0.(P—P 00 - 0.90 0.48 1.83M
b.0.(P—P onco0ra) 0.99 0.95-0.99 -
b.o.(M—P_0.) - 0.18 0.60 0.20

[a] P(CCeoora)- [B] P(M~Cigora)- [€] §(Ceoora) With g(H) summed into ¢(C).
[d] b'o'(ciccoord)'

Figure 13 shows that the coordinated P—P edge incorpo-
rates a P-P BCP in Ag(P,)," (4a) but not in [RhCI(P,)(PHs),]
(10). This implies the breaking of one covalent P—P bond in 10
with formation of two new covalent Rh—P bonds in keeping
with the calculated electron density residing on the Rh—P
BCPs (0.096 e A3 versus only 0.046 ¢ A® on the Ag—P BCP and
about 0.10-0.11eA? on the P—P BCPs) and the highly
endothermic dissociation of 10 into 11 and P,. In contrast, the
coordination of the P, molecules in 1-3 is very weak, and the
presence of an AIM BCP on the coordinated P—P edge of 4a
(0.078 ¢ A3, cf. 0.099-0.106 on the other P—P bonds) shows
that this edge is a slightly weakened P—P bond. A similar
conclusion was drawn from the NBO analysis: The Wiberg
bond order of the uncoordinated P—P edges in both 4a and 10
ranges from 0.95 to 0.99. In 4a the coordinated P—P bond has
a bond order of 0.90, but in 10 this bond order is reduced to

0947-6539/02/0803-0707 $ 17.50+.50/0 — 707





i
i

f

(e
\(\L\ =

FULL PAPER

I. Krossing and L. van Wiillen

o

Figure 13. Calculated AIM bond paths and BCPs (e) of Ag(P,)," (4a) and
[RhCI(P,)(PH3),] (10).

only 0.48 while the M—P bond order increases from 0.18 (M =
Ag) to 0.60 (M =Rh). In contrast to 4a, the M—P bond order
in 10 is higher than the b.o. of the coordinated P—P edge. From
the NBO and AIM analyses it therefore follows that the P,
moiety in 10, and hence also that in [RhCI(P,)(PPh;),]*! is
best described as being formally derived from P,>~ in a
tetraphosphabicyclobutane structure rather than from a
neutral tetrahedral P, molecule, and neither 10 nor
[RhCI(P,)(PPh;),] contains intact tetrahedral P, molecules
and each has covalent Rh—P bonds. Compounds 1-3 are the
first compounds that contain a side-on coordinated tetrahe-
dral P, molecule. Strong support for this interpretation is
found in sections of the calculated total electron densitiesP” of
neutral P, (Figure 14a), Ag(P,),* (4a; Figure 14b), and
[RhCI(P,)(PH;),] (10; Figure 14c).

AL & 22
@\‘\\\\\ f\// \ =
o) (@) ) (@)
@//////; /:\< // NS
P, Ag(Py),* (PRh(PH;),Cl Ag(C,H)"

Figure 14. Sections of the calculated total electron densities” of neutral
P, through the P—P bond (a), Ag(P,)," 4a through the AgP, plane (b),
[RhCI(P,)(PH;),] (10) through the RhP, plane (c) and Ag(C,H,)* through
the AgC, plane (d).

The topology of the total electron density of the P—P bond
in free P, is only slightly distorted when coordinated to Ag"
(Figure 14 a, b), and the center of the AgP, plane contains an
electron-density minimum which can only be explained by
backbonding in addition to the electrostatic coordination of
the P—P bonds. The topology of the total electron density of
the RhP, plane in 10 is in sharp contrast to those of P, and
Ag(P,),", and the curvature of the RhP, electron density
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suggests the presence of covalent Rh—P bonds but only weak
interactions between the two P atoms of the coordinated P—P
edge.

A comparison of the bonding in Ag(P,)," and Ag(C,H,)"
reveals distinct differences: the AIM analysis of Ag(C,H,)"
(MP2 level) gave only two BCPs residing on the C—C bond
and on the line between the Ag atom and the center of the
C—C bond®! (no ring point was found, in contrast to 4a). This
curvature of the electron density was interpreted®! as arising
from an interaction of the m electrons of C,H, with the Ag"
ion to give a T-shaped, mainly electrostatic bonding with little
or no backbonding from the occupied 4d orbitals of Ag™.
Consequently, the topology of the total electron density of
Ag(C,H,)", calculated at the same level as those of P,
Ag(P,),", and [RhCI(P,)(PH;),],*” (Figure 14d) is very differ-
ent to those shown in Figure 14b and c. This is also seen in the
calculated natural charges (Table 4) residing on the silver
atom in 4a (+0.74) and Ag(C,H,)" (+0.93). In 4a the positive
charge is more highly delocalized by backbonding than
in Ag(C,H,)*, and therefore the positive partial charge
residing on the silver atom in 4a is smaller than in Ag(C,H,)*
by 0.19.

Conclusion

We have shown: 1) By employing very weakly coordinating
anions of the type AI[OC(CF;),(R)],~ (R=H, CHj, CF;)
superweak complexes of the Ag™ ion and the tetrahedral P,
molecule can be synthesized. The unusual D, -symmetric
Ag(P,)," ion is only stable with the most weakly coordinating
Al[OC(CF3);],~ spectator anion. Addition of weak bases like
benzene or COD decomposes the Ag(P,),” complex. 2) The
bonding of the Rh(#*-P,) moiety in [RhCIl(P,)(PPh;),] com-
pound™]l should be reassigned as formally being derived from
Rh™ and P,>~ in a tetraphosphabicyclobutane structure with
two covalent Rh—P bonds but very little P—P bonding in the
coordinated P—P edge of the Rh(#?-P,) substructure. There-
fore, 1-3 are the first unambiguously characterized com-
pounds with side-on 7?-coordinated tetrahedral P, molecules.

= 3) To a first approximation the Ag atom in Ag(P,)," is linearly

coordinated by the two electron pairs of the two coordinated

% P—P bonds to give a mainly electrostatic complex. The final
~ small preference for the planar coordination environment of

the Ag atom is mediated by an unusual backbonding
[d 2(Ag) — o*(P—P)] from the closed 4d' shell of silver,
which minimizes the unfavorable positive charge on the
phosphorus atoms. This shows that nonclassical and weak
bonding modes in weak cationic Lewis acid —base complexes
can be stabilized by minimizing the electrostatic cation—an-
ion interaction between the species. Similarly, large and
weakly basic anions such as AI[OC(CF;),], ¥ will be useful
for designing a variety of compounds in which cation—anion
interaction should be minimized, for example, in homogenous
catalysis, for highly electrophilic and/or oxidizing cations, and
elsewhere.

Currently we are investigating the reactivity of these Ag—P,
complexes towards oxidizing agents such as the halogens.* 4l
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Experimental Section

All manipulations were performed by using standard grease-free Schlenk
or dry-box techniques and a dinitrogen or argon atmosphere. Apparatus
were closed by Young valves. All solvents were rigorously dried and
degassed prior to use and stored under N,. Yellow phosphorus was
sublimed prior to use and dissolved in CH,Cl, or CS, to give stock solutions
which were manipulated by syringe techniques. The silver aluminates
Ag[AI(ORy),] were prepared according to the literature.l”’» Raman spectra
were obtained from solid samples sealed in a melting point capillary or a
5 mm NMR tube. NMR spectra of sealed samples were recorded in CD,Cl,
and were referenced to the solvent ('H, *C) or external H;PO, (*'P) and
aqueous AlCl; (YAl). Solid-state NMR experiments for 1 were performed
on a Bruker DSX 400 spectrometer operating at 9.4 T, corresponding to a
3P frequency of 162MHz. A 7mm MAS probe allowing variable
temperature measurements in the range of 150-573 K was used. MAS
was performed at 3 kHz.

[Ag(P,),1{AI[OC(CF5);]14} (1): A solution of P, in CS, (4.57 mL, 1.566M,
7152 mmol) was added to solid Ag(CH,CL)AI[OC(CF;);], (4.148¢g,
3.576 mmol) at room temperature. The resulting suspension was dissolved
by addition of CH,Cl, (10 mL) to give a clear colorless solution over a little
dark brown precipitate. After the dark material had settled (ca. 2 h), the
mixture was filtered through a fine glass frit, and all volatile matter
removed in vaccuo to leave a beige microcrystalline and pyrophoric
material (3.984 g, 84%). Crystals of 1 suitable for X-ray crystallography
were obtained by recrystallization of part of the highly soluble beige
material from CH,Cl, (ca. 0.5 mL). The crystals decompose above 100°C
with darkening; a Raman spectrum of this material after determination of
the decomposition point showed no bands. 3C NMR (63 MHz, CD,Cl,,
25°C): 0=121.6 (q, Jcr=293.1 Hz; CF;); Al NMR (78 MHz, CD,Cl,,
25°C): d=36.0 (s, v, =14 Hz), *P NMR (101 MHz, CD,Cl,, 25°C): =
—497 (s, Py, v, =25Hz); 3P NMR (101 MHz, CD,Cl,, —100°C): d =
—486 (s, Py, v,=220Hz); FT-Raman: #(%) =798 (7, Al-0O), 746 (7,
Al-0), 601 (100, P,-A,), 473 (18, P,-B,,), 458 (16, P,-B,,), 413 (5, P,-A,),
381 (sh, P,-Bs,), 374 (9, P,-A,), 322 cm™! (5, Al-O).

Ag(P)AI[OC(CH,)(CF,),]; (2): A solution of P, in CH,Cl, (38.8 mL,
0.06M, 2.330 mmol) was added to solid Ag(CH,Cl,)Al[OC(CH;)(CF;),],

Table 5. Crystallographic and refinement details of 1-3.

(2.200 g, 2.330 mmol) at room temperature. After 1 h the resulting solution
over a little dark brown precipitate was filtered through a fine glass frit, and
all volatile matter was removed in vaccuo to leave a beige microcrystalline
and pyrophoric material (1.786 g, 78 %). Crystals of 3 suitable for X-ray
crystallography were obtained by recrystallization of part of the highly
soluble beige material from CH,Cl, (ca. 0.5 mL) (m.p. 80-85°C, some
decomposition starting at about 70°C). 'H NMR (250 MHz, CD,Cl,,
25°C): 6=1.59 (s, CH;); *C NMR (63 MHz, CD,Cl,, 25°C): 6=18.0 (s,
CH,), 76.3 (sept, 2Jcr=29.8 Hz), 124.0 (q, Jcr=288.4 Hz; CF;); YAl
NMR (78 MHz, CD,Cl,, 25°C): 0=45.9 (s, v;,=310Hz); 3P NMR
(101 MHz, CD,Cl,, 25°C): 6=-515 (s, P,, v,=32Hz); 3P NMR
(101 MHz, CD,Cl,, —100°C): 6=—466 (br, 1P), —518 (br, 7P); FT-
Raman: 7(% ) =2964 (8, CH,), 772 (6, A1-0), 598 (100, P,-A,), 469 (sh, P,-
B,), 457 (29, P,-B,), 414 (7, P,-A,), 375 (6, P,-A,), 358 (6, P4-A,), 331 cm™!
(4, A1-0O); elemental analysis (%) caled for AgAlO,P,C,sH,,F,, (983.00):
Al2.74, P 12.60; found: Al 2.59, P 12.02.

[{Ag(P)AIOCH)(CF:),1;] (3): Solid AgAI[OC(H)(CEy)], (7483 g,
9.319 mmol) was suspended in 20 mL of pentane and a solution of P, in
CS, (5.95 mL, 1.566M, 9.319 mmol) was added at room temperature. The
resulting clear colorless solution over a little dark brown precipitate was
filtered through a fine glass frit, and all volatile matter was removed in
vacuo to leave a slightly brown clear oil which solidified on standing
overnight at 0°C as a beige microcrystalline material (7.386 g, 86%).
Crystals of 2 suitable for X-ray crystallography were obtained by
recrystallization of part of the beige material from pentane (ca. 5 mL)
(m.p. 46-51°C). '"H NMR (250 MHz, CD,Cl,, 25°C): 6 =4.54 (sept, 3/yr=
5.6 Hz); ®*C NMR (63 MHz, CD,Cl,, 25°C): 6 =70.9 (sept, 2/cr=33.1 Hz),
122.5 (q, CF;, Jcr=285.8 Hz); ¥ Al NMR (78 MHz, CD,Cl,, 25°C): 6 =
57.0 (s, v, =280 Hz), ¥P NMR (101 MHz, CD,Cl,, 25°C): 6 = —514 (s, Py,
v, =35 Hz); 3P NMR (101 MHz, CD,Cl,, —100°C): 6 = —504 (s, P,, v, =
9 Hz); FT-Raman: #(% ) =856 (6, Al-0), 765 (5, Al-0), 598 (100, P,-A,),
471 (26, P,-By, P,-B,), 414 (8, P,-A)), 374 (12, P,-A,, P-A,), 331 cm™! (4,
Al-0).

Reaction of 1 with 1,5-cyclooctadiene: Compound 1 (0.149 g, 0.113 mmol)
was weighed into an NMR tube and dissolved at room temperature in
CDCl; (1.0 mL). COD (0.028 mL, 0.226 mmol) was added to the solution
by syringe to give a clear, slightly brownish solution. 'H NMR (250 MHz,
CDCl;, 25°C): 6=2.59 (s, 8H; COD), 6.24 (s, 4H; COD); *C NMR

Compound 1 2 3

crystal size [mm] 0.5x0.5%x0.2 0.5x0.5%x0.4 0.4x0.3%x0.2
crystal system monoclinic monoclinic triclinic
space group P2,/n P2,/n P1

a[A] 14.455(3) 10.563(2) 10.353(2)

b [A] 17.385(4) 10.249(2) 17.202(3)
c[A] 15.693(3) 29.059(6) 17.857(4)

a [] 90 90 108.43(3)
AI°] 100.88(3) 95.16(3) 95.69(3)

v [°] 90 90 106.50(3)

vV [A3] 3872.8(13) 3284.6(11) 2829.8(10)

V4 4 4 2

Pearea [Mgm—] 2.269 2.084 2.176

u [mm™1] 1.078 1.045 1.150

abs. corr. numerical numerical numerical
Lo L. 0.752/0.861 0.602/0.731 0.694/0.762
F(000) 2528 1904 1776

index range —17<h<17,0<k<21,0<I<19 —12<h<12,0<k<12,0<1<35 —1l<h<12, -21<k<21,-19<I<21
26 [°] 51.76 51.80 51.86

T [K] 150 150 180

refl. unique 7202 5755 10213

refl. obs. (40) 4102 4911 7026

no. variables 697 454 829
weighting schemel® x 0.1053 0.0551 0.0555
GOOF 0.858 1.060 0.909

final R (40) 0.0569 0.0274 0.0369

final wR2 0.1572 0.0780 0.0935

larg. res. peak [e A3 1.161 0.540 0.676

[a] w'=0%F2 + (xP)* P=(F2+2F2)/3.
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(63 MHz, CDCl;, 25°C): =279 (COD), 121.3 (q, Jcr=292.9 Hz; CF;),
127.6 (COD); 3'P NMR (101 MHz, CDCl;, 25°C): 6 =—521 (s, Py, vip=
4 Hz).

Reaction of 1 with Sg: Compound 1 (0.151 g, 0.114 mmol) and Sg (0.058 g,
0.228 mmol) were weighed into a NMR tube and dissolved at room
temperature in CDCl; (1.0 mL) to give a clear, slightly brownish solution
over a yellowish solid material that appeared to be unconsumed sulfur. The
sealed NMR tube was exposed for 30 min to ultrasound which resulted in
no visible change of the reaction mixture. 3P NMR (101 MHz, CDCl;,
25°C): 0 =—496 (s, Ag(P,),", vi,=8 Hz).

X-ray crystal structure determinations: Data for X-ray structure determi-
nations were collected on a STOE IPDS diffractometer with graphite-
monochromated Moy, radiation (A=0.71073 A). Single crystals were
mounted in perfluoroether oil on top of a glass fiber and then brought
into the cold stream of a low-temperature device so that the oil solidified.
All calculations were performed on PCs using the Siemens SHELX93
software package. The structures were solved by the Patterson heavy atom
method and successive interpretation of the difference Fourier maps,
followed by least-squares refinement. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were included in the refine-
ment in calculated positions by a riding model using fixed isotropic
parameters. Relevant data concerning crystallography, data collection, and
refinement details are compiled in Table 5. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-141492 (1), CCDC-158942 (2), and
CCDC-158943 (3). 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).

Methods of calculation: All calculations were performed with the
Gaussian98WH! suite of programs. The geometries of 4-11 were
optimized at the hybrid HF-DFT MPW1PW91/TZV(df) level.l*> %] For
silver and rhodium we used the standard 3-21G(d) basis set augmented
with one set of diffuse and f-polarization functions each [3-21 + G(df)].
Isotropic NMR shielding tensors of 4 and § were calculated by the GIAO
method using MPW1PW91 and the same basis sets as above. P NMR
shifts were obtained by comparison to the calculated isotropic shielding
tensor of P, (6=3858.8) and its experimental shift at O(*'P)=—522.
Approximate solvation energies (CH,Cl, solution with & =8.92) were
calculated with the COSMO model at the BP86/3-21G* level. Frequency
calculations were performed for all species and, unless otherwise stated, the
structures represent true minima without imaginary frequencies on the
respective hypersurface. For thermodynamic calculations the zero-point
energy and thermal contributions to the enthalpy and the free energy at
298 K were included. For selected species an AIM* or NBO population
analysisP®! was performed with the MPW1PW91/TZV(df) electron density.
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a-LNA (Locked Nucleic Acid with ¢-D-Configuration):
Synthesis and Selective Parallel Recognition of RNA

Poul Nielsen,* Nanna K. Christensen, and Jakob K. Dalskov!?!

Abstract: a-LNA is presented as a stereoisomer of LNA (locked nucleic acid) with
a-D-configuration. Three different approaches towards the thymine a-LNA mono-

mer as well as the 5-methylcytosine a-LNA monomer are presented. Different a-
LNA sequences have been synthesised and their hybridisation with complementary
DNA and RNA has been evaluated by means of thermal stability experiments and
circular dichroism spectroscopy. In a mixed pyrimidine sequence, a-LNA displays

Keywords: locked nucleic acid
nucleosides - oligonucleotides
RNA recognition

unprecedented parallel-stranded and selective RNA binding. Furthermore, a
remarkable selectivity for hybridisation with RNA over DNA is indicated.

Introduction

The increasing demand for potential antisense agents and
diagnostic probes has motivated an intensive search for
nucleic acid analogues showing selective and high-affinity
recognition of complementary nucleic acid sequences."?
Therefore, a plethora of chemically modified oligonucleotide
(ON) sequences have been introduced and investigated with
regard to their specific hybridisation with complementary
DNA and RNA.PI A preliminary but extensively investigated
modification has been the anomeric inverted isomer of DNA,
namely a-DNA.B- -DNA sequences, or a-oligodeoxynu-
cleotides (a-ODNs), have demonstrated efficient hybridisa-
tion with complementary nucleic acids, adopting an unusual
parallel strand orientation.> 4 Furthermore, a-ODNs are
highly resistant towards degradation by nucleases.P! Like the
nucleosides of DNA and RNA, the a-2'-deoxynucleosides in
a-DNA exist in an equilibrium between the two low-energy
N- and S-type conformational ranges (Scheme 1).1% In natural
pB-configured nucleic acids, the former is predominant in
A-type duplexes and is preferred by the ribonucleosides in
RNA, while the latter is predominant in B-type duplexes and
is usually preferred by the 2’-deoxynucleosides in DNA.1 The
a-2'-deoxynucleosides also display a preference for S-type
conformations.[!

Chemically modified analogues of a-DNA have also been
investigated.l®-'2l Thus, the introduction of 5-C-propynylpyr-

[a] P. Nielsen, N. K. Christensen, J. K. Dalskov
Department of Chemistry
University of Southern Denmark
Odense University, 5230 Odense M (Denmark)
Fax: (+45)6615-8780
E-mail: pon@chem.sdu.dk
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imidines into a-ODNs was found to increase the thermal
affinities towards both complementary DNA and RNA
sequences, as similarly reported for the corresponding fj-
ODNs.Pl The most significant improvements of a-DNA as
regards binding to RNA and DNA have been obtained with
modified phosphodiester linkages.'’) Thus, with nonionic
phosphoramidate or methylphosphonate linkages, the ther-
mal affinities of a-ODNs towards complementary RNA and,
especially, DNA sequences have been significantly improved
with increases in thermal stability of 0-1°C and 1-3°C per
modification, respectively, when compared to the correspond-
ing unmodified a-ODNs.'Yl In contrast, similar modifications
of the B-ODNs were found to destabilise the duplexes.['”]

In general, the most successful approach towards ODNs
with high-affinity recognition of complementary nucleic acid
sequences has probably been the introduction of conforma-
tionally restricted analogues.!1> 14 Thus, ONs in which the
nucleoside monomers contain bi- or tricyclic carbohydrate
moieties have been found to display high-affinity binding of,
in particular, complementary RNA.I'l The most enhanced
properties to date have been obtained with LNA (locked
nucleic acid) (Scheme 1).[1 LNA sequences are defined as
ONs that contain one or more LNA monomers, which are
nucleosides locked in an N-type conformation due to a
bicyclo[2.2.1]heptane carbohydrate skeleton (see the thymine
monomer 1; Scheme 1).[1 By the introduction of LNA
monomers into ONs, the formation of remarkably thermody-
namically favoured duplexes with both complementary DNA
and RNA has been demonstrated. Thus, both fully modified
LNA sequences as well as sequences that contain only a few
LNA monomers in mixmers with unmodified ribo- or 2'-
deoxynucleosides display very strong thermal affinities to-
wards both DNA and RNA, with increases in thermal stability
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Scheme 1. a) Conformational equilibrium for nucleosides between N- and S-type conformations; top: the f-(2’-deoxy)nucleosides in DNA and RNA;
bottom: the a-2'-deoxynucleosides in a-DNA; b) the structure of LNA and a-LNA; c) the - and f-LNA thymine monomers.

of 3-8°C per modification relative to unmodified ONs and
ODNs.1 Furthermore, LNA displays a strong resistance
towards degradation by nucleases,[" and preliminary but very
promising in vivo antisense activity.['%]

Among the chemically modified analogues of a-DNA,
conformationally restricted analogues that include two differ-
ent a-configured bicyclic nucleoside monomers!'] have also

modification relative to the corresponding a-DNA sequence
(aT,p) and 2.5°C per modification relative to Ty, (Table 1).2%
Thus, a-LNA was found to display an affinity towards RNA
comparable to that of other stereoisomers of LNA,["! and

Table 1. Hybridisation data of a-LNA sequences.

. ) o ODN DNA (dA,,) RNA (rA,,) mm RNA (rA,CA,)
been introduced, but no improved DNA or RNA binding was sequences T, (AT,) [)CJH T, (AT,,) [°C]® T (AT,) [°CJ¥
observed.[> "I However, these nucleoside analogues were
restricted to S-type conformations.® !l No analogue of a- ;; gT]f g;g 43128 -

. . . . . -a o A —
DNA in which th.e a—nucle(')s1de monomers a.re restricted in 53 5. aT?l‘LTﬁ 25.5 (—6.5)8 350 (—8.0) N
N-type conformations has hitherto been described. However, 24 5-T,T4T; 26.0 (- 1.5)P 24,5 (—4.6) _
the N3'-P5’-phosphoramidite linkage, which has been a very 25 5-T, 220 200 -
successful modification of -ODNs due to their induced 20 -¢Tu 18.0 33.5 22.0 (—11.5)

27 5-aTY <10 45.0 (+1.219; 42,50 37.0 (—8.0)l0

preference to adopt N-type conformations,'”l has also been

[a] Melting temperatures obtained from the maxima of the first derivatives of the
melting curve (A,q vs. temperature) recorded in a buffer containing Na,HPO,
(10 mm), NaCl (100 mm), EDTA (0.1 mm), pH 7.0 with 1.5 um concentrations of
each strand. Values in brackets show the changes in 7, values per modification
compared with the reference strands. [b] Relative to 22. [c] Relative to 26.

introduced in a-ODNs.['2 Nonetheless, the latter seem to
prefer the S-type conformation, at least for pyrimidine
nucleotides, and large decreases in thermal affinity of mixed
pyrimidine sequences towards both DNA and RNA were

observed.['” On the other hand, purine nucleotides seem to
prefer N-type conformations, and a fully N3'-P5’-modified
aA, displays almost the same affinity towards complemen-
tary DNA and RNA as the native aA,,.['"”

As a consequence of these results, a chemically modified
analogue of a-DNA with a strong conformational restriction
in the N-type conformational range might form the basis for
high-affinity parallel recognition of DNA and RNA sequen-
ces. Evidently, this could be addressed by the preparation and
oligomerisation of the anomeric inverted isomer of LNA, that
is a-LNA (or a-D-LNA; see the general structure and the
thymine monomer 2, Scheme 1), in which the bicyclo[2.2.1]-
heptane carbohydrate skeleton ensures a locked N-type
conformation. Thus, the stereoisomers of LNA, including
the enantiomer of a-LNA, that is a-L-LNA '8l have recently
been demonstrated to be a class of very efficient RNA-
binding nucleic acid analogues.'”) Recently, in a preliminary
form, we introduced the synthesis and hybridisation proper-
ties of a-LNA containing only the thymine monomer 2.2% 211
Thus, a fully modified a-LNA sequence (aT}) was found to
form a very stable duplex with complementary RNA (rA,,).
The increase in thermal stability found was 1.2°C per

Chem. Eur. J. 2002, 8, No. 3

[d] Relative to 25. [e] Relative to 26: rA,,. [f] Relative to 27: rA,.
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although not quite as high as that of the original LNA,
this is unprecedented among a-D-configured nucleic acid
analogues. However, these preliminary results could neither
answer the question as to whether a-LNA prefers parallel or
antiparallel strand orientation, nor explain the apparently
strong selectivity for hybridisation with complementary RNA
over DNA. In this paper, the synthesis of a-LNA is described
in full detail, including different synthetic approaches towards
two different pyrimidine monomers. Furthermore, the hybrid-
isation properties of both oligothymidylate as well as mixed
pyrimidine a-LNA sequences with DNA and RNA comple-
ments are assessed by means of thermal stability experiments
and circular dichroism (CD) spectroscopy.

Results

Chemical synthesis: For the synthesis of a-LNA monomers,
several starting materials were considered. Thus, in a prelimi-
nary study, the coupling of thymine to precyclised bicy-
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clo[2.2.1]heptane carbohydrate precursors was investigat-
ed.”l However, this approach has not been optimised to give
the target compound 2 in reasonable yields,?? and a simpler
strategy has been applied.?*2! Thus, the same initial steps
were used and diacetone-p-allose 3 was converted to the diol
4> in four standard steps. In three further known steps,
including a selective benzylation,” 4 was converted to an
anomeric mixture of methyl furanosides 5 (Scheme 2).2% %!

ko
0] o HO o BnO o
a b OCH,4
_—_ —_—
o} HO O MsO

OBn OH

BnO ™0 o

6

Scheme 2. Synthesis of a- and S-LNA thymine monomers 1 and 2:
a) ref. [23], 4 steps, approximately 80%; b) refs. [22, 24, 25], 3 steps,
approximately 65%; c)i) TMSCI, N,O-bis(trimethylsilyl)acetamide, thy-
mine, MeCN, then TMS triflate; ii) TBAF, THF; iii) NaH, DMF, 57 % from
5; d) H,, Pd(OH),/C, EtOH, 97 %.

Subsequently, and as an alternative to cyclisation,’?l § was
directly used as the substrate in a modified Vorbriiggen-type
coupling reaction with thymine involving in situ silylation of
the 2-hydroxyl group and the nucleobase and with TMS
triflate as a Lewis acid catalyst. After a long reaction time
(4 days), a mixture of nucleosides was obtained which, after
desilylation, was treated with sodium hydride to afford an
anomeric mixture (a:f=1.3:1) of bicyclic nucleosides 6 in a
reasonable yield (57 % ) over the three steps. Other conditions
were investigated for the coupling reaction, but neither the
yield nor the anomeric ratio were improved. The benzyl
ethers of 6 were cleaved by hydrogenation to give, after
chromatographic separation, the two anomeric LNA mono-
mers 1% and 2 in high yields.[?]

In order to avoid the selective benzylation in the prepara-
tion of 5, another approach was investigated using a bis(meth-
ylsulfonic) ester (Scheme 3). Thus, compound 4 was esterified
to give 72! which was further converted to a mixture of
methyl furanosides 8. Various conditions for the coupling of
thymine to this substrate were investigated, without any
significant success, and after chromatographic purification the
a-nucleoside 9 could only be obtained in a relatively low yield.
Nevertheless, 9 was converted to the target bicyclic nucleoside
2 by treatment with strong aqueous base to simultaneously
bring about ring-closure and removal of the remaining
sulfonic ester group to give 10, followed by hydrogenation.
No explanation was found for the low yields in the coupling of
thymine with 8 and it was concluded that the original route via
5 (Scheme 2) was in fact superior.

Even though the first route (Scheme 2) afforded the target
a-LNA monomer 2 in a reasonable overall yield, the
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D-arabinose
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a b OCH,
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N ~
O HO RO~0 ¢ Y
Bn /(\\‘;ﬁ** | NH
X o)

9 10R =Bn

e E
2R=H
Scheme 3. Alternative synthesis of a-LNA thymine monomer 2: a) MsCl,
pyridine, 92%; b) HCl, MeOH, H,0, 95%; c) i) TMSCI, N,O-bis(trimeth-
ylsilyl)acetamide, thymine, MeCN, then TMS triflate; ii) TBAF, THF, 24 %
from 8; d) NaOH, EtOH, H,O0, 46 %; ¢) H,, Pd(OH),/C, EtOH, dioxane,
91%.

nucleobase coupling reaction occurred without significant
stereoselectivity. Therefore, another approach was investigat-
ed in which a substrate was preconstructed for a stereo-
selective synthesis of an appropriate a-p-configured nucleo-
side (Scheme 4). Thus, the enantiomer of the target nucleo-
side 2 (the a-L-LNA thymine monomer)['¥! has recently been

TBDPSO o, © Ho o, O
OH OBn
1 12

OBn

13 13a

Scheme 4. Synthesis of a potential precursor for a-LNA monomers:
a) ref. [31], 3steps, approximately 50%; b)ref.[32], 2steps, 62%;
¢) i) (COCl),, DMSO, Et;N, CH,Cl,; ii) CH,O, NaOH, H,0, THF, 63 %
from 12; d) ref. [29], 3 steps on enantiomers, 82 %; e) refs. [27, 29], 5 steps
on enantiomers, 40 %.

synthesised?”) by using diacetone-p-glucose as the starting
material, which was converted to the 3’-epimer of 4 (the
enantiomer of 13; Scheme 4)! as an intermediate prod-
uct.?” ] Therefore, 2 should be accessible from 13, suggesting
the use of another carbohydrate precursor that may be
converted to 13. As the only reasonably cheap starting
material with this potential, p-arabinose was chosen. In
twobB or threeBY steps, this was converted to the furanose
derivative 11, which was further converted to 12
(Scheme 4).2 Subsequently, the primary alcohol function of
12 was oxidised using the Swern protocol to give an aldehyde
and, after the usual aldol condensation and Cannizzarro
reaction, 13 was obtained in good yield. We have not
employed this material in the synthesis of 2, but as 13, by
comparison of its NMR data, was shown to be the enantiomer

0947-6539/02/0803-0714 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 3





E2R1=R2=H
a
14 R'=DMT, R?=H

b

Locked Nucleic Acids

712-722

of a known compound,®! and as that compound has been used
in the stereoselective eight-step synthesis of the a-L-LNA
thymine monomer,?>? that is, through stereoselective cou-
pling of thymine to the enantiomers of 13a and without the
application of any chiral reagents, we concluded that this
strategy could afford 2 in the same overall yield. However,
and despite the lack of stereoselectivity, the original method
(Scheme 2) is still considered as superior due to the fact that it
requires fewer reaction steps and the key intermediate 4% is
more readily available compared to its stereoisomer 13.

To incorporate the a-LNA monomer into oligonucleotides,
2 was converted to the appropriately protected phosphor-
amidite derivative (Scheme 5). Thus, the primary alcohol
function of 2 was easily protected with the DMT (4.4'-
dimethoxytrityl) group to afford 14, which was further

1 DMTO
R'O o o

o} 9, w0

1?0\QO\N\( R2O ™0 \(
/(\\\( NH /&(N

le] NHR?

17 R' = H, R2 = TBDMS
eE 18 R' = Bz, R? = TBDMS
19R'=Bz, R?=H
20 R' = Bz,

RZ= —P

(o]
16 R' = DMT, R? = TRDMS ]

15 R = DMT,

R = —P(
O(CH).CN

N(/Pr)o

s

N(Pr),

Scheme 5. Synthesis a-LNA phosphoramidite building blocks 15 and 20.
a) DMTCI, AgNO;, pyridine, THF, DMF, 71%; b) NC(CH,),OP(Cl)-
N(iPr),, EtN(iPr),, CH,Cl,, 96 %; c¢) TBDMSCI, imidazole, DMF, 79 %;
d) i) 1,2,4-triazole, POCl;, pyridine; ii) NH;, H,O, dioxane, 44 % from 16;
e) N-benzoyltetrazole, CH;CN, 100%; f) TBAF, THF, 83%; g)see b),
60%.

converted to the phosphoramidite 15.?% In order to permit the
preparation of mixed sequences, the well-known conversion
of a thymine moiety to a 5-methyl cytosine moiety was
evaluated.”® However, the reported direct conversion of
thymidine phosphoramidite derivatives to give triazole pre-
cursors of 5-methyl cytidine phosphoramidite derivatives in
one stepP* 3 was found not to be successful in this case;
instead a conventional multistep conversion was employed
(Scheme 5).3% 35 3¢ Thus, the secondary alcohol function of 14
was converted to a silyl ether 16 and further converted to the
S5-methyl cytidine derivative 17 via a triazole intermediate.
Protection of the exocyclic amino group of 17 as a benzoyl
amide proved surprisingly troublesome and treatment with
benzoyl chloride or benzoic anhydride in combination with
pyridine or DMAP did not afford 18 in more than 20 % yield.
However, the use of the recently reported N-benzoyltetrazole
for this purposel”) afforded 18 quantitatively. Subsequent
desilylation to give 19 was followed by phosphitylation to give
20 as a building block for oligonucleotide synthesis. 3]

For the automated solid-phase synthesis of oligonucleotides
by the phosphoramidite approach,* the two a-LNA mono-
meric building blocks 15 and 20 were used in combination

Chem. Eur. J. 2002, 8, No. 3
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with the corresponding unmodified o-2'-deoxynucleoside
thymine and 5-methyl cytosine phosphoramidites, which were
obtained according to literature methods.*> #l Hence, a-DNA
and a-LNA sequences were obtained with >98% stepwise
coupling yields (Tables 1 and 2) by using tetrazole activation
and coupling times of 10—15 min for 15 and 20. All modified
oligonucleotides were obtained on universal CPG support
(Biogenex) using the DMT-ON mode. This allowed the
synthesis of fully modified sequences after cleavage from the
solid support using LiCl in aqueous ammonia. The oligomers
were purified by using disposable reversed-phase chromatog-
raphy cartridges (Cruachem) yielding products with > 90 %
purity as judged on the basis of capillary gel electrophoresis.
The compositions of all the a-DNA and a-LNA sequences
were verified from their MALDI mass spectra.

Thermodynamic stability: The hybridisation between a-LNA
sequences and unmodified complementary DNA and RNA
sequences was explored by means of thermodynamic stability
examinations (Tables 1 and 2). Thus, the oligothymidylate a-
LNA sequences 23, 24 and 27, as well as their a-DNA
counterparts 22 and 26, were mixed with the corresponding
DNA and RNA complements, and the melting temperatures
of the complexes were determined (Table 1).2% As described
in our preliminary communication,?” the affinities of the a-
ODNs 22 and 26 towards the corresponding 14-mer DNA
sequence were, as expected,* ] slightly decreased relative to
those of the unmodified ODNs 21 and 25. On the other hand,
and as reported in the literature,* > the same a-DNA
sequences displayed a significant increase in affinity towards
complementary RNA. One a-LNA monomer incorporated in
an otherwise unmodified a-DNA sequence, 23, resulted in
large decreases in affinity when compared to the unmodified
sequence 22. However, a block of a-LNA monomers, as in
sequence 24, diminished the relative decreases in affinity
introduced by each modification towards both DNA and
RNA.?l As mentioned above, the fully modified decameric a-
LNA sequence 27 displayed large increases in binding affinity
to complementary RNA.?% 1 On the other hand, no stable a-
LNA:DNA complex was observed. The melting curves
leading to these results are shown in Figure 1. The very clear
sigmoidal melting transitions indicate the formation of
duplexes between both a-DNA and a-LNA with comple-
mentary RNA. The observed hyperchromicity is even more
pronounced with a-LNA than with a-DNA. On the other
hand, the rather unstable duplex between a-DNA and RNA is
only slightly indicated, whereas no transition can be observed
for the mixture of a-LNA and complementary DNA. A very
weak transition at around 45 °C might be suggested from the
curve, but as mentioned in our former communication,*” the
presence of a duplex can, in our opinion, be excluded by the
fact that this transition is not seen at a higher temperature
when measured at a higher ionic strength, in contrast to the
other transitions (data not shown).

Hybridisation data for the mixed decameric pyrimidine a-
LNA sequences (Table 2) demonstrate the preference for
parallel-stranded duplex formation for both a-DNA and a-
LNA. Thus, this decameric sequence was chosen as a non-self-
complementary and nonpalindromic sequence requiring only
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Table 2. Hybridisation data of mixed a-LNA sequences.

DNA (p)i! DNA (ap)! RNA (p)i RNA (ap)®! mm RNA (p)&
dGAGGAAGAAA dAAAGAAGGAG T1GAGGAAGAAA TrAAAGAAGGAG r1GAGGCAGAAA
ODN sequences T, (AT,) [°C]* T, (AT,) [°C]* T, (AT,) [°C] T, (AT,) [°C]* T, (AT,) [°C]®

28 5-"CT"C"CTT"CTTT < 10 36.0 16.0 44.5 -

29 5-a-"CT"C"CTT™CTTT 43.0 < 10 32.0 < 10 -

30 5-o-"CT"C"CTTYCTTT 30.5 (—12.5) < 10 26.0 (—6.0)14 < 10 -

31 S-o-"CT"CCTTUCTTIT < 10 < 10 22.0 (—1.7)W < 10 -

32 5-g-CieCleCTITICITITIT: < 10 < 10 61.5 (+2.9) < 10 47.0 (—14.5)t

[a] p=parallel. [b] ap = antiparallel. [c] See Table 1. Values in brackets show the changes in T, values per modification compared with the reference strands.

[d] Relative to 29. [e] Relative to 32: RNA(p).

0.43

o-LNA:RNA

0.41
o-DNA:RNA

Aczeo

o-DNA:DNA

0.33 T T T T |
10 20 30 40 50 60
Temperature / °C

Figure 1. Absorption versus temperature curves displaying the melting
profiles of homothymidine —homoadenine duplexes. a-DNA corresponds
to 26, a-LNA corresponds to 27, DNA and RNA correspond to dA, and
rAy,, respectively.

two different building blocks, and the 5-methylcytosine
monomer was chosen instead of cytosine due to its ready
availability from the corresponding thymine monomer (vide
supra) and as the 5-methyl groups can be expected to further
stabilise the duplex structures. 2 As expected,™ the unmodi-
fied a-ODN 29 only formed stable duplexes with comple-
mentary parallel DNA and RNA sequences, whereas the
corresponding unmodified ODN 28 formed the most stable
duplexes with antiparallel complements. When one a-LNA
thymine monomer was incorporated, the sequence 30 showed
an even larger decrease in affinity towards the parallel DNA
complement than that observed for the oligothymidylate
sequence 23 (—12.5°C per modification compared to
—6.5°C). For 30, however, and in contrast to 23, the decrease
in thermal stability was smaller with complementary RNA. A
mixed sequence 31 containing six a-LNA T-monomers and
four conventional a-DNA 5-methylcytosine monomers dis-
played no recognition of either parallel or antiparallel
complementary DNA, whereas a duplex was obtained with
parallel RNA, for which the relative decrease in thermal
stability introduced by each bicyclic monomer was smaller
than that observed for 30 (— 1.7 °C per modification compared
to —6.0°C).

The fully modified mixed a-LNA sequence 32 displayed,
like 27, no binding to complementary DNA, whereas a very
stable parallel-stranded duplex was formed with complemen-
tary RNA. Thus, an increase in thermal stability of almost 3°C
for each bicyclic monomer was observed in comparison with
the a-DNA sequence 29. The melting transitions are dis-
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played in Figure 2. Again, a very clear transition verifies
duplex formation between the mixed a-DNA sequence and
complementary parallel RNA, but in this case the corre-
sponding a-LNA:RNA duplex, despite having a much higher

0.33 - o-DNA:DNA

o-LNA:DNA

Aze0

o-DNA:RNA

0.25 T T T T T T 1
10 20 30 40 50 60 70 80

Temperature / °C

Figure 2. Absorption versus temperature curves displaying the melting
profiles of duplexes formed by the mixed sequences. a-DNA corresponds
to 29, a-LNA corresponds to 32, DNA and RNA correspond to their
parallel complements (see Table 2).

thermal stability, displays a smaller hyperchromicity. A very
clear transition between a-DNA and complementary parallel
DNA can be observed, whereas no indication whatsoever of
any complex between a-LNA and DNA can be observed. No
sign of a melting transition was observed with 32 alone (not
shown). As with the homothymidine sequence 27 (Table 1),
the presence of a duplex with RNA rather than an intra-
molecular complex was further verified by the observation
that a stable duplex was also formed with a single mismatch
RNA sequence with an expected decrease in thermal stability
(—14.5°C, Table 2). Furthermore, no significant changes in
thermal stability were observed for the duplexes of 29 and 32
with RNA when measured at pH 5.6 (data not shown).

Circular dichroism: CD spectra were obtained for all the
uniformly modified a-DNA, a-LNA, DNA and RNA se-
quences as single strands and in the different mixtures using
the same buffers and strand concentrations as in the melting
experiments. Selected spectra are shown in Figures 3 and 4.

As expected, the CD spectrum of the homothymidine a-
LNA:RNA duplex (Figure 3) is an almost perfect mirror
image of the spectrum reported earlier for the similar
sequence of a-L-LNA mixed with L-RNA. The correspond-
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Figure 3. CD spectrocopy of homothymidine —homoadenine sequences:
a) CD spectra recorded at 25°C for the duplexes and mixtures. b) CD
spectra recorded at 25 °C for the single strands. a-DNA corresponds to 26,
a-LNA corresponds to 27, DNA and RNA correspond to dA,, and rA,,,
respectively.

ing spectrum of the a-DNA:RNA duplex displays some
similarities, but with a much larger negative ellipticity value at
250 nm and a much larger positive ellipticity value at 265 nm.
As expected, this spectrum is very similar to that reported for
a similar complex.! For the mixtures of homothymidine a-
DNA and a-LNA with DNA, the CD spectra are relatively
similar, although the latter displays a negative ellipticity value
at 270 nm. As the spectra were obtained at 25°C, no duplexes
should be present in the latter two cases. For the single
strands, no similarities between a-DNA and a-LNA were
observed, the latter displaying a remarkably low general CD
activity giving only a small band at around 270 nm (Figure 3).

For the mixed sequences (Table?2), a different picture
emerges (Figure 4). Thus, for the a-LNA:RNA duplex, an
unusual CD spectrum is obtained, dominated by a large
negative ellipticity value at 270 nm. The spectrum of the
corresponding a-DNA:RNA duplex is completely different,
with a large positive ellipticity value at 220 nm. The a-
LNA:DNA mixture gives rise to a CD spectrum with some
similarities to that obtained with a-LNA:RNA, but it also
shows a positive ellipticity value at 245 nm. The a-DNA:DNA
duplex also gives rise to a somewhat similar CD spectrum.
The single-stranded a-LNA has a CD spectrum dominated by
the same large negative ellipticity value, but slightly shifted
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Figure 4. CD spectrocopy of the mixed sequences: a) CD spectra recorded
at 25°C for the duplexes and mixtures. b) CD spectra recorded at 25°C for
the single strands. a-DNA corresponds to 29, a-LNA corresponds to 32,
DNA and RNA correspond to their parallel complements (see Table 2).

towards 280 nm. However, this spectrum displays no similar-
ities with the spectra of the single-stranded a-DNA or of the
complementary DNA and RNA sequences.

Discussion

Four synthetic approaches towards the a-LNA thymine
monomer 2 have been investigated, three of which are
described in this paper. In the first (Scheme 2), 2 was obtained
in eleven steps and 15% overall yield. In the alternative
approach avoiding the selective benzylation (Scheme 3), 2
was obtained in ten steps but only 7 % overall yield. Following
the third approach (Scheme 4), the synthesis of 2 was not
accomplished but a precursor has been obtained, and, in
theory, 2 could be obtained in 14 steps and 6.5 % overall yield.
Therefore, despite the two inconvenient isomer separations,
the first approach (Scheme 2) has in general been applied for
the bulk synthesis of 2. However, the latter method
(Scheme 4) might be superior in the forthcoming synthesis
of the remaining pyrimidine and purine monomers of a-LNA,
as the diacetylate 13a might be much more efficient as a
glycoside donor in nucleobase coupling reactions compared to
the methyl furanoside 5, when the other nucleobases are
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applied. As expected, the a-LNA phosphoramidites 15 and
20, like the parent LNA phosphoramidites,!’” can be very
conveniently used in automated solid-phase synthesis of
oligonucleotides.[*!

The hybridisation data (Tables 1 and 2, Figures 1 and 2)
clearly demonstrate that a-LNA forms very stable complexes
with complementary RNA. However, and in contrast to the
behaviour of LNA in a context of 2'-deoxynucleotides,"!
ODNs with single a-LNA monomers in combination with a-
2’-deoxynucleotides, that is a-LNA/a-DNA mixmers, form
destabilised duplexes. Compared to the nucleosides in a-
DNA, the nucleosides in a-LNA have been locked in an
N-type conformation, which is unprecedented for a-DNA
analogues. This conformation dictates a completely different
duplex structure of the fully modified a-LNA:RNA duplexes,
as indicated by the CD spectra. In general, CD spectroscopy
gives a convenient but only very superficial indication of the
structural behaviour of nucleic acids. However, the CD
spectra of the a-LNA:RNA duplexes (Figures3 and 4),
although not very conclusive, strongly indicate a structure not
resembling either the corresponding a-DNA:RNA duplexes
or typical A- or B-type duplexes. Thus, the base-pairing mode
followed is not necessarily the Watson —Crick type found in,
for example, a parallel a-DNA:DNA duplex.*! Nevertheless,
Hoogsteen or reversed-Hoogsteen base-pairing can be ex-
cluded by the fact that in a preliminary experiment neither the
mixed pyrimidine a-LNA:RNA duplex nor the a-DNA:RNA
duplex displayed any increase in thermal stability when
measured at a lower pH. As exemplified by a bicyclo-DNA
system,®! Hoogsteen or reversed-Hoogsteen base-pairing
systems display a strong pH dependence as protonated
cytidines have to be involved in the base-pairing. Moreover,
the CD spectra of the two single-stranded a-LNA oligomers
(Figures 3 and 4) are very peculiar, especially with regard to
the very low overall ellipticities for the oligothymidylate
sequence 27. Furthermore, remarkable differences are gen-
erally observed between oligothymidylate and mixed sequen-
ces. This indicates only that the perturbation of the nucleo-
bases by the chiral centres, especially the anomeric centre,
which dictates the shape of the CD spectrum, is very different
for the locked compared to the unlocked nucleotides and is
highly dependent on the nucleotide sequence. Thus, the
structure of the a-LNA:RNA hybrid as well as of the a-LNA
single strands remains unknown and further studies on the
exact duplex structure will be performed in due course.

The locked N-type conformation of the a-LNA monomer
might also provide a logical explanation for the unfavourable
hybridisation behaviour of a-LNA/a-DNA mixmer ODNs.
Thus, for the parent LNA in LNA/DNA mixmers, NMR
studies have demonstrated the ability of the LNA monomers
to alter the conformational equilibrium of neighbouring 2'-
deoxynucleotides in favour of N-type conformations.*! This
might be the reason for the very thermodynamically stable
duplexes formed by LNA/DNA mixmers with complemen-
tary DNA and RNA (vide supra).s! Apparently, the a-LNA
monomers, which are also locked in N-type conformations,
cannot induce a similar conformational shift on the neigh-
bouring unmodified a-2’-deoxynucleotides, at least not a shift
that is favourable for duplex formation. This is in agreement
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with the postulate that, due to stereoelectronic effects, a-2'-
deoxynucleosides are more restricted towards S-type con-
formations than the pB-2’-deoxynucleosides.’! Thus, the
anomeric effect and the O3'-04' gauche effect both push
the a-2'-deoxynucleosides towards S-type conformations,!®
whereas they work in opposite directions for -2’-deoxynu-
cleosides.[> 7] Therefore, the N-type conformations cannot
favourably be obtained for the a-2'-deoxynucleotides, and
unfavourably preorganised oligonucleotides with a mixture of
N- and S-type conformations are obtained. Thus, when
comparing the parallel duplexes obtained with RNA, 32 with
31, an extraordinary decrease in thermal stability of —10°C
for each inserted unmodified a-2'-deoxynucleotide can be
observed. This further confirms the assumption that the pure
a-LNA:RNA duplex has a completely different structure
compared to the a-DNA:RNA duplex. This property of a-
LNA diminishes the potential of tuning the parallel recog-
nition of RNA by the design of mixmer sequences in the same
way as is possible for LNA/DNA mixmers.[' 161

In general, a-LNA in the present sequences displays the
highest affinity towards RNA obtained with any a-D-config-
ured oligonucleotide analogue. Furthermore, the a-LNA:
RNA duplex probably displays the hitherto most stable
parallel-stranded duplex. Importantly, the selectivity for
parallel over antiparallel complementary sequences seems
to be remarkably high on the basis of our data (Table 2).
Furthermore, the discrimination of single mismatches in the
recognition of complementary parallel RNA, though estab-
lished with only two C—T mismatches (Tables 1 and 2), seems
to be comparable to the selectivity obtainable for natural
ONs. For the present a-LNA sequence 32, some duplex
stabilisation is probably obtained through the complete
5-methylation of the pyrimidines. However, and even though
this has to be verified experimentally, we certainly expect
other mixed sequences containing the remaining natural
pyrimidine and purine nucleobases to reveal similar stabilisa-
tion through the locked N-type conformations. In this way, a-
LNA reveals a potential for a new concept in the design of
selective nucleic acid recognising ONs for use as antisense
agents or diagnostic probes. Parallel-stranded recognition is as
yet a relatively unexplored and perhaps underestimated
phenomenon in this context.

A strong selectivity of a-LNA for RNA over DNA has also
been strongly indicated. Thus, the thermal transition curves
(Figures 2 and 3) indicate no melting of a duplex in the case of
the fully modified a-LNA sequences 27 and 32 with comple-
mentary DNA. The CD spectra are not very informative.
Nevertheless, the CD spectrum of the a-LNA:DNA mixture
(27:rA,,, Figure 4) may be interpreted as the expected sum of
the spectra of the two single strands, thereby confirming that
no complex between the strands is present. However, for the
mixed a-LNA:DNA mixture (32:pDNA, Figure 5), the same
conclusion cannot immediately be drawn from the CD
spectra, and the alternative that complexes not detectable
by UV at 260 nm might in theory be present has to be
considered. Thus, a duplex structure in which the overall base-
stacking is not very different to the combined base-stacking of
the two single strands would give a very small and undetect-
able hyperchromicity in the melting transition. Nevertheless,
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we suggest on the basis of the present data that an unpre-
cedented selectivity for RNA has been introduced. This prop-
erty certainly deserves further investigation as an RNA-selec-
tivity so pronounced is unprecedented and potentially very
useful in the design of therapeutic ONs and diagnostic probes.

Conclusion

The synthesis of two a-LNA monomers and oligomerisation
of these into a-LNA oligonucleotide sequences have been
efficiently accomplished. In this way, the successful concept of
locking the nucleoside monomers of oligonucleotides in
N-type conformations by the use of the LNA-type bicyclic
nucleoside structure has proven its strength in the a-DNA
series as well. Thus, a-LNA displays an unprecedented
parallel recognition of RNA and forms the strongest parallel
orientated duplex known. A new concept for high-affinity
nucleic acid recognition has thus been introduced. This
extraordinary nucleic acid recognising behaviour of a-LNA,
including the apparent selectivity for complementary RNA
over DNA, is conducive to further investigations, as well as to
the synthesis of mixed a-LNA sequences containing all the
natural nucleobases.

Experimental Section

All commercial reagents were used as supplied. All reactions were
performed under an atmosphere of nitrogen. Column chromatography
was carried out by using glass columns packed with silica gel 60 (0.040—
0.063 mm). NMR spectra were obtained on a Bruker AC250, a Varian
Gemini2000, or a Varian Unity500 spectrometer. Chemical shifts are
quoted relative to TMS as an internal standard. 'H,'H-COSY and 'H NOE
difference spectra were recorded for compound 2. Assignments of NMR
signals follow standard carbohydrate and nucleoside style. However,
bicyclic compounds are named according to the von Baeyer nomenclature.
FAB mass spectra were recorded in positive-ion mode on a Kratos
MSS0TC spectrometer; EI mass spectra were recorded on an SSQ710
Finnigan MAT spectrometer. High-resolution MALDI mass determina-
tions were performed on an Ionspec Ultima Fourier transform mass
spectrometer. Microanalyses were performed at The Microanalytical
Laboratory, Department of Chemistry, University of Copenhagen.

(3RIS)-(18,4R,7S)-7-Benzyloxy-1-benzyloxymethyl-3-(thymin-1-yl)-2,5-di-
oxabicyclo[2.2.1]heptane (6): A mixture of methyl furanosides 502 %I
(6.79 g, 15.0 mmol) and thymine (3.78g, 30.0 mmol) was dried and
dissolved in anhydrous CH,;CN (55 mL). TMSCI (1.90 mL, 15.0 mmol)
and N,O-bis(trimethylsilyl)acetamide (29.3 mL, 120 mmol) were added
and the mixture was stirred at 60 °C for 1 h. The solution was then cooled to
0°C and TMS triflate (13.6 mL, 75 mmol) was added dropwise. The mixture
was stirred at 70 °C for 4 days and then quenched by pouring it into an ice-
cold saturated aqueous solution of NaHCO; (300 mL). The resulting
mixture was extracted with dichloromethane (400 mL) and the organic
fraction was washed with saturated aqueous NaHCO; solution (2 x
300 mL), dried (MgSO,) and concentrated in vacuo. The residue was
redissolved in THF (40 mL) and to this solution was added a 1.0M solution
of TBAF in THF (15.0 mL). The resulting mixture was stirred for 1 h and
then diluted with dichloromethane (250 mL). The mixture obtained was
washed with saturated aqueous NaHCOj solution (2 x 250 mL) and water
(2 x 250 mL), dried (MgSO,) and concentrated in vacuo. The residue was
redissolved in anhydrous DMF and the solution was stirred at 0°C. A 60 %
dispersion of NaH in mineral oil (1.20 g, 30 mmol) was added and the
mixture was stirred at room temperature for 16 h. Dichloromethane
(250 mL) was then added and the mixture was washed with saturated
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aqueous NaHCO; solution (2 x200mL) and water (2 x 200 mL), dried
(MgSO,) and concentrated in vacuo. The residue was purified by column
chromatography (CH,Cl,/MeOH, 96:4) to afford the product as a white
solid in an anomeric mixture (3.90g; 57%, a:$~13:1). 'H NMR
(300 MHz, CDCl;, 25°C, TMS): 6=9.05 (brs), 898 (brs), 749 (d,
3J(H,H) =1.0 Hz), 7.46 (d, *J(H,H) =1.0 Hz), 7.36-7.26 (m), 5.95 (s), 5.65
(s), 4.67-4.50 (m), 4.23 (s), 4.16 (d, 3/(H,H)=6.3 Hz), 4.03-3.96 (m),
3.85-3.80 (m), 1.95 (s), 1.63 (s); *C NMR (75 MHz, CDCl;, 25°C, TMS):
0=163.83, 150.49, 149,83, 137.53, 136.99, 135.50, 134.88, 128.65, 128.59,
128.56, 128.23, 128.15, 128.03, 127.87, 127.76, 127.73, 127.71, 110.21, 109.72,
89.38, 87.40, 87.30, 87.20, 79.53, 75.61, 73.80, 73.40, 72.18, 71.99, 65.55, 64.46,
12.60, 12.15; MS FAB: m/z (%): 451(70) [M+H]*; elemental analysis calcd
(%) for C,sHyeN,Og - 0.25H,0 (454.99): C 66.00, H 5.87, N 6.16; found: C
66.06, H 5.70, N 6.53.

(BR)- and (35)-(15,4R,7S)-7-Hydroxy-1-hydroxymethyl-3-(thymin-1-yl)-
2,5-dioxabicyclo[2.2.1]heptane (1 and 2): A solution of 6 (520 mg,
1.15 mmol) in ethanol (3.3 mL) was stirred at room temperature and
20 % palladium hydroxide on carbon (250 mg) was added. The mixture was
degassed several times with argon and then placed under a hydrogen
atmosphere. After stirring for 5 days, the mixture was filtered through a
layer of Celite, the filtrate was concentrated and the residue was purified by
column chromatography (CH,Cl,/MeOH, 9:1) to give three fractions as
white solids: 1 (57.5 mg; 18 %), a mixture of 1 and 2 (87.5 mg; 28 %, ratio ~
7:1), and 2 (160 mg, 51%); 1: All NMR data were in accordance with
literature data.l’” Data for 2: '"H NMR (300 MHz, [D¢]DMSO, 25 °C, TMS):
0=1134 (s, 1H; NH), 7.62 (d, 3J(H,H) =0.9 Hz, 1H; 6-H), 5.85 (s, 1 H; 1"-
H), 5.84 (d, 3J(H,H) =4.0 Hz, 1H; 3-OH), 4.92 (t, *J(H,H) =5.5 Hz, 1H;
5'-OH), 4.25 (d, *J(H,H) =4.0 Hz, 1H; 3'-H), 4.19 (s, 1H; 2"-H), 3.92 (m,
2H;5"-H), 3.72 (d, *J(H,H) = 5.5 Hz, 2H; 5'-H), 1.82 (d, 3/(H,H) = 0.9 Hz,
3H; CH;); C NMR (75 MHz, [Dg]DMSO, 25°C, TMS): 6=164.00,
150.43, 135.96, 107.81, 90.93, 86.36, 78.78, 72.40, 71.92, 5733, 12.11; NMR
data were in accordance with literature data on the enantiomer;?”) MS EI:
mlz (%): 270 (100) [M]*; elemental analysis calcd (%) for C;;H;;N,O-
0.33H,0 (276.25): C 4778, H 5.35, N 10.14; found: C 47.96, H 4.99, N 9.73.

3-0-Benzyl-1,2-O-isopropylidene-5-O-methylsulfonyl-4- C-methylsulfonyl-
oxymethyl-a-D-ribofuranose (7): A solution of the diol 43 (9.24 g,
29.8 mmol) in anhydrous pyridine (94 mL) was cooled to 0°C, whereupon
methanesulfonyl chloride (11.5 mL, 149 mmol) was added. The mixture
was stirred at room temperature for 2h, and then the reaction was
quenched by adding iced water (450 mL). The resulting mixture was
extracted with dichloromethane (3 x 250 mL). The combined organic
phases were washed with saturated aqueous NaHCO; solution (250 mL),
dried (MgSO,) and concentrated in vacuo. The residue was purified by
column chromatography (CH,Cl,/MeOH, 95:5) to give the product (12.8 g,
92 %) as an oil. 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.38-7.33 (m,
5H), 5.79 (d, 3J(H,H) =3.9 Hz, 1H), 4.88 (d, *J(H,H) =11.9 Hz, 1H), 4.77
(d, 3/(H,H) =11.5 Hz, 1H), 4.65 (dd, 3/(H,H) =3.9, 4.7 Hz, 1H), 4.57 (d,
3J(HH)=115Hz, 1H), 442 (d, 3J(HH)=119Hz, 1H), 432 (d,
3J(HH)=109Hz, 1H), 420 (d, ¥(HH)=47Hz, 1H), 415 (d,
3J(H,H)=10.9 Hz, 1H), 3.08 (s, 3H), 2.98 (s, 3H), 1.69 (s, 3H), 1.34 (s,
3H); BC NMR (75 MHz, CDCl;, 25°C, TMS): ¢ =136.62, 128.61, 128.37,
128.10, 113.97, 104.47, 83.20, 78.32, 77.77, 72.84, 69.44, 68.62, 37.99, 3743,
26.17, 25.61; MS FAB: m/z (%): 489 (3) [M+Na]*, 451 (55) [M — CH,]";
elemental analysis calcd (%) for C;sH,c0,,S, (466.52): C 46.34, H 5.61;
found: C 46.74, H 5.47.

Methyl (3-O-benzyl-5-O-methylsulfonyl-4-C-methylsulfonyloxymethyl)-D-
ribofuranoside (8): A solution of the bis(sulfonic ester) 7 (1.46g,
3.13 mmol) in water (6.0 mL) and methanol (11.5 mL) was cooled to 0°C
and a 28 % solution of HCl in methanol (31 mL) was added. The mixture
was stirred at room temperature for 19 h, then neutralised with NaHCO;
(s), and water (60 mL) was added. The resulting mixture was extracted with
dichloromethane (2 x 70 mL). The combined organic phases were washed
with water (60 mL), dried (MgSO,) and concentrated in vacuo. The residue
was purified by column chromatography (CH,Cl,/MeOH, 99:1) to give the
product as an anomeric mixture (1.31¢g; 95%, a:f~1:10) as an oil
'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =742-733 (m), 4.90-4.00
(m), 3.48 (s), 3.33 (s), 3.06 (s), 3.03 (s), 3.00 (s), 2.99 (s); *C NMR (75 MHz,
CDCl;, 25°C, TMS): (major isomer) 0 =136.36, 128.84, 128.66, 128.25,
107.72, 81.58, 81.51, 73.88, 73.74, 69.56, 69.34, 55.42, 37.47, 37.38; MS FAB:
mlz (%): 441 (32) [M+H]"; elemental analysis calcd (%) for C;¢H,,0,,S,
(440.48): C 43.63, H 5.49; found: C 43.55, H 5.14.
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1-(3-O-Benzyl-5-O-methylsulfonyl-4-C-methylsulfonyloxymethyl--D-ribo-
furanosyl)thymine (9): A mixture of methyl furanosides 8 (325 mg,
0.74 mmol) and thymine (186 mg, 1.48 mmol) were dried and dissolved in
anhydrous CH;CN (2.7 mL). TMSCI (0.094 mL, 0.74 mmol) and N,O-
bis(trimethylsilyl)acetamide (1.45mL, 5.9 mmol) were added and the
mixture was stirred at 60°C for 1h. The solution was cooled to 0°C,
whereupon TMS triflate (0.67 mL, 3.7 mmol) was added dropwise. The
mixture was stirred at 70 °C for 4 days, after which a second portion of TMS
triflate (0.27 mL, 1.5 mmol) was added. After stirring for a further 2 days, a
third portion of TMS triflate (0.27 mL, 1.5 mmol) was added; the mixture
was stirred for a further 2 days and then finally quenched by pouring it into
an ice-cold saturated aqueous NaHCOj; solution (20 mL). The resulting
mixture was extracted with dichloromethane (30 mL) and the organic
fraction was washed with saturated aqueous NaHCO; solution (2 x 20 mL),
dried (MgSO,) and concentrated in vacuo. The residue was redissolved in
THF (2.1 mL) and treated with a 1.0m solution of TBAF in THF (0.74 mL).
The solution was stirred for 1 h and then diluted with dichloromethane
(20 mL). The resulting solution was washed with saturated aqueous
NaHCO; solution (2 x 20 mL) and water (2 x 20 mL), dried (MgSO,) and
concentrated in vacuo. The residue was purified by column chromatog-
raphy (CH,Cl,/MeOH, 96:4) to afford the product as a white solid (93 mg;
24%) together with other impure fractions. '"H NMR (300 MHz, CDCl;,
25°C, TMS): 6 =10.95 (brs, 1H), 7.85 (s, 1H), 7.42-7.32 (m, 5H), 6.11 (d,
3J(HH) =2.3 Hz,1H),5.19 (d,*/(H,H) = 11.8 Hz, 1 H), 5.08 (brs, 1H), 4.85
(d, 3J(H,H) =11.8 Hz, 1H), 4.60 (d, *J(H,H) =11.8 Hz, 1H), 4.44-4.35 (m,
5H), 4.26 (d, 3J(H,H) =10.6 Hz, 1H), 3.07 (s, 3H), 2.90 (s, 3H), 1.83 (s,
3H); BC NMR (75 MHz, CDCl;, 25°C, TMS): 6 =166.37, 150.69, 139.54,
136.86, 128.74, 128.47, 128.26, 108.71, 87.14, 82.33, 77.94, 72.16, 69.41, 68.55,
67.90, 37.76, 37.35, 11.81.

(18,38,4R,7S)-7-Benzyloxy-1-hydroxymethyl-3-(thymin-1-yl)-2,5-dioxabi-
cyclo[2.2.1]heptane (10): A solution of the a-nucleoside 9 (344 mg,
0.64 mmol) in ethanol (7 mL) and water (7 mL) was treated with 2m
aqueous NaOH solution (3.2 mL) and the mixture was stirred at 75°C
for 3 days. Concentrated aqueous NaOH solution (1.0 mL) was then added
and the mixture was stirred for a further 2 days. It was then neutralised with
HCI and extracted with dichloromethane (3 x 15mL). The combined
organic fractions were washed with saturated aqueous NaHCOj; solution
(3 x20 mL), dried (Na,SO,) and concentrated in vacuo. The residue was
purified by column chromatography (CH,Cl,/MeOH, 96:4) to afford the
product as a white solid (107 mg; 46 % ) together with its intermediate 5'-O-
methylsulfonic ester (29 mg; 10%); 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =746 (d, *J(H,H) = 1.0 Hz, 1H), 7.38-7.30 (m, 5H), 5.95 (s, 1 H),
4.72 (d, 3J(H,H) =12.0 Hz, 1H), 4.64 (d, *J(H,H) =12.0 Hz, 1H), 4.57 (s,
1H), 4.25 (s, 1H), 4.19 (d, *J(H,H) =8.7 Hz, 1H), 3.95-3.90 (m, 3H), 1.95
(s, 3H).

Alternative preparation of 2: A solution of 10 (105 mg, 0.291 mmol) in
ethanol (1.0 mL) and dioxane (0.5 mL) was stirred at room temperature
and 20 % palladium hydroxide on carbon (65 mg) was added. The mixture
was degassed several times with argon and then placed under a hydrogen
atmosphere. After stirring for 3 h, the mixture was filtered through a layer
of Celite. The filter was rinsed with a mixture of dichloromethane and
MeOH (1:1; 10 mL) and the combined filtrates were concentrated in vacuo
to give the product (72 mg, 91 %) as a white solid.

3-0-Benzyl-4-C-hydroxymethyl-1,2-O-isopropylidene-a-D-arabinofura-

nose (13): A solution of oxalyl chloride (0.39 mL, 4.51 mmol) in anhydrous
dichloromethane (11 mL) was stirred at —78°C and a solution of DMSO
(0.64 mL, 9.0 mmol) in dichloromethane (9 mL) was slowly added. A
solution of the primary alcohol 1282 (1.012 g, 3.61 mmol) in anhydrous
dichloromethane (9 mL) was then slowly added, followed by Et;N
(2.5 mL). The resulting mixture was stirred at —78°C for 15 min. and at
room temperature for 2 h. The reaction was quenched by the addition of
water (20 mL) and after separation of the layers the aqueous phase was
extracted with dichloromethane (3 x 20 mL). The combined organic phases
were washed with 1M aqueous HCI (20 mL), saturated aqueous NaHCO;
solution (20 mL) and water (20 mL), dried (MgSO,) and concentrated in
vacuo. The residue was redissolved in water (5 mL) and THF (5 mL) and
the solution was stirred at 0°C. A 36 % aqueous solution of formaldehyde
(1.3 mL, 15.5 mmol) was added, and then 1.0M aqueous NaOH solution
(5.2 mL) was slowly added. The mixture was stirred at room temperature
for 17h and then treated with a saturated aqueous NaHCO; solution
(25 mL). The resulting mixture was extracted with dichloromethane (3 x
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50mL), and the combined organic phases were washed with saturated
aqueous NaHCO; solution (50 mL), dried (MgSO,) and concentrated in
vacuo. The residue was purified by column chromatography (CH,Cl,/
MeOH, 97:3) to give the product (703 mg, 63 % ) as a white solid. 'H NMR
(in accordance with literature data on the enantiomer®!) (300 MHz,
CDC(l;,25°C, TMS): 6 =7.39-7.26 (m, 5H), 6.02 (d, *J(H,H) = 4.4 Hz, 1 H),
4.79-4.75 (m, 2H), 4.55 (d, *J(H,H)=11.6 Hz, 1H), 4.12 (d, 3/(H,H) =
1.7 Hz, 1H), 3.77-3.58 (m, 4H), 2.42-2.31 (m, 2H), 1.54 (s, 3H), 1.35 (s,
3H); BC NMR (75 MHz, CDCl;, 25°C, TMS): 6 =136.79, 128.65, 128.22,
127.70, 113.13, 104.89, 89.91, 85.88, 84.88, 72.63, 63.80, 63.38, 27.31, 26.77.
(1R,3S,4R,7S)-1-(4,4'-Dimethoxytrityl) oxymethyl-7-hydroxy-3-(thymin-1-
yl)-2,5-dioxabicyclo[2.2.1]heptane (14): A solution of 2 (152 mg,
0.56 mmol), AgNO; (191 mg, 1.1 mmol), 4,4'-dimethoxytrityl chloride
(209 mg, 0.62mmol) and anhydrous pyridine (0.45mL, 5.6 mmol) in
anhydrous DMF (0.5 mL) and THF (5.0 mL) was stirred at room temper-
ature for 22 h. The reaction was then quenched by the addition of methanol
(1.0 mL) and the mixture was concentrated in vacuo. The residue was
purified by column chromatography (CH,Cl,/MeOH/pyridine, 95:4.5:0.5)
to give the product (227 mg, 71 %) as a white solid, which was used in the
next step without further purification; 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6=9.39 (brs, 1H), 7.56 (d, 3J(H,H) =12 Hz, 1H), 746-7.20 (m,
9H), 6.84 (d, *J(H,H) =9.1 Hz, 4H), 5.99 (s, 1 H), 4.52 (s, 1 H), 4.4 (s, 1 H),
4.15 (d,*J(H,H) =8.9 Hz, 1 H), 4.06 (d, *J(H,H) =8.9 Hz, 1H), 3.79 (s, 6 H),
3.56-3.37 (m, 2H), 1.99 (s, 3H); “C NMR (75 MHz, CDCl;, 25°C, TMS):
0=164.19, 158.75, 150.60, 144.50, 135.57, 135.47, 135.40, 130.09, 129.20,
129.08, 128.27, 128.06, 127.88, 127.83, 127.11, 127.07, 113.31, 113,18, 109.66,
89.63, 87.34, 86.38, 79.12, 74.19, 72.83, 59.93, 55.16, 12.71; MS FAB: m/z
(%): 573 (20) [M+H]*.
(1R,3S,4R,75)-1-(4,4'-Dimethoxytrityl)oxymethyl-7-(O-2-cyanoethyl-N,N-
diisopropylphosphityl)oxy-3-(thymin-1-yl)-2,5-dioxabicyclo[2.2.1]heptane
(15): Compound 14 (121 mg, 0.211 mmol) was freed of solvents by co-
evaporation with anhydrous CH;CN and redissolved in anhydrous
dichloromethane (1.2 mL). The solution was stirred at room temperature
and diisopropyl ethylamine (0.171 mL) and NC(CH,),OP(CI)N(iPr),
(0.081 mL, 0.36 mmol) were added. The mixture was stirred for 2 h, then
diluted with EtOAc (15 mL), washed with saturated aqueous NaHCO;
solution (2 x 10 mL) and brine (2 x 10 mL), dried (Na,SO,) and concen-
trated in vacuo. The residue was purified by column chromatography
(CH,CL/Et;N, 99:1), dissolved in toluene (1.0 mL), and precipitated from
petroleum ether (65 mL) at —30°C to afford the product as a white solid
(156 mg, 96 % ).*'P NMR (121.5 MHz, CDCl;, 25 °C, 85 % H;PO, external):
0=150.9, 151.1.

(1R,3S,4R,7S)-7-(tert-Butyldimethylsilyl) oxy-1-(4,4'-dimethoxytrityl) oxy-
methyl-3-(thymin-1-yl)-2,5-dioxabicyclo[2.2.1]heptane (16): A solution of
14 (117 mg, 0.205 mmol) and imidazole (38 mg, 0.56 mmol) in anhydrous
pyridine (2.5 mL) was treated with TBDMSCI (45 mg, 0.30 mmol) and the
mixture was stirred at room temperature for 22 h. Another portion of
TBDMSCI (90 mg, 0.60 mmol) was then added and the mixture was stirred
at room temperature for 5 days. It was subsequently concentrated in vacuo,
the residue was taken up in dichloromethane (25 mL), and the resulting
solution was washed with saturated aqueous NaHCO; solution (3 x
25 mL). The organic phase was dried (MgSO,) and concentrated in vacuo.
The residue was purified by column chromatography (CH,Cl,/MeOH/
pyridine, 98:1.5:0.5) to give the product (110 mg, 79 %) as a white solid,
which was used in the next step without further purification. '"H NMR
(300 MHz, CDCl;, 25°C, TMS): 6 =8.62 (brs, 1H), 7.59 (d, 3J(H.H) =
1.1 Hz, 1H), 747-723 (m, 9H), 6.84 (d, */(H,H) =83 Hz, 4H), 6.04 (s,
1H), 4.34 (s, 1H), 4.33 (s, 1H), 401 (m, 2H), 3.79 (s, 6H), 3.41 (d,
3J(HH)=10.6 Hz, 1H), 333 (d, *J(HH)=10.6Hz, 1H), 2.01 (d,
3J(H,H) =1.1 Hz, 3H), 0.75 (s, 9H), 0.05 (s, 3H), —0.04 (s, 3H); *C NMR
(75 MHz, CDCl;, 25°C, TMS): 6 =163.78, 158.56, 150.44, 144.46, 135.65,
135.53, 135.42, 129.95, 129.81, 127.96, 127.86, 126.88, 113.16, 109.46, 90.09,
8720, 86.11, 78.76, 74.29, 73.42, 59.83, 55.21, 25.42, 17.73, 12.90, —4.72,
—5.14; MS FAB: m/z (%): 687(4) [M+H]".
(1R,38,4R,7S)-7-(tert-Butyldimethylsilyl) oxy-1-(4,4'-dimethoxytrityl) oxy-
methyl-3-(5-methylcytosin-1-yl)-2,5-dioxabicyclo[2.2.1]heptane (17): 1,2,4-
Triazole (68 mg, 0.99 mmol) was added to a solution of 16 (97 mg,
0.141 mmol) in anhydrous pyridine (1.2 mL) and the mixture was stirred
at 0°C. POCI; (0.031 mL, 0.33 mmol) was added and the mixture was
stirred at room temperature for 15 h. It was subsequently diluted with
dichloromethane (8 mL), washed with saturated aqueous NaHCOj; solu-
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tion (2 x 5mL), dried (MgSO,), and concentrated in vacuo. The residue
was purified by column chromatography (CH,Cl,/MeOH/pyridine,
99:0.5:0.5) to afford the triazole intermediate (72.3 mg, 69%). This
compound (113 mg, 0.153 mmol) was dissolved in dioxane (1.3 mL) and
treated with 20 % aqueous ammonia (0.38 mL). The mixture was stirred at
room temperature for 22 h, then diluted with dichloromethane (5 mL) and
washed with water (5 mL). The organic phase was dried (MgSO,) and
concentrated in vacuo. The residue was purified by column chromatog-
raphy (CH,Cl,/MeOH/pyridine, 98.5:1:0.5) to give the product (68 mg;
64 %) as a white solid, which was used in the next step without further
purification; 'TH NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.60 (s, 1H),
747-722 (m, 9H), 6.83 (d, 3/(H,H) =9.0 Hz, 4H), 6.14 (s, 1H), 4.44 (s,
1H), 4.35 (s, 1H), 4.02 (d, *J(H,H) = 8.4 Hz, 1H), 3.96 (d, *J(H,H) = 8.4 Hz,
1H), 3.79 (s, 6H), 3.42 (d, 3/(H,H)=10.7 Hz, 1H), 3.32 (d, 3J(H,H) =
10.7 Hz, 1H), 2.02 (s, 3H), 0.74 (s, 9H), 0.04 (s, 3H), —0.05 (s, 3H);
3C NMR (75 MHz, CDCl;, 25°C, TMS): 6 =165.65, 158.52, 156.02, 144.55,
138.60, 135.63, 135.51, 129.97, 127.99, 127.83, 126.82, 113.13, 100.26, 89.77,
87.87, 86.03, 78.77, 74.43, 73.35, 60.14, 55.16, 25.44, 17.72, 13.60, —4.72,
—5.18; MS FAB: m/z (%): 686 (3) [M+H]".
(1R,3S,4R,75)-3-(4-N-Benzoyl-5-methylcytosin-1-yl)-7-(tert-butyldimeth-
ylsilyl)oxy-1-(4,4'-dimethoxytrityl)oxymethyl-2,5-dioxabicyclo[2.2.1Thep-
tane (18): Compound 17 (32 mg, 0.047 mmol) was freed of solvents by co-
evaporation with anhydrous CH;CN and redissolved in anhydrous CH;CN
(0.2 mL). A solution of DMAP (5.9 mg, 0.048 mmol) in anhydrous CH;CN
(0.2 mL) and N-benzoyltetrazoleP” (16.5 mg, 0.095 mmol) were added to
the reaction mixture. The resulting mixture was stirred at 65°C for 15 min
and then cooled to room temperature. Saturated aqueous NaHCO;
solution (10 mL) was added and the mixture was extracted with dichloro-
methane (2 x 10 mL). The combined organic phases were dried (MgSO,)
and concentrated in vacuo. The residue was purified by column chroma-
tography (CH,Cl,/MeOH/pyridine, 98.5:1:0.5) to afford the product as a
white solid (37 mg, 100% ); '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =
8.34 (d, 3J(H,H) = 6.8 Hz, 2H), 774 (d, 3/(H,H) =0.8 Hz, 1H), 7.47-726
(m, 12H), 6.85 (d, *J(H,H) =8.6 Hz, 4H), 6.09 (s, 1H), 4.40 (s, 1H), 4.35 (s,
1H), 4.06 (d, *J(H,H) = 8.7 Hz, 1H), 4.00 (d, *J(H,H) = 8.7 Hz, 1 H), 3.80 (s,
6H), 3.45 (d,3J(H,H) =10.7 Hz, 1H), 3.35 (d, 3/(H,H) = 10.7 Hz, 1 H), 2.21
(d, 3/(H,H) =0.8 Hz, 3H), 0.76 (s, 9H), 0.06 (s, 3H), —0.03 (s, 3H); MS
FAB: m/z (%): 790 (13) [M+H]", HR MALDI: caled for C,sH5N;O4-
Si+Na: 812.3338; found: 812.3338.
(1R,3S,4R,7S)-3-(4-N-Benzoyl-5-methylcytosin-1-yl)-1- (4,4 -dimethoxytrit-
yl)oxymethyl-7-hydroxy-2,5-dioxabicyclo[2.2.1]heptane (19): A solution of
compound 18 (58 mg, 0.073 mmol) in THF (0.7 mL) was treated with a
1.0M solution of TBAF in THF (0.080 mL) and the mixture was stirred at
room temperature for 30 min. It was then concentrated in vacuo and the
residue was redissolved in dichloromethane (10 mL). This solution was
washed with saturated aqueous NaHCO; solution (2 x 10 mL), dried
(MgSO,) and concentrated in vacuo. The residue was purified by column
chromatography (CH,ClL,/MeOH/pyridine, 98:1.5:0.5) to afford the product
as a white solid (41 mg, 83%). '"H NMR (300 MHz, CDCl;, 25 °C, TMS):3!
0=28.32(d,3J(H,H) =70 Hz,2H), 7.70 (s, 1 H), 7.47-7.26 (m, 12H), 6.86 (d,
3J(H,H) =89 Hz, 4H), 6.00 (s, 1H), 4.58 (s, 1H), 4.42 (s, 1H), 4.10 (d,
3J(H,H) =8.9 Hz, 1H), 4.03 (d, */(H,H) =8.9 Hz, 1H), 3.80 (s, 6H), 3.54
(m, 2H), 2.18 (s, 3H); MS FAB: m/z (%): 676 (11) [M+H]*, HR MALDI:
caled for C3H3N;Og+Na: 698.2473; found: 698.2476.
(1R,3S,4R,7S)-3-(4-N-Benzoyl-5-methylcytosin-1-yl)-1-(4,4' -dimethoxytrit-
yl)oxymethyl-7-(O-2-cyanoethyl-N,N-diisopropylphosphityl) oxy-2,5-dioxa-
bicyclo[2.2.1]heptane (20): Compound 19 (40.5 mg, 0.060 mmol) was
freed of solvents by co-evaporation with anhydrous CH;CN and redis-
solved in anhydrous dichloromethane (0.33 mL). The solution was stirred
at room temperature and diisopropyl ethylamine (0.048 mL) and
NC(CH,),OP(CI)N(iPr), (0.023 mL, 0.069 mmol) were added. The mixture
was stirred for 2 h, then diluted with EtOAc (5 mL), washed with saturated
aqueous NaHCO; solution (2x5mL) and brine (2x5mL), dried
(MgSO,) and concentrated in vacuo. The residue was purified by column
chromatography (CH,CL/Et;N, 199:1), dissolved in toluene (0.5 mL) and
precipitated from petroleum ether (20 mL) at —30°C to afford the product
as a white solid (31.5 mg; 60 %). 3P NMR (121.5 MHz, CDCl;, 25°C, 85%
H;PO, external): 6 =150.9, 150.7.

Synthesis of oligodeoxynucleotides: Oligonucleotide synthesis was carried
out by using a Biosearch model 8750 automated DNA synthesizer
following the phosphoramidite approach. Synthesis of a-oligonucleotides
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22-24, 26, 27, and 29-32 was performed on a 0.2 umol scale by using a-
thymidine 2-cyanoethyl phosphoramidite,*!! N-benzoyl-protected a-5-
methylcytosine 2-cyanoethyl phosphoramidite,® as well as compounds
15 and 20. The synthesis followed the regular protocol for the DNA
synthesizer and a universal CPG support (Biogenex) was employed.
However, for compounds 15 and 20, a prolonged coupling time of 10 min
was used. Coupling yields for all 2-cyanoethyl phosphoramidites were
>98%. The 5-O-DMT-ON oligonucleotides were removed from the
universal solid support by treatment with 2% LiCl in concentrated
ammonia at 55°C for 20 h, which also removed the protecting groups.
Subsequent purification using disposable reversed-phase cartridges, in-
cluding 5'-O detritylation, afforded the pure oligonucleotides. MALDI-MS
[M+H]" gave the following results (found/calcd): 22 (4196.9/4196.8); 23
(4227.1/4224.8); 24 (4309.2/4308.8); 26 (2976.4/2980.0); 27 (3261.6/3260.1);
29 (2976.6/2976.0); 30 (3001.9/3004.0); 31 (3145.0/3144.1); 32 (32572/
3256.1). The purities of all the oligonucleotides were verified by capillary
gel electrophoretic experiments.

Melting experiments: UV melting experiments were carried out on a
Perkin—Elmer Lambda2 spectrometer. Samples were dissolved in a
medium salt buffer containing Na,HPO, (10mm), NaCl (100mm) and
EDTA (0.1mm), pH 7.0 with 1.5pm concentrations of the two comple-
mentary sequences. The extinction coefficients were calculated assuming
the extinction coefficients for all thymine nucleotides to be identical, as
well as those for all 5-methyl cytosine nucleotides to be identical. The
increase in absorbance at 260 nm as a function of time was recorded while
the temperature was increased linearly from 8 to 80°C at a rate of
0.5°Cmin~! by means of a Pertier temperature programmer. The melting
temperature was determined as the local maximum of the first derivatives
of the absorbance versus temperature curve. All melting curves were found
to be reversible.

CD experiments: CD experiments were carried out on a Jasco J710
spectropolarimeter at 25°C using 1 cm cuvettes. The samples contained the
same buffer and the same concentrations as used in the melting experi-
ments.
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Self-Assembly of Gold(® Rings and Reversible Formation of
Organometallic [2]Catenanes

Christopher P. McArdle,®! Michael J. Irwin,[#! Michael C. Jennings,'! Jagadese J. Vittal,"!

and Richard J. Puddephatt*?!

Abstract: The reaction of the digold()
diacetylide [(AuCCCH,0OC¢H,),CMe,]
with diphosphane ligands can lead to
formation of either macrocyclic ring
complexes or [2]catenanes by self-as-
sembly. This gives an easy route to rare
organometallic [2]catenanes, and the
effect of the diphosphane ligand on the
selectivity of self-assembly is studied.
With  diphosphane ligands Ph,P-
(CH,),PPh,, the simple ring com-
plex [Au,{(CCCH,0C¢H,),CMe,}(Ph,P-
(CH,),PPh,)] is formed selectively when
x=2, but the [2]catenanes [Au,{(CC-

a mixture of the simple ring and [2]cat-
enane is formed, along with the “double-
ring” complex, [Au,{(CCCH,0CH,),C-
Me,},(Ph,P(CH,);PPh,),] and a “hexa-
mer” [{Au,[(CCCH,0OC:H,),CMe,]-
(Ph,P(CH,);PPh,)}s] whose structure is
not determined. A study of the equili-
bria between these complexes by solu-
tion NMR techniques gives insight into
the energetics and mechanism of [2]cat-
enane formation. When the oligomer

Keywords: aurophilicity -catenanes
- gold . molecular recognition -

[(AuCCCH,0CH,),CMe,] was treated
with a mixture of two diphosphane
ligands, or when two [2]catenane com-
plexes  [{Au,[(CCCH,0C¢H,),CMe,]-
(diphosphane)},] were allowed to equi-
librate, only the symmetrical [2]cate-
nanes were formed. The diphosphanes
Ph,PCCPPh,, trans-[Ph,PCH=CHPPh,]
and (Ph,PC;H,),Fe give the correspond-
ing ring complexes [Au,{(CCCH,-
OC4H,),CMe,}(diphosphane)], and the
chiral, unsymmetrical ~ diacetylide
[Au,{(CCCH,0C¢H,C(Me)(CH,CMe,)-
C¢H;0OCH,CC)] gives macrocyclic ring

CH,0C¢H,),CMe,}(Ph,P(CH,) PPh,)],

self-assembly
are formed when x =4 or 5. When x =3,

Introduction

There is considerable interest in the development of supra-
molecular systems which may have application in nanoscale
devices, and the prospects of success have increased as a result
of recent advances in the synthesis of mechanically inter-
locked molecules.'"1 By far the most explored and under-
stood area of this work has been the study of [2]catenanes, and
a large number of synthetic strategies based on ideas such as
7t — 7 interactions, cation templation, hydrophobic forces, and
hydrogen bonding have been developed.! Most advances
have used the techniques of organic and coordination
chemistry, or combinations of both, but the field of organo-
metallic catenanes is still in its infancy.! The first examples of
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complexes with all diphosphane ligands
Ph,P(CH,),PPh, (x=2-5).

catenanes containing organometallic centers were the organo-
magnesium compound A, with metal in one ring only, and
the o,m-bonded gold(1) acetylide complex B (R =tBu).["! For
different reasons, neither synthetic method can be easily
applied to the synthesis of other catenane complexes, and a
rational synthetic procedure is a prerequisite for systematic
studies.

R.
R \ R/ R
O ”/AU/R Au\/’,< R
Au” A
|l BN

o O\) Au Au

l NN | Al
% R //Au R _AU
g TN
R
A B

Recent research on the synthesis of linear-chain metal-
containing polymers with extended backbone conjugation
through dn—pn hybridization,®! as required for applications
in advanced materials,””) has focussed on gold(i) chemistry
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(C-E). Gold() is interesting because it usually forms simple
two-coordinate linear complexes!'” and it has the potential to
orient chains through aurophilic attractions (shown as Au---
Au, with typical distances of 2.75-3.40 A and bond energies
of 7-11 kcal mol~').['' During the course of this research, the
first organometallic system that is predisposed to spontaneous
formation of catenated molecular structures was discov-
ered.l? 13l

{CECOCEC—Au—CEN—O—NEC—AU}
n
C
{CEC—QCEC—Au—PRZOPRZ—Au}

n
D
tBu—CEC{Au—CEN—O—CEC}H
n
E

Herein we describe how reaction of a flexible dialkynyl
digold(1) complex with diphosphane ligands can yield either
macrocyclic or [2]catenane products in high yields, and it is
shown that the outcome of the self-assembly reaction is
dependent upon the nature of the spacer group in the
diphosphane ligand. The spectroscopic, structural, and photo-
physical data of these new macrocyclic complexes are
discussed in detail, along with attempts to synthesize both
mixed-ligand catenanes and chiral catenanes. A preliminary
report of some of these findings has been published,['” and a
study of how conformational effects of the diacetylide ligand
can influence [2]catenane formation has been reported.!'3]

Results and Discussion

Ligand and gold@® oligomer synthesis: Reaction of 4,4'-
isopropylidenebisphenol (1) with propargyl bromide under
basic conditions gave the bis(alkyne) derivative 2, which was
easily converted to the oligomeric digold(l) diacetylide
derivative 3 by reaction with [AuCl(SMe,)] in the presence
of sodium acetate (Scheme 1). Complex 3 was isolated, in
essentially quantitative yield, as a yellow powder which was
insoluble in common organic solvents. Like other gold()
acetylides, it is presumed to have a polymeric structure in
which each acetylide group is o-bonded (') to one gold atom
and w-bonded (77?) to another.["l This is supported by the IR
spectrum of 3, which exhibits a weak band at 2000 cm™},
considerably lower (ca. 120 cm™!) than the corresponding
band in the precursor 2 as expected if the alkynyl groups act as
7t donors.

Reactions with diphosphane ligands: Reactions of complex 3
with a variety of diphosphane ligands gave air-stable soluble
cyclic gold() complexes (Scheme 2) in high yields. The new
diphosphane complexes were characterized by elemental

724 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

BrCH,C=CH, KOH l-KBF, -H,0

o)
/O/ TCHz—C=c~H
Me. p

A
C

0,
O/CHZ—-CEC—H

2

[AuCI(SMe;,)] l-HCI, -SMe,

O
;O/ TCHy—C==c—Au
Me .

AV
C

0,
O/CHZ'—C————‘—C""A“

3
Scheme 1. Synthesis of the digold(1) diacetylide precursor 3.

n

analysis, multi-nuclei NMR (both 1D and 2D), IR spectros-
copy. and in a number of cases by X-ray structure determi-
nations.

The 3'P NMR spectra of the complexes showed that in all
cases, except the one in which the diphosphane was bis(di-
phenylphosphanyl)propane (dppp), the reactions occurred
selectively to give a single product. Reactions involving
diphosphanes with short and/or bulky spacer groups connect-
ing the two diphenylphosphane donor groups (CH,CH,, CC,
trans-CH=CH, Fe(CsH,),) yielded simple ring complexes
(4a, 4c—e), the result of 1:1 self-assembly between the
gold() oligomer and diphosphane. With the longer spacer
groups [(CH,), or (CH,)s] the only products were the
[2]catenane complexes 5b —¢, resulting from the self-assembly
of two gold() oligomer units and two diphosphane ligands.
The reaction with dppp gave a complex equilibrium of
products as evidenced by the observation of four resonance
siganls in the 3P NMR spectrum of the initially formed
product. The (CH,); spacer group is thus at the transition
point of the self-assembly process: shorter, bulkier linker
groups give simple ring complexes 4, while longer linker
groups give the [2]catenane derivatives 5. With dppp both 4
and § are identified along with two other “isomers” whose
structural characterization is discussed below.

The 'H and *C NMR data for all the new macrocycles were
fully assigned by the use of 2D NMR techniques, and are
detailed in the Experimental Section. However, whilst the
NMR and IR data are in agreement with the proposed
structures, they cannot distinguish between simple ring and
[2]catenane structures. Low-temperature NMR studies (‘H
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4a: X = (CHy),, 4b: X = (CH,),, 4¢: (C=C),
4d: (CH=CH), 4e: (Fe(C5H,)2)

PhPIXIPPhz | X = (CHy)a, (CH2)s. (C=C),

(CH=CH), (Fe(CsHa)2)
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o™

5a: X = (CHy),, 5b: X = (CHy),, 5¢: X = (CHy)s

Scheme 2. Synthesis of gold rings 4 and catenanes 5.

and *P) did not lead to any significant changes in the spectra
of 4 or 5, indicating that any conformational asymmetry is lost
by rapid intramolecular motions.'* In principle, mass spec-
trometry can be used to distinguish between 4 and 5 on the
basis of mass, but the technique is not fully reliable due to the
ease of cleavage of the mechanical link in 5. Preliminary
studies using electron impact (EI), chemical ionization (CI),
fast-atom bombardment (FAB) on solid samples or electro-
spray ionization (ESI) MS on solutions were unsuccessful, but
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) MS proved useful. Using this technique, the
catenane 5a gave a parent ion (P) at m/z 2218 (10%, P), as
well as at 1109 (90 %, 0.5P) due to fragmentation to the simple
ring. The most intense peak was at m/z 1305 (100 %, 0.5P +
Au), corresponding to the simple ring plus one gold atom.
Other significant peaks were at m/z 2111 (10%, P—
C¢H,OCH,) and 1915 (25%, P —Me,C(C(H,OCH,CC),. A
very weak molecular ion peak was observed for the larger
catenane 5b (mass P =2246), but there were significant peaks
at m/z 2140 (20%, P — C¢H,OCH,), 1943 (25%, P — diacet-
ylide), 1319 (90 %, 0.5P + Au) and 1123 (100 %, 0.5P), and the
presence of the high mass peaks can be taken as confirmation
of the [2]catenane structure. The simple ring complex 4a gave
m/z 1095 (100 %, P) but also gave a peak at m/z 1292 (70 %, P
+ Au). This (ring + Au) peak is observed for both the simple

Chem. Eur. J. 2002, 8, No. 3
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ring complexes and the [2]catenanes, so it is not a useful
indicator of structure.

Interestingly, use of an excess of diphosphane ligand in
reactions with the shorter spacer groups (C, and C;; i.e. simple
ring-forming ligands) resulted in the formation of insoluble
white solid products only, which are presumably polymeric in
nature. The product isolated from reaction of 3 and excess
bis(diphenylphosphanyl)ethane (dppe) was shown by ele-
mental analysis to have the stoichiometry [Au,{(CC-
CH,OC(H,),CMe,}(Ph,P(CH,),PPh,),], corresponding to
the incorporation of one unit of digold(l) diacetylide and
two units of dppe. However, reactions using excess diphos-
phane with larger spacer groups (C, and Cs) yielded only the
expected [2]catenane products.

Structural characterization: X-ray structure determinations
were carried out for five of the macrocyclic products, three
simple rings 4a, 4¢, and 4d, and two [2]catenanes (5a and 5b).
No suitable single crystals could be obtained for the other new
products. The structure of Sb has been described previous-
ly.[15

The molecular structure of the simple ring 4a is shown in
Figure 1, and selected bond lengths and angles are presented
in Table 1. The 23-membered ring, formed from one digold(1)

Figure 1. Structure of complex 4a showing interactions between two
adjacent molecules. Dotted lines indicate significant Au--- Au or aryl --- aryl
secondary bonding interactions. Note the twisted conformation of the
macrocyclic rings and the roughly orthogonal orientation of neighboring
rings.

Table 1. Selected bond lengths [A] and bond angles [°] for complex 4a.

Au(1)-P(1) 22773)  Au(2)-P(2) 2.280(3)
Au(1)-C(1) 1.97(1) Au(2)-C(23) 1.99(1)
C(1)-C(2) 1.18(2) C(23)-C(22) 1.16(2)
C(2)-C(3) 1.50(2) C(22)-C(21) 1.51(2)
C(IM)-P(1)-Au(l)  109.2(4) C2M)-P(2)-Au(2)  108.4(4)
P(1)-Au(1)-C(1) 173.0(5) P(2)-Au(2)-C(23) 173.7(4)
Au(1)-C(1)-C(2) 176(1) Au(2)-C(23)-C(22)  176(1)
C(1)-C(2)-C(3) 179(2) C(23)-C(22)-C(21)  179(2)

C(10)-C(11)-C(14)  114(3) C(12)-C(11)-C(13) 98(4)
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diacetylide unit and one dppe ligand, adopts an extended
cyclopentane half-chair conformation, mapped by (C(11)-
C(21A)-P(2A)-P(1)-C(3)). The ring is strongly puckered, with
a twist angle of 60°—the two phosphorus atoms are displaced
either side of the plane defined by the other atoms. This
distortion from planarity is clearly a result of the need to bring
the two gold atoms close enough together that they can be
bridged by the diphosphane ligand. The bonding within the
ring is unremarkable for this type of macrocycle, but the
extended packing within the crystal lattice is particularly
interesting, with a polymeric structure resulting from inter-
molecular interactions between adjacent molecules. As shown
in Figure 1, neighboring simple rings adopt a highly efficient
anti packing arrangement that both minimizes steric repul-
sions and maximizes intermolecular attractions. Adjacent
molecules are held together by both a short Au---Au
aurophilic attraction (Au(1)—Au(2B) 2.9668(8) A),l!l and
also by three aryl—aryl interactions (two aryl-phenyl edge-
to-face (ef), and one phenyl-phenyl offset-face-to-face
(off)].l'] This synergistic combination of attractive forces
(typical aryl—aryl attractions have energies of about
6 kJmol~!, compared to 7-11 kJmol~! for Au--- Au interac-
tions), must clearly lend a considerable degree of stabilization
to the polymeric array.

The molecular structures of complexes 4¢ and 4d are shown
in Figure 2 and Figure 3, and selected bond lengths and angles

Figure 3. The chain structure formed by intermolecular aurophilic attractions between gold(1) centers of complex

4d. Note that the rings are much less twisted than for 4a.

726 — © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

are summarized in Table 2 and Table 3, respectively. Both
simple rings are isostructural to 4a, adopting extended
cyclopentane half-chair conformations and exhibiting the
same polymeric crystal packing array (4¢: Au---Au
2.9987(13) A; 4d: Au--- Au 2.9961(11) A]. It was expected
that use of the more rigid G, ligands, bis(diphenylphosphanyl)-

Table 2. Selected bond lengths [A] and bond angles [] for complex 4c.

Au(1)-P(1) 2.267(5) Au(2)-P(2) 2.274(6)
Au(1)-C(7) 2.03(3) Au(2)-C(1) 1.90(4)
C(7)-C(8) 1.14(3) C(1)-C(2) 1.24(4)
C(11)-P(1)-Au(1) 105.0(7) C(10)-P(2)-Au(2) 103.0(8)
P(1)-Au(1)-C(7) 170.2(7) P(2)-Au(2)-C(1) 171.7(8)
Au(1)-C(7)-C(8) 178(2) Au(2)-C(1)-C(2) 179(3)
C(7)-C(8)-C(9) 175(3) C(1)-C(2)-C(3) 176(3)

Table 3. Selected bond lengths [A] and bond angles [°] for complex 4d.

Au(1)-P(1) 2274(5)  Au(2A)-P(2A) 2277(5)
Au(1)-C(11) 2052)  Au2A)-C(21A) 1.99(2)
C(11)~C(12) 1153)  C(21A)-C(22A) 1.19(2)
C()-P(1)-Au(1l)  1058(5)  C(2A)-P(2A)-Au(2A) 112.1(7)
P(1)-Au(1)-C(11)  1707(6)  P(A)-Au(2A)-C(21A)  175.3(6)
Au(1)-C(11)-C(12)  175(2) Au(2A)-C(21A)-C(22A)  175.6(19)

C(11)-C(12)-C(13)  178(3) C(21A)-C(22A)-C(23A)  177(2)

acetylene (dppa) and trans-1,2-bis(diphenylphosphanyl)ethy-
lene (dpp'e), would lead to formation of large double-rings
(two digold diacetylide + two diphosphane), but this was not
observed. In fact, comparison of the product macrocycles
shows that with increasing ligand rigidity the puckering in the
ring structure is reduced. The dppa product 4c¢ has the
smallest twist angle (53°) and the longest P--- P intramolec-
ular nonbonding distance, 4.695 A (c.f. 4a: 4.423 A; 4d:
4.478 A), of the three simple rings. The reduced puckering,
indicates less ring flexibility and so probably increased ring
strain compared to 4a. The increased strain is evidently not
sufficient to cause a different form of self-assembly to occur.

In all three simple rings the bonding is similar, with regular
tetrahedral geometry at the hinge carbon (CMe,) atoms, and
approximately linear arrangement of the P-Au—C=C—C units.
For complexes 4a and 4c¢, the bonding within the ring is
essentially symmetric, about a
C, axis through the hinge car-
bon atom and the center of the
diphosphane ligand, but there is
a notable distortion in complex
4d. The angle C(1)-P(1)-Au(1)
105.8(5)°, but C(2A)-P(2A)-
Au(2A) 112.1(7)°, and similarly
P(1)-Au(1)-C(11) 170.7(6)°,
while P(2A)-Au(2A)-C(21A)
175.3(6)°. Clearly there is a
significant distortion due to
ring strain. All three rings, how-
ever, must have flexibility in the
solution state, undergoing rapid
ring inversion, since NMR data
are consistent with C,, symme-
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try. For example, equivalence of the OCH, protons is
observed in the 'H NMR spectrum of all three macrocycles.

The molecular structure of the [2]catenane 5a is shown in
Figure 4, and selected bond lengths and angles are given in
Table 4. The large unit cell of 5a contains two inequivalent
[2]catenanes (see Figure 4a and 4b), both formed by the self-
assembly of two digold(i) diacetylide units and two diphos-
phane ligands. Each catenane exists as two 24-membered
rings that interlock symmetrically across the methylene chain
of the diphosphane ligands. The individual components are
similar to the simple rings, 4a, 4¢, and 4d, adopting
pseudocyclopentane half-chair conformations. In these cases,
however, the rings are far less puckered with twist angles of
26, 26° (catenane AB) and 28, 29° (catenane CD).

While the two [2]catenanes are of identical composition, it
is through small conformational changes, and the resultant
effect on intermolecular forces, that the inequivalence arises.
In the first catenane (AB, Figure 4a) there are two close inter-
ring Au -+~ Au aurophilic attractions (3.216(2) and 3.357(2) A),
and four aryl-aryl interactions (two aryl-phenyl ef, two
phenyl — phenyl off). In the second catenane (CD, Figure 4b),
however, there is only one aurophilic interaction
(Au(2C)-Au(2D) 3231 A), but there are five aryl—aryl

N
01304}
PUB)  AuiB

PID)  ALID)

Figure 4. a, b) Views of the two independent [2]catenane structures of 5a. Dotted lines indicate secondary

Au--- Au or aryl--- aryl bonds.
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5a.

Au(1A)-P(1A) 2.282(6) Au(1B)-P(1B) 2.269(8)
Au(2A)-P(2A) 2.298(7) Au(2B)-P(2B) 2.272(8)
Au(1A)—C(11A) 2.01(3)  Au(1B)-C(11B) 2.02(4)
Au(2A)—C(33A) 2.01(3)  Au(2B)—C(33B) 1.97(3)
C(11A)-C(12A) 1.17(4)  C(11B)—C(12B) 1.21(4)
C(33A)—C(32A) 1.18(3)  C(33B)—C(32B) 1.22(3)
P(1A)-Au(1A)-C(11A) 170.009) P(1B)-Au(1B)-C(11B) 166.3(10)
P(2A)-Au(2A)-C(33A) 170.5(8) P(2B)-Au(2B)-C(33B) 171.6(8)
Au(1A)-C(11A)-C(12A)  173(7) Au(1B)-C(11B)-C(12B)  173(3)
Au(2A)-C(33A)-C(32A) 173(7) Au(2B)-C(33B)-C(32B)  167(3)
Au(1C)-P(1C) 2.290(7) Au(1D)-P(1D) 2.271(7)
Au(2C)-P(20C) 2.269(7) Au(2D)-P(2D) 2.285(7)
Au(1C)-C(11C) 2.01(2) Au(1D)-C(11D) 1.96(3)
Au(2C)-C(330) 2.003) Au(2D)-C(33D) 2.00(3)
C(11C)-C(12C) 1.19(3) C(11D)-C(12D) 1.26(3)
C(330)-C(320) 1.17(3)  C(33D)-C(32D) 1.23(3)
P(1C)-Au(1C)-C(11C) 170.9(7) P(1D)-Au(1D)-C(11D) 174.9(8)
P(2C)-Au(2C)-C(33C) 172.3(8) P(2D)-Au(2D)-C(33D) 172.2(9)
Au(1C)-C(110)-C(12C)  178(3) Au(1D)-C(11D)-C(12D) 178(2)
Au(20)-C(33C)-C(32C)  173(3) Au(2D)-C(33D)-C(32D) 169(2)

attractions (four aryl—phenyl ef, one phenyl-phenyl off)—
the other Au--- Au distance (Au(1C)-Au(1D) 3.686(2) A) is
beyond the normal range of 2.75-3.40 A for such bonds.!"!l
Clearly, in either case the sum of
these secondary bonding forces
overcomes the unfavorable entro-
py associated with formation of
the [2]catenane and provides the
driving force for the “2+42” self-
assembly process. The presence of
short gold --- gold contacts in Sa is
mandatory within the small tight-
ly intertwined catenane and, since
the Au--- Au interaction is attrac-
tive, it is naturally present. Since
the two conformers present in the
solid state must have very similar
energies, there is a balance be-
tween maximizing the Au---Au
or aryl ---aryl attractive forces. In
the less sterically demanding cat-
enane Sb, aurophilic interactions
are not present in the solid state
structure (longer Au--- Au inter-
ring distances) and there are a
greater number of aryl-aryl at-
tractions present.! It is relevant
to note that aryl-aryl interac-
tions have previously been iden-
tified as playing an important role
in the self-assembly of organic
catenane complexes.> 7]

N Luminescence properties of the
macrocyclic gold@® complexes:
The photophysical properties of
the gold-acetylide rings (4a—e)
and catenanes (5a—c) were stud-
ied and are summarized in
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Table 5. All the synthesized complexes exhibit luminescence
at room temperature, as solids in KBr and as solutions in
CH,Cl,. Upon excitation at 325 nm, all the macrocyclic
complexes display a single broad emission band in the range
375 -378 nm in solution. In the solid state, however, excitation

Table 5. Photophysical data and Au--- Au distances for cyclic gold com-
plexes.

Compound Medium Aex [nm] Aem [nm] d(Au--- Au) [A]

4a KBr 345 446 2.9688(8)
CH,CL, 325 378

4c KBr 345 467 2.9887(13)
CH,CL, 325 376

4d KBr 345 467 2.9961(11)
CH,CL, 325 376

4e KBr 345 467
CH,CL, 325 376

5a KBr 345 427 3.216(2),3.357(2)
CH,CL 325 375 3.231(2),3.686(2)

5b KBr 345 427 4.993(1),5.219(1)
CH,CL, 325 378

5S¢ KBr 345 415
CH,Cl, 325 375

of the digold(l) diacetylide complexes at 345 nm results in a
single broad emission band in the range 415-467 nm, a
significant red shift. It has been previously reported that
formation of Au--- Au and aryl—aryl interactions in the solid
state can lead to the observation of a red shift in the emission
band compared to that in the solution phase.[!8] For the
present complexes, the red shift from solution to solid lies in
the range 68-91 nm for the simple rings (4a—e), and 40—
52nm for the [2]catenanes (5a-c), suggesting stronger
secondary interactions in the simple ring compounds in the
solid state than in the solution phase. These observations can
be correlated with structural data; the simple ring crystal
structures are dominated by short intermolecular aurophilic
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interactions and supported by aryl—aryl attractions, while the
[2]catenane structures are dominated by the aryl—aryl
interactions and supported, in some cases, by weaker intra-
molecular aurophilic attractions (typical aryl —aryl attractions
have energies of about 6 kJ mol~!, compared to 7—11 kJ mol~!
for Au--- Au interactions).

The equilibrium present for the bis(diphenylphosphanyl)pro-
pane (dppp) complex: The initial product of reaction of 3 with
dppp was a complex mixture, but recrystallization gave the
pure [2]catenane 5a. Complex 5a could be characterized both
in the solid state and in solution but, over a period of several
days in solution, it slowly reacted to give back the original
mixture of compounds. The mixture of products is thought to
be that shown in Scheme 3, and the evidence will be discussed
below.

Figure 5 shows the 3'P NMR spectra of solutions of complex
5a that were allowed to reach equilibrium over a period of
one week at room temperature. The singlet resonance at 0 =
31.9 is due to the [2]catenane. As the isomerization occurred,
three new resonances grew at 0 =35.9, assigned to the simple
ring complex 4b, at 6 =34.7, assigned to the ’double-ring’
complex 6, and a broad resonance at d =34.9, assigned to a
higher mass complex 7 (Scheme 3), whose structure is not
known. Figure 5 contains spectra of solutions at four different
concentrations. The relative concentrations of 5a and 6 are
independent of concentration; however, the relative concen-
tration of the simple ring complex 4b increases at lower
concentrations (most abundant complex in the spectrum of
Figure 5d) and that of 7 increases at higher concentration
(most abundant complex in the spectrum of Figure 5a).
Inspection of Figure 5 also shows that the linewidth of the
resonance for complex 5a is independent of concentration,
whereas the other resonances are broader at higher concen-
trations. The peak broadening arises from rapid chemical
exchange between these compounds.
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Scheme 3. The equilibria between rings 4b and 6, catenane 5a, and unknown structure 7.
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Figure 5. 3'P NMR spectra at 20°C of [2]catenane 5a in equilibrium with
its “isomers” 4b, 6, and 7 as a function of concentration. Total initial
concentration of Sa (before equilibration) was a) 48.5 x 1073 m, b) 24.2 x
1073 M, ¢) 12.1 x 1073 M, d) 2.3 x 1073 m.

By integration of the *'P resonances at different initial
concentrations of 5a ranging from 2.3-48.5 x 1073 M, it was
possible both to determine the relative molar masses of the
different components of the reaction mixture and to estimate
the relevant equilibrium constants. At 20°C, the correspond-
ing values for formation of the [2]catenane 5a or double-ring
complex 6 from the simple ring 4b are K,=[5a]/[4b]*=
25.5(1.0) m7; K, =[6]/[4b]*=20(2) m~". It follows that K;=
[5a]/[6] =1.3(0.1), showing that the double-ring and [2]cate-
nane isomers 6 and Sa have similar energies. The equilibrium
to give 7 is less well defined, partly because the concentration
of 7 at low overall concentration is too low to measure
accurately and partly because of overlap with the resonance
for complex 6 at higher concentrations. The best fit was that 7
is a hexamer of the simple ring with K, =[7]/[4b]°=1.8(0.2) x
10°m75. Since 7 is the most abundant complex at high
concentrations, attempts were made to grow crystals under
these conditions for positive structural characterization, but
crystals of Sa were obtained in each case.

Variable-temperature 3P NMR spectra for one sample are
shown in Figure 6. The samples were equilibrated for several
hours before recording the spectra, but the [2]catenane 5a
isomerizes only slowly so it is not at equilibrium with the other
complexes under these conditions. The following observations
can be made. First, it is clear from Figure 6 that the chemical
shifts, especially for 6 and 7, are temperature dependent.
Going from 25°C to —40°C, the resonances for 4b, 6, and 7
become sharper as the intermolecular chemical exchange
between them is slowed. However, between —40C and
—70°C, the resonances for 6 and 7 broaden again. It is likely
that each has a ground state conformation with different 3'P
environments, and that they become equivalent by intra-
molecular exchange. However, no splitting of the resonances
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Figure 6. 3P NMR spectra of [2]catenane 5a and its “isomers” 4b, 6, and 7
as a function of temperature. Total initial concentration of 5a (before
equilibration) was 35 x 103 m.

to give separate peaks was observed at temperatures down to
—90°C. What is less clear from inspection of Figure 6, but
which is clearly seen from the integration data, is that as the
temperature is lowered the concentration of 7 increases, while
the concentration of 4b decreases. This is expected, since
entropy effects will favor 4b (monomer) > 5a, 6 (dimers) > 7
(hexamer).

The easy intermolecular chemical exchange between 4b, 6
and 7 was confirmed by recording the 3P NMR EXSY spectra
and selected examples are shown in Figure 7. Since no
chemical exchange was detected for the [2]catenane 5a, that
region of the spectrum is not shown in Figure 7. The spectra
shown in Figure 7a—c were obtained on the same sample
under different conditions. The spectra shown in Figure 7a
and b were obtained at 20°C, with mixing times of 200 and
50 ms, respectively. In the spectrum shown in Figure 7a
chemical exchange is indicated between all pairs 4b, 7; 4b,
6; 6, 7 but in in Figure 7b the chemical exchange cross peak
between 6, 7 is absent and those for 4b, 7; 4b, 6 are much
weaker. Overall, the ease of exchange follows the series 4b,
6>4b,7>6,7>>4b,5a;5a, 6;5a, 7 under these conditions.
The spectra shown in Figure 7a and c were both recorded
using a mixing time of 200 ms but that in Figure 7c¢ was
obtained at —40°C. Under these conditions, the chemical
shifts for 6 and 7 are close together (compare Figure 6), but no
chemical exchange is detected at the low temperature. Finally,
the spectra shown in Figure 7a and d were each recorded
using mixing times of 200 ms, but the overall concentration
was lower than for the spectrum shown in Figure 7d. Under
these conditions, exchange between 4b and 6 is still clear but
the exchange between 4b and 7 is barely detected. This
difference arises since there is a greater concentration
dependence for exchange with the hexamer 7, and the effect
is accentuated because the concentration of 7 is lower at the
lower concentration.
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the [2]catenane core. The
mechanism(s) of interconver-
sion are not easy to determine.
However, the equilibria involv-
ing 5a are found to be greatly
accelerated in the presence of
free diphosphane ligand and so
it is likely that the reactions are
associative under these condi-
e tions. It is likely that the di-
| phosphane attacks at gold(1)
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with ring opening, leading to
the formation of linear mole-
cules with monodentate diphos-
| phane or diacetylide ligands,
\ and that these ring-opened in-
termediates undergo threading
or dethreading to make or
break the [2]catenane structure,
or take part in ring expansion or
1 contraction.

Mixed-phosphane reactions: In
an attempt to synthesize a
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)

Figure 7. 3'P 2D EXSY NMR spectra 4b, 6, and 7 as a function of total concentration ¢, temperature 7, and
mixing time ¢ Values of ¢, T, t are: a) 35 x 1073 M, 20°C, 200 ms; b) 35 x 1073 M, 20°C, 50 ms; c) 35 x 107> ™,

—40°C, 200 ms; d) 7 x 1073 M, 20°C, 200 ms. See the text for details.

Many of the above conclusions were confirmed from the
corresponding 'H and 3C NMR spectra, including correlated
'H-'H, 'H-BC, 'H-3'P, and C-'P NMR spectra. 'H-'H
NOESY spectra confirmed the chemical exchange (negative
cross peaks observed) with a similar time constant 7= 100 ms,
as found in the 3'P EXSY spectra for exchange between 4b
and 6. The crowded structure of the [2]catenane leads to some
unusual chemical shifts in the "H NMR spectra. For example
the ortho-hydrogen atoms of the PhP groups occur at 0 =7.15
for Sabut at 7.56 for 6 and 7.48 for 4b. The AA'’XX" signals for
the C,H,O groups are at 6 =6.77,6.13 for 5a; 7.12,6.92 for 4b;
6.96, 6.78 for 6 and 6.99, 6.79 for 7. The 'H resonances for 7
were broad and complete assignment was not possible, and no
useful additional structural information was obtained. It could
be a giant ring or a complex catenane or it could have a more
complex topological form such as a knot. The largest structure
previously identified from similar reactions was the doubly
braided catenane, which was considered a tetramer [Au,(di-
acetylide)(diphosphane)],, but its spectral properties are
distinct from those of 7.3

The equilibria described are complex but they give a rare
opportunity to observe the interchange between ring and
[2]catenane structures.'”] An unexpected feature is the great
differences in rates for the equilibria involving 5a (several
days at room temperature) compared with those involving
only 4b, 6 and 7 (fractions of a second at room temperature).
The slow reactions of Sa are attributed to the very compact
structure in which the gold atoms are sterically protected in
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mixed-ligand [2]catenane, the
oligomer 3, was allowed to re-
act with all seven pairwise com-
binations of the diphosphanes
Ph,P(CH,),PPh, (x=2-5). In
each case, 0.5 equivalents of
both phosphanes were used,
and the reaction products were isolated and characterized
by 'H, 13C, and ¥'P NMR techniques.

Throughout all seven reactions, not one single mixed-ligand
product was obtained; each reaction yielded the two homo-
recognition products (rings and [2]catenanes, 4a and S5a—c,
with the complex equilibrium in the case of dppp), as would
be expected for the individual phosphane reactions. Similarly,
mixing of two pure [2]catenanes, such as 5b and 5c¢, failed to
give any detectable amount of the expected unsymmetrical
[2]catenane. These surprising results demonstrate that there is
a high degree of selectivity present in this gold —phosphane
self-assembly process, which is clearly an excellent example of
molecular recognition. While a mixed catenane involving the
short dppe ligand is likely disfavored on steric grounds, this
should not be the case with combinations of the longer
diphosphanes, which can form homo[2]catenanes in their own
right. A possible explanation for these observations is that the
potential mixed-ligand catenanes might not have the con-
formational ability to maximize intramolecular attractions.

35.3 34.9

-—34

Chiral acetylide reactions: It was hoped that by starting with a
chiral bisphenol derivative with a similar structure to the
bisphenol 1, analogous methodology would allow the syn-
thesis and isolation of chiral [2]catenanes.’”) These new
products could exhibit both simple chirality and topological
chirality and, by using a racemic mixture of starting material,
any stereoselectivity in catenane formation would become
apparent.
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A racemic mixture of the chiral bisphenol 8 was used to
synthesize the bis(acetylide) derivative 9, which was subse-
quently used to form the chiral digold(1) diacetylide oligomer
10 (Scheme 4). The oligomer 10, was then treated with the
diphosphane ligands, Ph,P(CH,),PPh, (x =2-5) to yield four
new macrocyclic products, 11a—d (Scheme 4). All the new
products (air-stable white solids that slowly decompose in
solution) were characterized by IR and NMR spectroscopy,
and by elemental analysis—no crystals suitable for X-ray
crystallographic analysis could be obtained. The data for all
four complexes were fully assigned, and are listed in the
Experimental Section.
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Scheme 4. Synthesis of 11 from 8.

It is clear from the 3P NMR data, that all four products are
simple ring structures, with only two singlet resonances being
observed in each spectrum. If a [2]catenane product was
formed, four or eight signals are expected in the 3P NMR
spectra, depending upon the stereoselectivity of the catenane
formation. Similarly in the 'H NMR spectra, only two AB
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quartets are observed for the inequivalent OCH, protons.
Each product macrocycle will exist as a racemic mixture of a
chiral simple ring structure. Clearly the structural changes in
the bisphenol backbone, compared to 1, have affected the
ability of the digold() diacetylide 9 to undergo catenane
formation. It is probable that the increased steric effects will
hinder the ability to form the aryl—aryl interactions that are
necessary to overcome the unfavorable entropy of catenane
formation.

Conclusion

The reactions of digold(1) diacetylides X(C,H,0OCH,CCAu),
with diphosphane ligands can give either simple ring com-
plexes or [2]catenanes, depending on the nature of the hinge
group X or the spacer group in the diphosphane ligand. The
reactions are significant since they occur very easily and in
high yield, and since the products contain the first family of
organometallic [2]catenanes. The dependence of selectivity of
self-assembly on the hinge group X has been reported
previously,”] while the present work is focussed on how
selectivity depends on the spacer group of the diphosphane
ligand, using the single hinge group CMe,. There is a very
sharp switch in the selectivity of self-assembly for the
diphosphanes Ph,P(CH,),PPh, as a function of x, and only
when x =3 is there an equilibrium present. The shorter bite
diphosphane Ph,P(CH,),PPh, gives only the simple ring form
by 1+1 self-assembly, while the longer bite diphosphanes
Ph,P(CH,),PPh,, with x =3 or 4, give only the [2]catenane by
2+2 self-assembly. This study, together with parallel work,["!
provides a sound basis for the design of other organometallic
[2]catenanes.

Experimental Section

NMR spectra were recorded using Varian Mercury 400 and Inova 600 MHz
spectrometers. 'H and *C NMR chemical shifts are reported relative to
tetramethylsilane, while 3P chemical shifts are reported relative to 85%
H;PO, as an external standard. IR spectra were recorded using a Perkin-
Elmer 2000 FTIR as Nujol mulls on KBr plates or as CH,Cl, solutions in
0.1 mm NaCl cell. Emission spectra were recorded at room temperature
using a Fluorolog-3 spectrofluorimeter. For recording the emission and
excitation spectra, solutions were placed in quartz cuvettes, while solid
samples were ground finely with added KBr. All gold complexes were
protected from light by using darkened reaction flasks.

MALDI-TOF data were acquired using a Micromass TofSpec 2E mass
spectrometer in positive-ion mode. The samples were dissolved in CHCI,
(1 mgmL-') and mixed 1:1 with the matrix solution (dihydroxybenzoic acid
10 mgmL ! in CHCl;/MeOH 50:50) prior to application on the target. The
samples were analyzed in reflectron mode and MS spectra were externally
calibrated with a peptide mix (bradykinin, angiotensin I, renin substrate
and ACTH18-39).

Compounds 2, 3,and 5b, were prepared by experimental procedures as
previously reported.l'”] The complex [AuCl(SMe,)] was prepared by the
literature method.?!

Caution: Some gold acetylides are potentially explosive; they should be
prepared in small quantities and not subjected to shock!
[Aun,{(CCCH,0CH,),CMe,}(Ph,P(CH,),PPh,)] (4a): A mixture of 3
(0.125 g, 0.180 mmol) and Ph,P(CH,),PPh, (0.079 g, 0.198 mmol) in CH,Cl,
(50 mL) was stirred for 3 h at room temperature. Activated charcoal was
added to the solution, which was stirred for a further 0.5 h then filtered. The
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filtrate was concentrated (ca. 1 -2 mL) and addition of pentane (100 mL)
precipitated a white solid. The powder was collected by filtration, washed
with diethyl ether and pentane, and dried. Yield 0.137 g, 70 %. IR (CH,CL,):
7=2130 (w) cm™! (C=C); 'H NMR (400 MHz, CD,Cl,, 25°C): 6 =7.50—
7.44 (m, 20H; Ph), 723 (m, 4H; C¢H,), 7.00 (m, 4H; C;H,), 4.75 (s, 4H;
OCH,), 2.51 (m,4H; CH,), 1.65 (s, 6H; Me); 'P NMR (160 MHz, CD,Cl,,
25°C): 6=40.54; 3C NMR (100 MHz, CD,Cl,, 25°C): 6 =156.0, 143.5
(both C¢H,), 133.6, 129.6, 132.3 (all Ph), 129.3 (C=C), 1276, 114.8 (both
C¢H,), 978 (C=C), 56.5 (OCH,), 41.5 (CMe,), 30.8 (Me), 24.1 (CH,);
elemental analysis calcd (%) for C,;H,,Au,P,0, (1094.7): C 51.57, H 3.87,
found: C 52.04, H 3.95. X-ray quality crystals were grown from slow
diffusion of Et,O into a solution of complex 4a in CH,Cl,.

[Au,{(CCCH,0C:H,),CMe,}(Ph,P(CH,),PPh,),]: An insoluble white solid
[Au,{(CCCH,0CH,),CMe,}(Ph,P(CH,),PPh,),] was similarly prepared
from 3 (0.100g, 0.144 mmol) and excess Ph,P(CH,),PPh, (0.250 g,
0.628 mmol). Yield 0.157 g; elemental analysis calcd (%) for C,;HgAu,-
P,O, (1493.2): C 58.72, H 4.46; found: C 58.76, H 4.44.

[Aw,{(CCCH,0C:H,),CMe,}(Ph,PCCPPh,)] (4c): This was prepared
similarly from 3 (0.100 g, 0.144 mmol) and Ph,PC=CPPh, (0.051g,
0.130 mmol). The product was isolated as a white solid. Yield 0.107 g,
76%. IR (CH,Cl,): #=2134 (w)cm ! (C=C); '"H NMR (400 MHz, CD,Cl,,
25°C): 6="176-7.50 (m, 20H; Ph), 7.19 (m, 4H; C;H,), 7.00 (m, 4 H; C¢H,),
4.77 (s,4H; OCH,), 1.63 (s, 6 H; CH;); *'P NMR (160 MHz, CD,Cl,, 25°C):
0=18.93; BC NMR (100 MHz, CD,Cl,, 25°C): 6=156.2, 143.5 (both
C¢H,), 133.6, 132.8, 129.9 (all Ph), 128.0 (d, Jpc =63 Hz; Ph), 127.8, 114.6
(both C4H,), 101.4 (d, 'Jp =85 Hz; PC=CP), 98.1 (C=C), 56.8 (OCH,), 41.8
(CMe,), 31.1 (Me); elemental analysis caled (%) for C,HsAu,P,0,
(1090.7): C 51.76, H 3.51; found: C 51.44, H 3.44. X-ray quality crystals
were grown from slow diffussion of Et,0 into a solution of complex 4¢ in
CH,Cl,.

[Aw,{(CCCH,0CH,),CMe,}(trans-Ph,PCH=CHPPh,)] (4d): This was
prepared similarly from 3 (0.100g, 0.144mmol) and trans-
[Ph,PCH=CHPPh,] (0.051 g, 0.129 mmol). The product was isolated as a
white solid. Yield 0.114 g, 81 %. IR (CH,Cl,): 7=2129 (w) cm™ (C=C);
'"H NMR (400 MHz, CD,Cl,, 25°C): 6 =7.56-7.46 (m, 20H; Ph), 720 (m,
4H;CsH,),6.99 (m,4H; CH,), 6.87 (m,2H; CH=CH), 4.74 (s,4H, OCH,),
1.63 (s, 6H, CHj;); 3'P NMR (160 MHz, CD,Cl,, 25°C): 6 =39.65; 3C NMR
(100 MHz, CD,Cl,, 25°C): 6 =156.1, 143.5 (both C,H,), 141.1, 140.9 (both
CH), 134.3, 132.6, 129.8 (all Ph), 128.3 (d, 2/pc =28 Hz; C=C), 1277, 114.7
(both C4H,), 97.9 (C=C), 56.6 (OCH,), 41.6 (CMe,), 31.0 (Me); elemental
analysis calcd (%) for Cy;HyAu,P,0, (1092.7): C 51.66, H 3.69; found: C
51.47, H 3.63. X-ray quality crystals were grown from slow diffussion of
Et,0 into a solution of complex 4d in CH,Cl,.

[Au,{(CCCH,0C:H,),CMe,}{(Ph,PC;H,),Fe}] (4e): This was prepared
similarly from 3 (0.120g, 0.172 mmol) and [Fe(CsH,PPh,),] (0.080 g,
0.144 mmol). The product was isolated as a yellow solid. Yield 0.135 g,
75%. IR (CH,CL,): #=2134 (w) cm~' (C=C); '"H NMR (400 MHz, CD,Cl,,
25°C): 6 =1754-741 (m,20H; Ph), 7.22 (m, 4H; C¢H,), 6.99 (m, 4H; C(H,),
4.81 (s, 4H; OCH,), 4.40 (s, 8H; CH,), 1.65 (s, 6H; CH;); *'P NMR
(160 MHz, CD,Cl,, 25°C): 6 =37.06; *C NMR (100 MHz, CD,Cl,, 25 ?C):
0=156.1, 143.4 (both C¢H,), 133.9, 131.8 (both Ph), 131.3 (C=C), 129.3
(Ph), 127.7, 114.8 (both C¢H,), 97.8 (C=C), 75.2 (CsHs), 56.6 (OCH,), 41.6
(CMe,), 30.7 (Me); elemental analysis calcd (%) for CssH,sAu,P,0,Fe;
(1250.7): C 52.82, H 3.71; found: C 52.20, H 3.64.

[{Au,[ (CCCH,0C¢H,),CMe,](Ph,P(CH,);PPh,)},] (5a): This was pre-
pared similarly from 3 (0.140 g, 0.201 mmol) and Ph,P(CH,);PPh,
(0.091 g, 0.221 mmol). The product was isolated as a white solid. Yield
0.180 g, 81 %. The initial product is a mixture of isomers but recrystalliza-
tion gave the pure [2]catenane, whose data are given. IR (CH,Cl,): 7=2132
(w) ecm™' (C=C); 'H NMR (400 MHz, CD,Cl,, 25°C): § =7.45-7.17 (m,
40H; Ph), 6.77 (m, 8H; CH,), 6.13 (m, 8 H; C;H,), 4.55 (s, 8H; OCH,), 2.32
(m, 4H; CH,), 1.82 (m, 8H, CH,), 1.42 (s, 12H; Me); 3'P NMR (160 MHz,
CD,(l,, 25°C): 6 =31.67; C NMR (100 MHz, CD,Cl,, 25°C): 6 =155.5,
143.0 (both C4H,), 133.7,131.0, 129.5 (all Ph), 127.1, 115.1 (both CsH,), 56.9
(OCH,), 40.8 (CMe,), 30.5 (Me), 28.3, 22.8 (both CH,); elemental analysis
caled (%) for CoHgsAu,P,0, (2217.5): C 52.00, H 4.00; found: C 52.15, H
4.10. The 3P NMR spectrum of the initial product contained additional
resonances: (*'P NMR): 6 =35.61 (s, simple ring 4e), 34.56 (br, unknown
complex 6), 34.47 (br, unknown complex 7); the pure catenane in solution
reverted to the equilibrium mixture over a period of 5-6 days.
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[Au,{(CCCH,0C¢H,),CMe,}(Ph,P(CH,)sPPh,)] (5¢): This was prepared
similarly from 3 (0.127 g, 0.182 mmol) and Ph,P(CH,)sPPh, (0.089 g,
0.202 mmol). The product was isolated as a white solid. Yield 0.145 g,
70%. IR (CH,Cl,): #=2130 (w) cm~! (C=C); 'H NMR (400 MHz, CD,Cl,,
25°C): 0 =17.67-744 (m,40H; Ph), 7.20 (m, 8 H; C¢H,), 6.99 (m, 8H; C¢H,),
4.77 (s, 8H; OCH,), 2.36 (m, 8H; CH,), 1.65 (s, 12H; Me), 1.57 (m, 12H,
CH,); P NMR (160 MHz, CD,Cl,, 25°C): 6 =37.36; 3*C NMR (100 MHz,
CD,(Cl,, 25°C): 6 =156.1, 143.5 (both C¢H,), 133.6, 131.8 (both Ph), 131.0
(d, 2Jpc =53 Hz; C=C), 129.4 (Ph), 127.8, 114.7 (both C,H,), 97.7 (d, 3Jpc=
26 Hz; C=C), 56.7 (OCH,), 41.8 (CMe,), 31.1 (Me), 28.1 (d, Jpc=36 Hz;
CH,), 25.9, 25.0 (both CH,); elemental analysis calcd (%) for C,,HosAu,-
P,O, (2273.6): C 52.83, H 4.26; found: C 52.30, H 4.17.

Chiral diacetylide ligand 9: BrCH,C=CH (2.66 g, 22.4 mmol) and finely
ground KOH (1.35 g, 24.0 mmol) were added to a solution of 8 (2.0 g,
7.5 mmol) in acetone (50 mL). The mixture was heated at reflux for about
16 h. The solution was allowed too cool to room temperature then filtered
to give a pale yellow filtrate. The solvent was removed under reduced
pressure and the resultant pale yellow oil dried under vacuum (3 days). The
product was washed with pentane and dried further. Yield: 2.12 g,82%. IR
(Nujol): #=2122 (m), 2050 (w) cm~! (C=C); 'H NMR (400 MHz, CD,Cl,,
25°C): 6=712 (m, 2H; CH,), 711 (d, 27=8.8 Hz, 1H; C.Hs,), 6.89 (dd,
2] =8.8 Hz,*J =2.8 Hz, 1H; C;H,), 6.84 (m, 2H; CsH,), 6.68 (d,*/=2.8 Hz,
1H; C¢H;), 4.67 (d,J =2.4 Hz,2H; OCH,), 4.65 (d,/ =2.4 Hz,2H; OCH,),
2.55 (m,2H; CH), 2.37 (d,/=12.8 Hz, 1H; CH,), 2.19 (d, /= 12.8 Hz, 1H;
CH,), 1.64 (s, 3H; Me), 1.31 (s, 3H; Me), 1.02 (s, 3H; Me); *C NMR
(100 MHz, CD,Cl,, 25°C): 6 =1572 (CH3), 155.7 (C4H,), 150.8 (CH,),
145.7 (C4Hs), 144.2 (C4H,), 128.0 (C4H,), 123.6 (C4Hs), 114.4 (CH,), 114.4
(CsH3), 111.4 (C4H3), 79.2 (C=CH), 79.1 (C=CH), 75.4 (CH), 59.8 (CH,),
56.3 (OCH,), 56.0 (OCH,), 50.4 (CMe), 42.5 (CMe,), 30.9 (Me), 30.9 (Me),
30.5 (Me).

Chiral digold@ diacetylide 10: [AuCl(SMe,)] (0.345 g, 1.17 mmol) was
dissolved in the mixed solvents THF (70 mL)/MeOH (25 mL). To the
solution was then added a solution of 9 (0.202 g, 0.59 mmol) and NaO,CMe
(0240 g, 2.93 mmol) in THF (20 mL)/MeOH (20 mL). The resulting
mixture was stirred for 16 h to produce a dark yellow precipitate. The
solid was then collected by filtration, washed with THF, MeOH, Et,0, and
pentane, and dried. Yield: 0.264 g, 61%. The product is insoluble in
common organic solvents. IR (Nujol): 7=1995 (w, br)cm™! (C=C);
elemental analysis caled (%) for C,,H,,Au,0, (736.4): C 39.15, H 3.01;
found: C 38.70, H 2.88.

Simple ring 1la: A mixture of 10 (0.120g, 0.162 mmol) and
Ph,P(CH,),PPh, (0.058 g, 0.147 mmol) in CH,Cl, (50 mL) was stirred for
3 h at room temperature. Activated charcoal was added to the solution,
which was stirred for a further 0.5h then filtered. The filtrate was
concentrated (ca. 1 -2 mL) and addition of pentane (100 mL) precipitated
a white solid. The powder was collected by filtration, washed with diethyl
ether and pentane, and dried. Yield 0.134 g, 81 %. IR (Nujol): 7=2132
(w) cm™' (C=C); 'H NMR (600 MHz, CD,Cl,, 25°C): 6 =7.60-7.36 (m,
20H;Ph), 7.16 (m, 2H; CH,), 7.10 (m, 1 H; C.H;), 7.07 (m, 2H; C¢H,), 6.89
(m, 1H; CH;), 6.82 (m, 1H; C¢H;), 4.84, 479 (AB q, J=171Hz, 2H;
OCH,), 4.76, 470 (AB q, /=171 Hz, 2H; OCH,), 2.60 (m, 4H; [P]CH,),
2.43 (d,/=12.6 Hz, 1H; CH,), 2.15 (d, J=12.6 Hz, 1 H; CH,), 1.64 (s, 3H;
Me), 1.30 (s, 3H; Me), 1.06 (s, 3H; Me); 3'P NMR (160 MHz, CD,Cl,,
25°C): d=40.10 (s; P); C NMR (150 MHz, CD,Cl,, 25°C): 6 =157.9
(CeH;), 156.4 (C¢H,), 151.3 (C¢Hs;), 144.9 (CeHs;), 143.2 (CcH,), 133.7 (m;
Ph), 1323 (s br; Ph), 129.6 (m; Ph), 127.7 (CsH,), 123.2 (CsH;), 115.4
(CeH,), 113.6 (C4Hs), 112.4 (C4H;), 98.8 (m w, C=CAu), 59.5 (CH,), 574
(OCH,), 56.9 (OCH,), 50.4 (CMe), 42.4 (CMe,), 31.2 (Me), 31.0 (Me), 30.4
(Me), 24.1(m, [P]CH,); elemental analysis calcd (%) for Cs)HysAu,P,0,-
0.5CH,Cl, (1177.3): C 51.52, H 4.02; found: C 51.43, H 3.98.

Simple ring 11b: This was prepared similarly from 10 (0.120 g, 0.162 mmol)
and Ph,P(CH,);PPh, (0.060 g, 0.147 mmol). The product was isolated as a
white solid. Yield 0.119 g, 71%. IR (Nujol): 7=2133 (w) cm~' (C=C);
'"H NMR (400 MHz, CD,Cl,, 25°C): 6 =7.78-7.37 (m, 20H; Ph), 721 (m,
2H; C¢H,), 7.10 (m, 1H; C4H3), 7.00 (m, 2H; C¢H,), 6.87 (s br, 1 H; C¢H,),
6.84 (m, 1H; C¢H;), 4.79 (m, 1H; OCH,), 4.72 (m, 1H; OCH,), 4.64, 4.53
(AB q, J=16.4Hz, 2H; OCH,), 3.17 (m, 1H; [P],CH,), 3.04 (m, 1H;
[Pl.CH,), 2.75 (m, 1H; [P],CH,), 2.62 (m, 1H; [P],CH,), 2.30 (d, /=
128 Hz, 1H; CH,), 2.19 (d, J=128Hz, 1H; CH,), 1.82 (m, 2H;
[P],CH,), 1.64 (s, 3H; Me), 1.33 (s, 3H; Me), 1.10 (s, 3H; Me); 3P NMR
(160 MHz, CD,Cl,, 25°C): 6=31.80 (s; P), 3146 (s; P); BC NMR
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(150 MHz, CD,CL,, 25°C): 6 =157.1 (CgH,), 156.1 (CgH,), 150.8 (CHs,),
144.6 (C,Hs), 143.4 (CgH,), 133.9 (m br; Ph), 131.7 (m; Ph), 129.5 (m; Ph),
1278 (CgH,), 123.3 (C4Hs), 116.0 (C4H,), 114.4 (C,H,), 110.8 (C4H,), 98.8
(m w; C=CAu), 59.9 (CH,), 57.5 (OCH,), 56.7 (OCH,), 50.6 (CMe), 42.5
(CMe,), 31.5 (Me), 31.2 (Me), 31.0 (Me), 30.8(m, [P]CH,), 28.7(m, [P]CH,):
elemental analysis caled (%) for C5;H,3Au,P,0,- H,O (1166.8): C 52.50, H
4.32; found: C 52.62, H 4.19.

Simple ring 11 ¢: This was prepared similarly from 10 (0.125 g, 0.170 mmol)
and Ph,P(CH,),PPh, (0.065 g, 0.152 mmol). The product was isolated as a
white solid. Yield 0.145 g, 82%. IR (Nujol): #=2133 (w) cm~!' (C=C);
'H NMR (600 MHz, CD,Cl,, 25°C): 8 =7.66—7.37 (m, 20H; Ph), 7.14 (m,
2H; CH,), 711 (m, 1H; C,H,), 6.99 (m, 2H; CH,), 6.93 (m, 1H; C,Hy),
6.85 (m, 1H; C4Hy), 4.83, 478 (AB q, J=15.6 Hz, 2H; OCH,), 4.72, 4.67
(AB q, J=15.6 Hz, 2H; OCH,), 2.39 (d, J=12.6 Hz, 1 H; CH,), 2.37 (m,
4H; [P|CH,), 2.17 (d, J =12.6 Hz, 1 H; CH,), 1.65 (m, 4H; [P]CH,), 1.63 (s,
3H; Me), 1.31 (s, 3H; Me), 1.02 (s, 3H; Me); *'P NMR (160 MHz, CD,Cl,,
25°C): 0 =38.72 (s; P), 3821 (s; P); ®C NMR (150 MHz, CD,Cl,, 25°C):
0=1575 (C¢H;), 156.2 (C¢H,), 150.8 (C4H;), 145.0 (C4Hs), 143.2 (CH,),
133.6 (m; Ph), 131.8 (m; Ph), 129.5 (d, /=11 Hz; Ph), 127.7 (C,H,), 123.1
(CeHy), 115.1 (CgH,), 113.1 (CH,), 112.8 (CgHy), 97.9 (m, C= CAu), 59.8
(CH,), 57.1 (OCH,), 57.0 (OCH,), 50.4 (CMe), 42.4 (CMe,), 31.4 (Me), 30.9
(s; 2Me), 27.6(m, [P]CH,), 27.0(m, [P]CH,); elemental analysis calcd (%)
for Cy,HyyAu,P,0, - 3H,0 (1216.9): C 51.33, H 4.64; found: C 51.34, H 4.52.

Simple ring 11d: This was prepared similarly from 10 (0.113 g, 0.153 mmol)
and Ph,P(CH,)sPPh, (0.057 g, 0.129 mmol). The product was isolated as a
white solid. Yield 0.127 g, 84%. IR (Nujol): #=2133 (w) cm~! (C=C);
'H NMR (600 MHz, CD,Cl,, 25°C): 6 =7.66—7.40 (m, 20H; Ph), 7.16 (m,
2H; CH,), 711 (m, 1H; C,H,), 6.94 (m, 2H; CH,), 6.93 (m, 1H; C4Hy),
6.86 (s br, 1H; C,Hs,), 4.81, 4.74 (AB q, J = 15.6 Hz, 2H; OCH,), 4.63, 4.52
(AB q,J =16.8 Hz, 2H; OCH,), 2.43 (m, 4H; [P]CH,), 2.37 (d,J = 12.6 Hz,
1H; CH,), 2.18 (d, J=12.6 Hz, 1 H; CH,), 1.64 (s, 3H; Me), 1.59 (m, 6 H;
[P]CH,), 1.32 (s, 3H; Me), 1.03 (s, 3H; Me); *'P NMR (160 MHz, CD,CL,
25°C): =37.80 (s; P), 36.97 (s; P); ®C NMR (150 MHz, CD,Cl,, 25°C):
5=1575 (CeHy), 156.1 (C;H,), 150.5 (C4Hy), 145.0 (CHs), 1432 (C,H,),
133.7 (m br; Ph), 131.8 (s br; Ph), 131.7 (m w; C=CAu), 129.4 (d, /=10 Hz;
Ph), 127.7 (C;H,), 123.2 (C¢Hy), 114.9 (C.H,), 113.8 (C4Hy), 112.6 (C4H,),
97.9 (m, C=CAu), 59.8 (CH,), 57.2 (OCH,), 56.7 (OCH,), 50.5 (CMe), 42.5
(CMe,), 32.5 (m, [P]CH,), 31.6 (Me), 30.8 (s br; 2Me), 27.8(m, [P]CH,),
25.3(m, [P]CH,); elemental analysis calcd (%) for Cs;Hs,Au,P,0, - CH,Cl,
(1261.8): C 51.40, H 4.31; found: C 51.19, H 4.24.

Mixed-phosphane reactions: All seven pairwise combinations of the
diphosphanes Ph,P(CH,),PPh, (x =2-5) (0.014 mmol) were treated with
oligomer 3 (0.020 g, 0.028 mmol). The mixtures in CH,Cl, (20 mL) were
stirred for about 3 h to give clear solutions. Activated charcoal was then
added to each solution, and the mixtures were filtered. The filtrates were
evaporated to dryness under reduced pressure and the residues washed
with Et,0 (50 mL) to give white solids. These products were dried and
analyzed by 'H and 3'P NMR spectroscopy.

X-ray structure determinations: Data for 4a, 4d, and 5a were collected by
using a Nonius Kappa-CCD diffractometer using COLLECT (Nonius,
1998) software. Standard settings were used except for complex 5a, which
has a long axis and required the detector to be moved back to
accommodate this. The unit cell parameters were calculated and refined
from the full data set. Crystal cell refinement and data reduction was
carried out using the Nonius DENZO package. The absorption correction
was carried out by integration using SCALEPACK (Nonius, 1998). All
crystal data and refinement parameters are listed in Table 6 and Table 7.
The SHELXTL 5.1 (Sheldrick, G.M., Madison, WI) program package was
used to solve all structures, which were refined using least-squares methods.
Data for 4c were collected by using a Bruker SMART CCD diffractometer.
The software used was: SMART, for collecting frames of data, indexing
reflection and determination of lattice parameters; SAINT, for integration
of intensity of reflections and scaling; SADABS, for absorption correction.

4a: A crystal of [{u-CMe,(C{H,OCH,CCAu),}{u-Ph,P(CH,),PPh,}]-
0.75 CH,Cl, was mounted on a glass fiber. There was disorder in the O(4)
through O(20) chain and that unit was modeled as two half-occupancy
chains with isotropic thermal parameters. Also, the aromatic rings were
restrained to be flat and the C—C distances were constrained to be 1.395 A.
All other non-hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms were calculated geometrically and were
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Table 6. Crystal data and structure refinement for complexes 4a and 4c.

Compound 4a-0.75 CH,Cl, 4¢-0.5Et,0
formula Cy77sHi3A0,Cl 500,P, CyHysAuy0, 50P,
Fw 1157.87 1127.71

T [K] 292(2) 293(2)

2 (Mog,) [A] 0.71073 0.71073
crystal system monoclinic monoclinic
space group P2(1)/n P2(1)/n
a[A] 17.9418(7) 18.0898(7)
b [A] 14.4752(6) 14.0949(4)
c[A] 20.1253(6) 20.8820(9)
B[] 111.736(2) 111.875(1)
V [A3] 4855.1(3) 4941.0(3)

z 4 4

Pearca [Mg m3) 1.584 1.516

u [mm~!] 6.218 6.030
F(000) 2236 2180
absorption correction integration SADABS
measured reflections 33078 22192
unique reflections 9880 (R;,=0.1980) 8270 (R, =0.1398)
parameters 453 277

GOF on F? 1.016 1.129
R1[I>20(D)] 0.0823 0.1157

wR2 (on F?, all data) 0.1386 0.2363

Alrin and max [€ A 7] 0.646 and —0.800 2.203 and —0.834

Table 7. Crystal data and structure refinement for simple ring 4d and
single braid [2]catenane Sa.

Compound 4d-04Et,0 5a-0.125CG,H,Cl,
formula CigsoHauAw, 0, 40P, Co.50HzoAuyCly 500,4Py
Fw 1122.31 2242.14

T [K] 298(2) 150(2)

2 (Mog,) [A] 0.71073 0.71073

crystal system monoclinic monoclinic

space group P2(1)/n P2(1)/n

a[A] 17.9091(11) 12.4526(3)

b [A] 14.1034(10) 45.0061(18)
c[A] 21.0868(11) 30.5379(11)

AN 114.309(4) 98.570(2)

v [A3] 4853.9(5) 16923.6(10)

z 4 8

Peated [Mg m~3] 1.536 1.760

u [mm™1] 6.138 7.056

F(000) 2171 8676

absorption correction integration integration
measured reflections 31713 27409

unique reflections 6502 (R;,, =0.206) 18686 (R;, = 0.0990)
parameters 450 1450

GOF on F? 1.067 1.059

R1 [I>20(1)] 0.0793 0.0889

wR2 (on F?, all data) 0.1744 0.1963

1.728 and —0.689 1.610 and —1.621

Arin and max [€A 7]

riding on their respective carbon atoms. Two molecules of dichloromethane
of solvation were found; one was modeled at half occupancy with
anisotropic thermal parameters, and hydrogen atoms, the other was
modeled (occ =0.25) isotropically without hydrogen atoms. Both solvent
molecjules had C—Cl distances fixed to 1.65 A and CI—Cl distance fixed to
274 A.

4c: A crystal of [{u-CMe,(C,H,OCH,CCAu),H{u- Ph,PC=CPPh,}]-
0.5 Et,O was mounted inside a capillary tube and flame-sealed.

4d: A crystal of [{u-CMe,(C{H,OCH,CCAu),}{u- Ph,PC(H)C(H)PPh,}]-
0.4Et,0 was mounted on a glass fiber. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were calculated geometrically
and were riding on their respective atoms. The diethyl ether of solvation
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was modeled isotropically at 0.4 occupancy with hydrogen atoms included
and some constraints.

S5a: A crystal of [{[u-CMe,(C,H,OCH,CCAu),][u-Ph,P(CH,);PPh,]},]-
0.125 C,H,Cl, was mounted on a glass fiber. Most non-hydrogen atoms
were refined with anisotropic thermal parameters, but several carbon
atoms were isotropic since the quality of the data did not allow anisotropic
refinement. The Me,C unit was modeled in the case of the A molecule as
two separate units each with half occupancy. The hydrogen atoms were
calculated as described above.

Crystallographic data (excluding structure parameters) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC 120855 (4a),
CCDC 170368 (4¢), CCDC 170369 (4d), and CCDC 120856 (5a). Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223 336-033; e-mail:
deposit@ccdc.cam.ac.uk).
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Alternating Right- and Left-Handed Helical Loops in a Self-Assembled
Polymer: Direct Observation of Ring-Opening Polymerization of a
Macrocyclic Gold Complex

Zengquan Qin, Michael C. Jennings, and Richard J. Puddephatt*!?!

Abstract: Reaction of the ligand N,N'-
bis(pyridin-3-yl)-1,3-benzenedicarbox-

amide (1) with the diphosphanedigold(1)
complex [(u-PP)(AuO,CCF;),] occur-
red by displacement of the trifluoroace-
tate ligands by the pyridyl groups of 1,
and crystallization gave the macrocyclic
complex  [Auy(u-PP)(u-1)](CF;CO,),

CHPPh,] but the polymer [{Au,(u-
PP)(u-1)},](CF;CO,),, (3), when PP =
Ph,PCH,CH,PPh,. The polymer 3 con-
tains a series of helical turns connected

Keywords: aurophilicity - crystal
engineering - gold - helical struc-
tures -ring-opening polymerization

by linear chain sections, and the helices
have alternating right- and left-handed
conformations. The polymer 3 dissolves
to give an equilibrium mixture of the
macrocyclic ring complex [Au,(u-PP)(u-
1)](CF;CO,), (2a), and ring-opened
oligomers, thus giving insight into the
mechanism of the ring-opening poly-
merization reaction.

(2b), when PP =trans-[Ph,PCH=

Introduction

The use of coordination chemistry in association with weak
secondary binding effects of several kinds can give self-
assembly of diverse functional macromolecules.!! If a molec-
ular building block has a tendency to twist, then helical
structures are commonly formed in the self-assembly, in a
process that is akin to chain-end control in polymerization but
which is conformationally based and usually selective.?
Unless the building block is a single enantiomer, the oligomer
or polymer formed by such self-assembly will be racemic, and
if individual coils are described as R or S, the material will
normally contain equal amounts of RRR and SSS chains.
Examples are found in many areas of chemistry from simple
elemental structures like tellurium and vinyl polymers,? to
more complex organic structures such as peptide nucleic
acidsP! or, more directly relevant to the present work, the
oligo(isophthalamide)s and similar derivatives.¥! The helicity
is most commonly induced and maintained through hydrogen
bonding, though several other secondary bonding forces can
also be effective.’>] Herein we report the easy self-assembly
of a polymer containing individual coils that are arranged in
the sequence RSRS.., that is with alternating left- and right-
handed helical coil units. We are not aware of any other
crystalline polymer having such a structure, but there are

[a] Prof. R. J. Puddephatt, Z. Qin, Dr. M. C. Jennings
Department of Chemistry
University of Western Ontario
London, ON N6A 5B7 (Canada)
Fax: (+1)519-661-2111
E-mail: pudd@uwo.ca
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some with more restricted helicity. 71 An interesting example
is present in the infinite loop structure found in a polymeric
silver(1) bipyrazine complex, which contains alternating half-
coils with opposite chirality,l®) and there are a few other
relevant examples.! By analogy with the isotactic and
syndiotactic nomenclature in polymer chemistry, the RRRR/
SSSS and RSRS arrangements in conformationally asymmet-
ric oligomers or polymers might be termed isohelic and
syndiohelic, but syndiohelic polymers are rare,®7 and the
nomenclature will be needed only if the field undergoes
further growth. The polymer reported below is formed by self-
assembly using linear gold(i) connectors!®! and it is shown that
in solution, oligomers are formed easily and reversibly by
ring-opening of a digold() macrocycle and that the formation
of aurophilic attractions® is a driving force for the ring-
opening.

Results and Discussion

Reaction of the ligand N,N'-bis(pyridin-3-yl)-1,3-benzenedi-
carboxamide (1; Scheme 1) with the diphosphaedigold(l)
complex [Au,(u-PP)(O,CCEF3),] proceeds by displacement of
the trifluoroacetate ligands by the pyridyl groups of 1, and
crystallization gave the macrocyclic complex 2b when PP =
trans-[Ph,PCH=CHPPh,] but the unusual polymer 3 when
PP = Ph,PCH,CH,PPh,.

The structure of 2b is shown in Figure 1 and bond lengths
and angles are listed in Table 1. In the 19-membered ring
structure, the core atoms of 1 are only slightly distorted from
planarity, as apparently required to accommodate the
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Scheme 1. Synthesis of the macrocycles 2 and polymer 3.

D
F{45A)

Figure 1. A side view of the structure of macrocyclic complex 2b,
illustrating the near planarity of the ligand 1, and threading of the
[CF;CO,---HOH --- O,CCF;]* units.

Table 1. Selected bond lengths [A] and angles [] for complex 2b.

Au(1)-N(1) 2.064(6) Au(2)-N(21) 2.069(5)
Au(1)-P(1) 2.226(2) Au(2)-P(2) 2.232(2)
N(1)-Au(1)-P(1) 173.8(2) N(21)-Au(2)-P(2) 177.9(1)

Au-(u-PP)-Au unit. The bite distance N(1)-N(21) 7.8 A is
shorter than the corresponding distances of 8.3—10.4 A found
in various stable conformations of the free ligand 1, in which
distortions from planarity are more pronounced than in 2b.
Thus, dihedral angles O=C—C—C? in the free ligand 1 are

close to the ring plane that is strongly
H-bonded to a trifluoroacetate ion on
either side (O(70)—O(52A) 2.72,
0O(70)—0(42B) 2.86 A), thus forming
an unusual pseudorotaxane structure.
Each trifluoroacetate forms hydro-
gen bonds more weakly to an
NH proton of the ligand 1
(O(42B)—N(18) 2.93, O(51A)—N(7)
3.10 A).

The remarkable structure of 3 is
shown in Figure 2, with bond param-
eters in Table 2. Figure 2a shows a
short section of the polymer chain.
There are two very different confor-
mations of the more flexible diphos-
phane ligand, one (P(3)P(4), phenyl
groups omitted for clarity) having the
anti conformation leads to a “linear”
section of chain with long separation
Au(3)—Au(4) =6.97 A, while the oth-
er (P(1)P(2)) has a distorted syn
conformation that allows a short
contact Au(1)---Au(2) 2.99 A and
promotes curvature of the chain.
Each ligand 1 is bowed from planar-

ity and a single trifluoroacetate forms hydrogen bonds to both
NH groups as shown in Figure 2a (N--- O distances in the

typically about 40°, as calculated by molecular mechanics and
determined experimentally in related compounds, to min-
imise HNC(O)CC?H H---H interactions. The transannular
Au--- Au distance of 6.26 A in 2b is much too long for any
bonding interaction.’®:°1 There is a water molecule, O(70),

736 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Figure 2. The structure of polymeric complex 3: a) A short section of the
chain illustrating the conformations of the diphosphane ligands, bowing of
the ligands 1, and H-bonding of trifluoroacetate ions (F atoms and phenyl
groups omitted for clarity). b) A longer section of the cationic chain,
illustrating the alternating left- and right-handed coils separated by linear
sections.
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Table 2. Selected bond lengths [A] and angles [°] for complex 3. +
Au(1)-Au(2) 2994(1)  Au(1)-N(11)#1 2.10(1) —Auw—F —| X Au x‘
Au(2)-N(21) 2.07(1) Au(3)-N(31) 2.08(2) - ‘;
Au(4)-N(41) 2.09(2) Au(1)-P(1) 2.236(5) N— A'“__ 1>
Au(2)-P(2) 2242(5)  Au(3)-P(3) 2.233(5) N—Au—P
Au(4)-P(4) 2.242(6) 4
N(11)#1-Au(1)-P(1) 175.5(4) N(21)-Au(2)-P(2)  178.7(5) B
N(31)-Au(3)-P(3) 175.8(4) N(41)-Au(4)-P(4)  178.8(6) / N - p‘! 5+
N(11)#1-Au(1)-Au(2) 94.6(4) P(1)-Au(1)-Au(2) 87.4(1) _Au
N(21)-Au(2)-Au(1) 92.6(4) P(2)-Au(2)-Au(1) 88.3(2) N7 |

N P N—Au—-~P

n—" l 3X N sX
| ~

range 2.67-2.75 A). The bite distances for the bridging N—Au—P B Au
ligands 1 (N(11)—N(41) 9.79, N(21)-N(31) 9.90 A) are longer N ll)
than in 2b but in the range expected for the unstrained ligand. ™ Au P
Figure 2b shows part of the infinite chain structure of the P Au
cation, illustrating the alternating left- and right-handed coils. | P _ N
Each coil has favorable Au--- Au aurophilic bonds, &t stacking P\A D | A;“\ X
of pairs of ligands 1, and = stacking involving phenyl groups c u\x P Aiu—N

(not shown). A regular helical structure would lead to
unfavorable phenyl-phenyl and anion-anion repulsions
between substituents on adjacent coils and so the observed
structure with alternating coil and linear chain sections is
preferred.

The structures of the complexes in solution were inves-
tigated by variable-temperature NMR spectroscopy. The
structure 2b, with the rigid backbone diphosphane PP =
trans-[Ph,PCH=CHPPh,|, is maintained over the temper-
ature range 293-193 K as shown, for example, by the
presence of a single 3'P NMR resonance at 6 =25.5. However,
the case is more complex when PP = Ph,PCH,CH,PPh,, and
the spectra are both temperature and concentration depend-
ent. At 293 K, the 'H and 3P NMR spectra are well defined
and similar to those of 2b, suggesting a similar ring structure
2a. However, at lower temperatures, the *'P NMR resonance,
observed at 6 =26.5 at room temperature and at a concen-
tration of 7.5 x 1073m in CD,Cl, solution, moves to higher
and broadens down to 233 K (6 =26.8), then splits to give a
singlet at 0=26.0 assigned to 2a and two broad equal
intensity envelopes at 6 =28.5 and 30.3 assigned to ring-
opened forms (Scheme 2). Complications arise due to addi-
tional equilibria between H-bonded, ion-paired and free
anions. In addition, low-temperature spectra can only be
obtained for dilute solutions since the polymer 3 precipitates
at concentrations above 102 M (concentrations are based on a
digold(l) unit as in 2). For these reasons, the system is too
complex for quantitative study, but the following conclusions
are possible. At the concentration of 7.5 x 10~3 M, more than
80% of the complex is present as form 2a at 293 K and
interconversion with ring-opened forms is rapid so that only
an average chemical shift is observed. At low temperature,
exchange is slow and separate resonances are observed for
ring and ring-opened forms. At 213 K, integration indicates
that less than 40 % is present as 2a. At higher concentrations,
the equilibrium favors ring-opened forms. For a saturated
solution at 213 K (ca. 1072 M), less than 20 % is present as 2a
and the concentration of 2a is too low to detect at 193 K. The
spectra are readily interpreted in terms of Scheme 2, in which
increasing concentration and lower temperature both favor
ring-opened products and higher average molecular weights.

Chem. Eur. J. 2002, 8, No. 3

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Scheme 2. Proposed mechanism of ring-opening polymerization.

At 193 K, the spectra are consistent with structure 3 in which
the two phosphorus chemical shifts are assigned to phosphane
ligands coordinated to gold atoms involved or not-involved in
aurophilic bonding, but average chain length is only two to
four units. The role of the anion is also important (Scheme 2);
with noncoordinating anions such as triflate the polymers are
formed irreversibly and are insoluble in noncoordinating
solvents. In solution, only low molecular weight ring-opened
fragments can be observed and so physical properties
expected for a true polymer solution, such as greatly increased
viscosity, are not observed.

Conclusion

The system described above gives a clear picture of how ring-
opening polymerization of 2a to 3 occurs, and gives insight
into the kinetic and thermodynamic factors involved. Clearly,
in solution, enthalpy effects strongly favor ring-opened
oligomers, whereas entropy effects strongly favor the ring
2a, such that the equilibrium is very strongly temperature
dependent. The favorable aurophilic and mt-stacking effects in
the coil sections of 3, together with relief of ring strain present
in 2a, will give important enthalpic contributions to ring
opening. Similar equilibration between cyclic and chain
structures has been analyzed similarly for organic systems
involving hydrogen bonding.! Since the ring-opened form of
2b could not give similar coils as found in 3, as a result of the
rigidity of the diphosphane backbone, the enthalpy of ring
opening is less favorable and the ring structure is preferred
even at low temperature. The difference of two hydrogen
atoms between 2a and 2b makes a big difference to the
chemistry!

Experimental Section

NMR spectra were recorded using a Varian Mercury 400 and an Inova 400
spectrometer. 'H chemical shifts are reported relative to tetramethylsilane,
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while 3'P and “F chemical shifts are reported relative to 85 % H;PO, and to
CFCl;, as external references, respectively. IR spectra were recorded as
Nujol mulls. Conformations of the ligand 1 were calculated by molecular
mechanics, using PCMODEL (Serena Software, 1999).
[p-(trans-[Ph,PCH=CHPPh,]) Au,(1-NC;H-3-NHC(0)-1-C,H,-3-
C(O)NH-3-C;H,N)](CF;C0OO0), (2b): To a solution of 1,3-C;H,(CONH-3-
CsH,N), (0.050 mmol) in CH,Cl, (5 mL) was added a filtered solution of [u-
(trans-[Ph,PCH=CHPPh,]|)Au,(O,CCF;),] (0.050 mmol), prepared from
[u-(trans-[Ph,PCH=CHPPh,])Au,Cl,] (0.050 mmol) and AgO,CCF,
(0.10 mmol) in CH,Cl, (5mL). The mixture was stirred for 0.5h, the
volume was reduced to 4 mL, and pentane (10 mL) was added to give a
white precipitate of the product, which was collected by filtration, washed
with diethyl ether and pentane, and dried under vacuum. Yield: 71 %: m.p.:
152°C (decomp); 'H NMR (CD,Cl,): 6 =11.31 (s, 2H; CONH), 9.36 (s,
2H; H? py), 8.83 (s, 1H; H? ph), 8.65 (d, 2H; H® py), 8.34 (d, 2H; H* py),
8.15 (d, 2H; H*, 6 ph), 7.51-7.80 (m, 20H; C¢Hs), 7.48 (m, 3H; H’ py + H®
ph), 3.05 (br s, 4H; PCH,); 3'P NMR: 6 =26.58 (s); '’F NMR: 6 = — 75.33;
elemental analysis calcd (%) for Au,CsH3NF,O4P,: C 43.20, H 2.72, N
4.20: found: C 42.61, H 2.40, N 4.22. Single crystals were grown by slow
evaporation from a solution in dichloromethane.
[{(u-Ph,PCH,CH,PPh,)Au,(NC;H,-3-NHC(0)-1-C(H,-3-C(O)NH-3-
C;H,N)},](CF;COO0),, (3): This was prepared similarly by using the
analogous complex with the ligand Ph,PCH,CH,PPh,. Yield: 79 %; m.p.:
152°C (decomp); 'H NMR (CD,Cl,): 6 =11.23 (s, 2H; CONH), 9.32 (d,
2H; H? py), 8.87 (s, L H; H? ph), 8.79 (d, 2H; H° py), 8.30 (d, 2H; H* py),
8.19 (m, 2H; H*, 6 ph), 7.56-7.75 (m, 21 H; H® ph + C¢H5s), 7.54 (m, 2H; H?
py), 729 (m, 2H;=CH); 3P NMR: 6 =25.50 (s); '°F NMR: 6 =-75.37 (s);
IR (Nujol): 7=3059, 3178, 3243 (v(NH)); 1681 (v(CO)) cm!: elemental
analysis caled(% ) for Au,C,sH3N,FsOP,: C43.13, H2.87, N 4.19: found: C
43.32,H 2.65, N 4.07. Single crystals were grown by slow diffusion of hexane
into a solution of the complex in acetone.

X-ray structure determinations: Crystals were mounted on glass fibers.
Data were collected by using a Nonius Kappa-CCD diffractometer with
COLLECT (Nonius, 1998) software. The unit cell parameters were
calculated and refined from the full data set. Crystal cell refinement and
data reduction were carried out using the Nonius DENZO package. The
data were scaled by using SCALEPACK (Nonius, 1998). The SHELXTL
5.1 (Sheldrick, G.M., Madison, WI) program package was used to solve and
refine the structure by direct methods. A summary of crystallographic data
can be found in Table 3. Crystallographic data (excluding structure factors)
for the structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
168450 and CCDC-168451. 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.uk).
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Table 3. Crystal and refinement data of complexes 2b and 3.

3-Me,CO - hexane - H,O 2b - CH,Cl,-H,O

formula CosHyoAuF N0, P, CyH35Au,CLFN,0,P,
fw 2833.64 1435.61

T [K] 200(2) 200(2)

2 [A] 0.71073 0.71073

space group P2(1)/c Pl

a[A] 11.3587(9) 9.7445(4)

b [A] 33.551(3) 14.5183(7)
c[A] 28.731(2) 19.6781(7)

a ] 90 107.024(3)
B8] 92.277(4) 99.854(3)

7 [] 90 98.263(2)

V [A3] 10940(1) 2566.6(2)

Z, Pearea [gem ™3] 4,1.720 2,1.858

u [mm~1] 5.489 5.952

F(000) 5512 1384
reflections 41936 26007

unique reflections 14639 11703

R1, wR2 0.0777, 0.1729 0.0492, 0.0843
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Abstract: Experimental conditions for
the intramolecular cycloaddition of four
related pentadienyl acrylates 3, 4, § and
6 are reported. In contrast with several
previous reports, pentadienyl acrylates
do undergo synthetically useful intra-
molecular Diels — Alder reactions: 3,4, 5

measured and the results are in good
agreement with transition structure pop-
ulations predicted using B3LYP/6-
314+G(d) theory. The parent system 3
cyclises with moderate endo selectivity;
the presence of either a C5-methyl sub-
stituent or a C3-bromine atom results in

a slight shift towards the trans-fused exo
stereoisomer but—overall—a less selec-
tive reaction. The presence of both C3-
Br and C5-CHj; substituents results in a
marked improvement in stereoselectiv-
ity with the exo,lk-product predominat-
ing. Interpretation of B3LYP/6-

and 6 cyclise at reasonable rates at
temperatures of 132-180°C at atmos-
pheric pressure in moderate to good
yields. The stereochemical outcome of
each of these reactions was accurately

Introduction

The intramolecular Diels— Alder (IMDA) reaction has pro-
ven to be a remarkably popular reaction in synthesisl!! and
evidence for a biological version is growing.) Despite the
existence of an enormous body of experimental resultsl' and a
large amount of computational modelling,>”! accurate pre-
dictions of the stereochemical outcome of many IMDA
reactions are not available. In studies directed towards this
end, we have calculated transition structures (TSs) for ester
tethered 1,3,8-nonatrienes® that are fully optimised at the
B3LYP/6-31G(d) level of theory and found a remarkably
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Supporting Information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. 'H and
3C NMR spectra of all cycloadducts, energies and final optimised
coordinates for stationary points of all transition structures, and crystal
structure analysis details.
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31+G(d) transition structures allows in-
sights into the improvement in stereo-
selectivity obtained by incorporating a
removable “steric directing group” into
a 5-methyl-1,3,8-nonatriene precursor.

close correlation with experimentally determined stereose-
lectivities.”l Both endo/exo- and ni-diastereofacial attributes of
the stereoselectivity are accurately predicted by DFT calcu-
lations on ester-linked diene —dienophile systems. Our inves-
tigations have thus far been limited to the more reactive,
terminally-substituted alkenic dienophile precursors which
predominantly furnish zrans-fused bicyclic systems (1 and 2,
Scheme 1). Herein we disclose our findings on a combined
synthetic/computational study into acrylate esters of four
related pentadienols 3—6. We confirm that, despite several
literature reports of unsuccessful reactions of this type,['*]
pentadienyl acrylates do undergo synthetically useful IMDA
reactions. We also report the use of bromine as a very effective

1(E=H,Z=CO,Me) €xo endo

synthetic product ratio (PhMe, 2h, 79%) exo:endo =79:21
computed product ratio (gas phase) exo:endo = 97:3

2(E=COy;Me; Z=H) exo endo

synthetic product ratio (PhMe, 23h, 85%) exo:endo = 65:35
computed product ratio (gas phase) exo:endo = 55:45

Scheme 1. B3LYP/6-31G(d) theory correctly predicts both the preference
for trans-fused exo cycloadducts in IMDA reactions of “doubly activated
dienophile” precursors 1 and 2 and a lower exo/endo selectivity for E-
dienophile precursor 2 than Z-dienophile precursor 1.
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“steric directing group”*29 in IMDA reactions of 5-substi-
tuted 1,3,8-nonatrienes, and we demonstrate that B3LYP/6-
314G(d) theory models these reactions with a remarkable
degree of accuracy. In addition, we expose the attributes of
IMDA TSs which are responsible for the observed stereo-
selectivities: new information which will promote future
synthetic applications of IMDA reactions such as these.
While representing key C—C bond forming steps in
proposed biosyntheses of the natural products zeylenal?”)
and ligulaverin®! the literature contains a significant number
of reports of unsuccessful IMDA reactions of pentadienyl
acrylates. Thus, in their seminal studies on the IMDA
reaction, House and Cronin were discouraged from inves-
tigating the intramolecular cy-
cloaddition chemistry of the
parent ester-linked 1,3,8-non-
atriene system 3 due to its
alleged propensity for polymer-
isation (see below, howev-
er).l»]  Sybsequent to the
House/Cronin study, the litera-
ture contains several reports of
unsuccessful IMDA reactions
of acrylate esters.['!: 13181 Sub-
strates demonstrating a reluc-

Michael Paddon-Row'™! received
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from the Australian National Uni-
versity (John Curtin School of
Medical Research) in 1967. Follow-
ing Postdoctoral Research Fellow-
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(1974—-1984) he joined the Univer-
sity of New South Wales in 1985,
where he is now a Professor of
Chemistry and UNSW Scientia Professor. He has held visiting
professorships at Louisiana State University, Carnegie— Mel-
lon University, the Universities of Pittsburgh and Amsterdam.
Paddon-Row’s research interests span synthetic chemistry,
physical organic chemistry and computational quantum chem-
istry, with emphasis on their combined application to mecha-
nistic problems, especially those involving long-range electron
transfer reactions. He is an elected Fellow of the Australian
Academy of Science. His research awards include the Birch
Medal and the Craig Medal of the Australian Academy of
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[*] Members of the Editorial Board will be introduced to readers with their
first manuscript.
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S series: PG =TBS; PhMe, 55h, 63%

C series: PG = TMS; CHClIj3 solvation model

tance to cyclise include tether substituted triene 4 (no reaction
in refluxing xylene over 18 h)l'®l whereas other pentadienyl
acrylate precursors decomposed on heating in toluenel! or
benzene.' A major obstacle to IMDA reaction of ester
tethered trienes appears to be an equilibrium disfavouring the
necessary E-conformation of the ester linkage,* although, at
least with the furan diene and more activated dienophiles, this
problem can be overcome by carrying out the reaction in a
more polar solvent.’'l Indeed, the IMDA reaction of penta-
dienyl acrylates is so synthetically unattractive that ingenious
alternative methods involving temporary metal connections*?
and diester tethers®®! have been developed to prepare
pentadienyl acrylate adducts.

Of the six reports of successful IMDA reactions of
pentadienyl acrylates,? 34381 two describe the cycloaddition
of activated cyclic dienes®” 3% and two report very low yielding
(£13%) reactions of unactivated acyclic dienes.? 3 The
remaining two papers detail White’s elegant synthetic ap-
proach towards pillaromycinone.’* ! Thus, upon heating to
250°C in a sealed vessel, a solution of acrylate 7 (Scheme 2)

endo, ul
11

synthetic product ratio 8S:9S:10S:11S = 49:0:30:21
computed product ratio 8C:9C:10C:11C = 83:2:7:7

Scheme 2. Synthetic and B3LYP/6-31G(d)//MM2* computational results reported by White and Snyder.**]

provided a mixture of three of the four possible stereo-
isomeric cycloadducts 8—11 in the key step of the pillaromy-
cinone synthesis. White and Snyder recently disclosed their
findings on experimental and computational aspects of this
IMDA reaction,? with transition structures leading to the
four IMDA adducts being located using the MM2* proce-
durel® and single point energies for these TSs calculated at the
B3LYP/6-31+G(d) level (e.g. B3LYP/6-31G(d)/MM2*). The
MM2*-optimised TSs for IMDA reaction of 7 exhibit a longer
developing internal bond and shorter developing peripheral
bond,? the reverse of that found by us in fully optimised
B3LYP/6-31G(d) TSs for related IMDA reactions.’) This
difference in developing bond lengths notwithstanding, the
combined B3LYP/6-31G*//MM2* method correctly identifies
exo,likeP?! adduct 8 as the major product.

In light of these decidedly mixed results of attempts to carry
out IMDA reactions of pentadienyl acrylates, we felt that a
more thorough investigation into reactions of this type was
needed. A group of four pentadienyl acrylate IMDA pre-
cursors 3—6 was chosen as the focus of both synthetic and
computational investigations such that salient aspects of endo/
exo stereoselectivity and m-diastereoselectivity might be
delineated.

The influence of C3-substituents upon the stereochemical
outcome of IMDA reactions has received considerable
attention over the past 20 years.'l 3 7-Disubstituted 1,3,8-
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nonatriene substrates undergo IMDA reactions which pref- R Br R Br R B R
erentially form frans-fused bicyclic products,? %! a trans- Et02C4§O ab.c Br)\A‘:O NN 50 el <
formation which has enjoyed application in the synthesis of H ™ | B | /\«O
the CD ring system of steroids. With some substrates, o)

; ity ible : 14a (R =H 15a (R=H 16a (R =H =
however, the cis/trans selectivity is negligible;*l with others, 1 ER - C)Hg) 150 ((R - C)H3) T ((R - C)H3) e Eg = 843)

the cis-fused product is dominant.*? In a recent report, the
stereoselectivity of a 3-methyl-1,3,8-nonatriene IMDA reac-
tion was reversed as the tether substituents were altered.[*!
These results clearly demonstrate that the various stereo-
directing influences are finely balanced in reactions of this
type. Independent studies by the Boeckman®! and Roush?!
groups led to the development of removable C3-substituents
for controlling the stereochemical outcome of both 1,3,8-
nonatriene and 1,3,9-decatriene IMDA reactions. This “steric
directing group” strategy, with its origins in the work of
Wilson??! (and a timely contribution by Marshall®!) involves
the temporary placement of a TMS or Br substituent at C3 of
a S-substituted-1,3,9-decatriene. The strategy has enjoyed
application in the 1,3,9-decatriene series by the Roush
group®! and others?? in several successful total syntheses,
with an improvement in IMDA stereoselectivity of a 5-sub-
stituted-1,3,9-decatriene invariably being seen upon incorpo-
ration of a heteroatom-based group at C3. In view of the
modest exo/endo stereoselectivity witnessed in the cyclisation
of pentadienyl acrylate 7 by White (Scheme 2),3* %] the use of
a C3-bromine substituent as a stereocontrolling element in
S-substituted-1,3,8-nonatriene precursor 6 was an attractive
proposition. Such a study would complement results obtained
in the 1,3,9-decatriene series*! and promote future applica-
tions in stereoselective synthesis.

Results and Discussion

The preparation of the four IMDA precursors is shown in
Schemes 3 and 4. Non-brominated precursors 3 and 4 were
prepared by acid-catalysed transposition reactions of doubly
allylic alcohols 12a and 12b to the corresponding conjugated
dienols 13a and 13b[*! followed by esterification with acryloyl
chloride (Scheme 3). Brominated trienes 5 and 6 were

HCO,CH; 4
W OH R R
= b RN c /\/{
| R— | oH — || o
a /\\(
OHC = o)
CHz 12a(R=H) 13a (R=H) 3(R=H)
12b (R=CH3) 13b (R=CHjy) 4 (R = CHa)

Scheme 3. Synthesis of pentadienyl acrylates 3 and 4: a) CH,=CHMgBr,
THF, 0-25°C,12a: 53 %; 12b: 87 %; b) 1% H,SO,/H,0, 30°C, 13a: 74 %;
13b: 64 %; c¢) CH,=CHCOCI, Et;N, CH,Cl,, 0°C, 3: 55%; 4: 61 %.

prepared through six step sequences commencing from ethyl
glycolate 14a and ethyl lactate 14b, respectively (Scheme 4).
The alcohol functionality of the hydroxy ester starting
material was first protected as the silyl ether, the ester group
was then reduced to the corresponding aldehyde before
Corey —Fuchs reaction to form the gem-dibromoolefins 15a
and 15b.% Stille couplings under modified Farina condi-
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Scheme 4. Synthesis of pentadienyl acrylates 5 and 6: a) TBSCI, imidazole,
DMAP, CH,Cl,, 0-25°C, a: 100 %; b: 86 %; b) DIBALH, CH,Cl,, —78°C,
a: 87%; b: 87 %; c) PPh;, CBr,, CH,Cl,, 0-25°C, 15a: 86 %; 15b: 67 %;
d) CH,=CHSnBu;, Pd,dba;, AsPh;, THF, 50°C, 16a: 83%; 16b: 85%;
e) TBAF, THF, 0-25°C, a: 84 %; b: 77 %; f) CH~=CHCOCI, Et;N, CH,Cl,,
0°C,5:79%; 6: 83%.

tions”! gave the Z-bromodienes 16a and 16b in >20:1
selectivity over the E-bromodiene regioisomer.*¥! Deprotec-
tion of the silyl ether and esterification of the resulting
bromodienols with acryloyl chloride gave the requisite IMDA
precursors 5 and 6. In our hands, none of these four IMDA
precursors were particularly susceptible to polymerisation.
However, the parent precursor 3 was found to have poor
solubility at room temperature in several common organic
solvents (benzene, toluene, THF, diethyl ether), and it might
have been this unexpected property which led House and
Cronin to their (apparently erroneous) conclusion that 3
undergoes facile polymerisation.[']

The results of IMDA reactions of the four pentadienyl
acrylates are depicted in Schemes 5-8, along with predicted
Boltzmann populations from DFT calculations. All calcula-
tions were carried out using the GAUSSIAN 98 program.[*]

H H
(\/\0 180°C :
2~ o+ O
o] H o H o
exo endo
3 17 18
synthetic product ratio . )
(1,2-CgH4Cly, 190 h, 10 mol % BHT, 56%) 17:18 =30:70
computed product ratio
(populations at B3LYP/6-31+G(d) level):
a) based on electronic energies (incl. zpe) 17:18 = 38:62
b) based on enthalpies 17:18 = 39:61
c) based on free energies 17:18 = 36:64

Scheme 5. Synthetic and computed product ratios for the IMDA reaction
of 3. Synthetic product ratios are based on GC and NMR analyses of crude
reaction mixtures; computed product ratios refer to the gas phase.

The hybrid B3LYP functional was used throughout, with the
6-31G(d) and 6-31+G(d) basis sets. It is well known that the
B3LYP/6-31G(d) and B3LYP/6-31+G(d) models give excel-
lent transition structures and energies for pericyclic reac-
tions.3 3031 All transition structures were fully optimised
using both basis sets and they were characterised by harmonic
frequency calculations using the same level of theory. Zero-
point energy (zpe) corrections to the energies of the transition
structures were unscaled. The diastereomeric product distri-
bution for each reaction was assumed to be identical to the
Boltzmann populations of the respective transition structures
and these were calculated using the same temperature that
was used in the experiment. Three different Boltzmann
populations were calculated for each IMDA reaction, depend-
ing on the type of (relative) transition structure energy being
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CHs H pH3 H pH3 H Cts H CHs The B3LYP/6-314+G(d) tran-

NO _180°C A o . % sition structures are shown in

Z~ ) Figures 1-4, together with the
o} .

© exo, Ik exo, uI endo Ik endo, ul lengths of the forming bonds

4 19 20 22 (those optimised using the

synthetic product ratio (1,2-CgH4Cly, 146 h, 5 mol % BHT, 59%) 19:20:21:22 = 28:12:30:30

computed product ratio (populations at B3LYP/6-31+G(d) level):
a) based on electronic energies (incl. zpe)

b) based on enthalpies

c) based on free energies

Scheme 6. Synthetic and computed product ratios for the IMDA reaction of 4. Synthetic product ratios are based
on GC and NMR analyses of crude reaction mixtures; computed product ratios refer to the gas phase.

X 160 °C
| o]

o H o
exo endo
5 23 24

synthetic product ratio 23:24 = 50:50
(1,2-CgH4Cly, 87 h, 5 mol % BHT, 71%)

computed product ratio

(populations at B3LYP/6-31+G(d) level):

a) based on electronic energies (incl. zpe) 23:24 = 73:27

b) based on enthalpies 23:24 =72:28

c) based on free energies 23:24 = 76:24

Scheme 7. Synthetic and computed product ratios for the IMDA reaction
of 5. Synthetic product ratios are based on GC and NMR analyses of crude
reaction mixtures; computed product ratios refer to the gas phase.

considered: relative electronic energies (including zpe),
relative enthalpies and relative free energies. These energy
values, which refer to gas phase transition structures, are given
in Table 1.

Table 1. B3LYP/6-314+G(d) relative energies (E,) of transition structures.
E. [kImol ']l

Transition structure

3-exo 1.88
3-endo 0.00
4-exo,lk 0.00
4-exo,ul 6.42
4-endo,lk 222
4-endo,ul 2.63
5-exo 0.00
5-endo 3.53
6-exo,lk 0.00
6-exo,ul 19.8

6-endo,lk 8.17
6-endo,ul 16.5

[a] Including B3LYP/6-31+G(d) zero-point energy correction.

SN 132°C
| o]
exo, Ik exo, uI

6 25 26

synthetic product ratio (PhCl, 156 h, 5 mol % BHT, 83%)

computed product ratio (populations at B3LYP/6-31+G(d) level):
a) based on electronic energies (incl. zpe)

b) based on enthalpies

c) based on free energies

Scheme 8. Synthetic and computed product ratios for the IMDA reaction of 6. Synthetic product ratios are based
on GC and NMR analyses of crude reaction mixtures; computed product ratios refer to the gas phase.
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19:20:21:22 = 45:8:25:22
19:20:21:22 = 42:9:25:24
19:20:21:22 =47:7:27:19

CHa iﬁm CHa CHa

endo Ik
25:26:27:28 = 81:0:19:0

25:26:27:28 = 91:0:8:1
25:26:27:28 = 91:0:8:1
25:26:27:28 = 92:0.5:7:0.5

6-31G(d) are shown in paren-
theses). We found that both
6-31+G(d) and 6-31G(d) basis
sets gave very similar geome-
tries for all transition structures
and the computed Boltzmann
populations were also quite
similar, although those using
the 6-31+G(d) basis set are in slightly better agreement (by
about 2%) with the experimental product distribution data
than those using the 6-31G(d) basis set. Accordingly, we
present only the results using the 6-31+G(d) basis set.
Geometric details of the optimised transition structures and
their energies are provided in the Supporting Information.

developing
eripheral )
p blgngra &  developing
internal
3—axo bond 3—endo

Figure 1. IMDA TS geometries for 3 at the B3LYP/6-314+G(d) level of
theory. Distances shown are in A (distances in parentheses refer to the
B3LYP/6-31G(d) basis set).

Reactions were conducted at atmospheric pressure in dilute
solutions in 1,2-dichlorobenzene or chlorobenzene in the
presence of a small amount of antioxidant and the progress of
each reaction was monitored by GC.[’? Interestingly, the
parent compound 3 required a longer time for cyclisation than
its 5-methyl analogue 4 which, in turn, was less reactive than
the 3-bromodiene compounds. Of the brominated precursors,
the compound possessing the 5-methyl tether substituent 6
underwent IMDA reaction significantly more readily than its
des-methyl analogue 5. Evidently, the presence of either a
3-bromo substituent or a 5-methyl group (or both) accelerates
the rate of the IMDA reaction. The observation of a faster
reaction upon C5-substitution is in qualitative agreement with
Jung’s observations with related IMDA reactions of the furan
diene, which were interpreted
as a manifestation of the reac-
tive rotamer effect.?!] With the
exception of the 3-bromo-5-
endo u| methyl precursor 6, the trienes

28 furnished mixtures of all possi-
ble stereoisomeric products.
With precursor 6, only two of
the four possible isomers were
formed, within the limits of
detection.[> > All ten cycload-
ducts were found to be stable to
the reaction conditions used to
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destabilising
134 strain

destabilising
134 strain

destabilising
eclipsing
4—endo, Ik interaction

4—endo, ul

Figure 2. IMDA TS geometries for 4 at the B3LYP/6-314+G(d) level of
theory. Distances shown are in A (distances in parentheses refer to the
B3LYP/6-31G(d) basis set). Hydrogens are omitted from the C5 methyl
group (darkened) for clarity.

destabilising
electrostatic
interactions

5—exo 5—endo

Figure 3. IMDA TS geometries for 5 at the B3LYP/6-31+G(d) level of
theory. Distances shown are in A (distances in parentheses refer to the
B3LYP/6-31G(d) basis set).

form them, demonstrating that the reactions were under
kinetic control. Initial assignments of product stereochemis-
tries were based upon the results of NMR experiments. These
assignments were augmented by the following cross-correla-
tion studies (Scheme 9). Firstly, each trans-fused exo adduct
was converted cleanly in essentially quantitative yield into the
cis-fused congener by treatment with a slight excess of DBU
in dichloromethane. Secondly, reductive debromination of the
bromine-containing cycloadducts with tributylstannane/
AIBN in hot toluene gave the corresponding non-halogen-
ated congener as a single stereoisomer. The stereochemistry
of each of the trans-fused exo-IMDA adducts 17, 19 and 20 was
confirmed by single crystal X-ray analysis (Figure 5).5% The
corresponding cis-fused bicyclic endo adducts are oils at
ambient temperature.

The observed exo:endo product ratio® for the parent
compound 3 in refluxing 1,2-dichlorobenzene (30:70) is in
very good agreement with the calculated Boltzmann popula-

Chem. Eur. J. 2002, 8, No. 3
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Br c:eastabilis.ing
A strain

destabilising

Br
Br 'A strain

CHj

2.280
(2.297)
bilising
eclipsing
interaction

6—endo, Ik

6—endo, ul

Figure 4. IMDA TS geometries for 6 at the B3LYP/6-31+G(d) level of
theory. Distances shown are in A (distances in parentheses refer to the
B3LYP/6-31G(d) basis set). Hydrogens are omitted from the C5 methyl
group (darkened) for clarity.

Tu R Th R H CHs H CHs
N a P Z A a F A

o] o) | — o)

H o H o H o H o
) 18-y 20 22

17 (X=H;R=H

23 (X=Br;R=H) 24
19 (X=H;R=CHg) 21
25 (X =Br,R=CHg) 27

Scheme 9. IMDA cycloadduct structure correlation experiments: a) DBU
(125 equiv), CH,Cl,, 40°C, 15h; b)HSnBu; (2.9equiv), AIBN
(0.1 equiv), PhMe, 80°C, 18 h.

17 19 20

Figure 5. Chem 3D renderings of X-ray coordinates of exo cycloadducts 17,
19, and 20.

tion (38:62) for the fully optimised B3LYP/6-31+G(d) TSs in
the gas phase at 180 °C.’"l The calculated product distribution
is essentially the same irrespective of whether relative
electronic energies, relative enthalpies or relative free ener-
gies of transition structures were used.

The presence of the tether (C5) methyl substituent tilts the
product distribution marginally towards the exo-product
stereochemistry (exo:endo =40:60), yet even this subtle
difference is predicted by our calculations (e.g. Scheme 6,
a) exo:endo =53:47). Interestingly, the exo,lk isomer 19 is
preferred over its ul congener 20, whereas there is no such
preference between the two endo isomers 21 and 22.558 These
observations are reproduced in our DFT calculations
(Scheme 6, a)—c)). The incorporation of the 3-bromo sub-
stituent into the parent triene structure (Scheme 7 versus
Scheme 5) causes a slightly more pronounced shift towards
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the exo isomer than does the incorporation of a tether methyl
group (Scheme 6 versus Scheme 5). Again, this trend is
reflected in the DFT calculations, although they predict a
larger exo:endo ratio of 73:27 than the observed one of 50:50.
This discrepancy may be due to the neglect of solvation effects
in the calculations: Whereas the B3LYP/6-31G(d) dipole
moments of the exo and endo TSs for 3 are essentially the
same (4.4 D), that for the 5-endo TS (5.2 D) is significantly
larger than that for 5-exo TS (3.4 D). It is therefore expected
that 5-endo TS will be stabilised relative to 5-exo TS by polar
solvents such as ortho-dichlorobenzene, the solvent used in
the IMDA reaction of 5. This proposition receives support
from, albeit, crude self-consistent reaction field (SCRF)
calculations based on the solvation continuum Onsager
model.”” ! The B3LYP/6-31G(d) exo and endo TSs for the
IMDA reaction of 5 were optimised using a solvent dielectric
corresponding to ortho-dichlorobenzene (¢ =9.93). The re-
sulting Boltzmann distribution gave an exo:endo product ratio
of 44:56. This ratio is in remarkable (but fortuitous) agree-
ment with the experimental ratio of 50:50."

It is the 3-bromo-5-methyl substrate 6, however, which
displays the most dramatic change in product stereoselection.
Only products of Ik n-facial selectivity are seen, and the exo,lk
stereoisomer 25 is by far the more dominant of this exo/endo
pair. Moreover, there is good agreement between the
observed product distribution and the Boltzmann distribu-
tions of the DFT TSs.

Interpretation of the Results

Dienophile moieties of IMDA precursors can be activated by
the attachment of an electron acceptor to either the periph-

5 (in front)
4 (behind)

4—-exo, lk
06 ¢ developing
J internal (C4-C8)
C1o~o0—o bond

C8 (in front)
{carbony) g (hehind)
3—exo
eclipsing

interactions

4-endo, Ik

Ha&mA strain

eclipsing
interactions

4—endo, ul

eral or the internal dienophile carbon. With 1,3,8-nonatrienes,
the presence of a peripheral (i.e., C9) acceptor group leads to
advanced internal (C4—C8) bond development in IMDA
transition states. The stereocontrolling influences upon these
IMDA transition states are like those at play in the formation
of 1,2-disubstituted five-membered rings: Greater steric
interference is felt in the transition state leading to the cis-
isomer than the trans-isomer. Thus, trans-fused bicyclo[4.3.0]-
nonanes are the dominant products in IMDA reactions of
terminally-activated 1,3,8-nonatrienes./*®®! With internally-ac-
tivated 1,3,8-nonatrienes the IMDA transition state asynchro-
nicity is reversed, with peripheral (C1—C9) bond formation
being advanced. In this scenario the transition states are nine-
membered ring-like, a situation which favours the cis-fused
bicyclo[4.3.0]nonane cycloadduct.[]

On the basis of this argument, the experimental cis- (i.e.,
endo-) preference of the parent triene 3, carrying an internal
acceptor (the ester tether carbonyl group), is expected. The
surprising aspect of the present work is that B3LYP/6-31G+(d)
theory shows advanced internal (C4—C8) bond formation in
both 3-exo and 3-endo TSs (Figure 1). Such an arrangement
would usually be expected to give rise to the trans-fused exo
product. The likely reason for this unexpected TS bond length
asynchronicity is reduced overlap between the C7 carbonyl
group and the dienophile (C8—C9) &t bond. Thus, for diene
and dienophile to dock in a reactive conformation, the linking
chain between the two reacting moieties is conformationally
constrained to such an extent that C=C-C=0 conjugation is
disrupted. Indeed, the non-coplanarity of the C=C-C=0 bond
is evident in all IMDA TSs for 3, 4, 5 and 6 (Figure 6; C9-C8-
C7-C=0 dihedral angles range from 30-32°). This TS feature
explains the necessity for unexpectedly high temperatures in
the promotion of IMDA reactions of pentadienyl acrylates:

A5
= <= "Astrain
“CHj,

eclipsing
interat:tionSI,::>
Br
H5p3
D
= electrostatic 6—endo, Ik
interactions _CH, &113/\ strain

eclipsing
interactions

6—endo, ul

Figure 6. Profile views of B3LYP/6-31+G(d) IMDA TSs for 3, 4, 5 and 6. A key is provided in the 3-exo TS. Important interactions are highlighted.

Hydrogens are omitted from the C5 methyl group (darkened) for clarity.
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the dienophile moieties in these substrates are poorly served
by the C7 carbonyl “activating” group. Indeed, it is probably
no coincidence that 3 indergoes IMDA reaction with a similar
endo:exo selectivity to the parent trimethylene-tethered 1,3,8-
nonatriene.

The increase in exo selectivity upon the introduction of C3
and CS5 substituents into 3 could, a priori, have its origin in the
twist-asynchronicity model of Brown and Houk.U! In this
model, any substitution in a 1,3,8-nonatriene-type system
which leads to shorter developing internal (C4—C8) bonds in
IMDA TSs favours trans-fused exo products over the cis-fused
endo products. This preference arises from conformational
requirements about the developing internal bond which
results in a twist of the dienophile about this axis: This
twist-asynchronicity is more readily accommodated in exo TSs
than in endo TSs. In the absence of substitution, the endo TS is
preferred. A dramatic example of this effect is provided by 29
(Figure 7), in which an ester substituent is located at C9.
Whereas unsubstituted 3 gives an experimental exo:endo ratio
of 30:70 (see above), 29 gives almost exclusively exo product,
with an exo:endo ratio of 95:5.> @ The increased asynchro-
nicity in the exo and endo TSs for the IMDA reaction of 29,
compared with 3, as measured by the difference in the lengths,
Ar, of the developing bonds is apparent. Thus Aris 0.1-0.2 A,
for 3 (Figure 1), compared to 0.5-0.7 A for 29 (Figure 7). In
addition, the twist-asynchronicity in the exo TSs, as measured
by 6, (C3-C4-C8-C9 dihedral angle) is much larger in C9-
substituted ester 29 (73.8°) than in unsubstituted 3 (61.5°).[%%

29-exo

29-endo

Figure 7. IMDA TS geometries for 29 at the B3LYP/6-31G(d) level of
theory. Distances shown are in A.

Inspection of the TSs for 4-6 (Figures2-4) reveal no
increased bond length asynchronicity relative to 3 with the Ar
values remaining remarkably similar throughout the series
(Ar ~0.2 A for the exo TSs and ~0.1 A for the endo TSs). In
addition, the level of twist-asynchronicity in the exo TSs of 4—
6 are either the same as or /ess than that in 3 (6, =55.4-61.6°
in 4—6 versus 61.5° in 3). Twist asynchronicity clearly does not
explain the observed increase in exo product along the series 3
<4<S5<6.

The enhanced exo selectivity observed and calculated for
the IMDA reaction of 4, relative to that for 3, is most likely
due to torsional effects involving the disposition of the C5-
methyl group about the C4—C5 bond. The C1-CS5 fragment,
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together with the C5-methyl group, may be modelled by 1,3-
hexadiene. Referring to the profiles of the IMDA TSs for the
IMDA reaction of 4, depicted in Figure 6, the conformations
of both 4-endo,lk and 4-endo,ul TSs about the C4—C5 bond
correspond approximately to B3LYP/6-31G(d) conforma-
tional energy maxima for 1,3-hexadiene since both suffer
eclipsing interactions between a C5-group and the C4-H
bond. In addition, there is a repulsive interaction between C5-
methyl and the double bond in 4-endo,ul (this may be more
clearly seen using the “bent-bond” representation(® for the
double bond). In contrast, the conformations of both 4-exo,lk
and 4-exo,ul TSs correspond approximately to B3LYP/6-
31G(d) energy minima for 1,3-hexadiene. Thus, the presence
of the C5-methyl substituent has the effect of accentuating the
exolendo energy difference by way of this additional steric and
torsional strain.

The enhanced exo selectivity observed and calculated for
the IMDA reaction of 5, relative to that for 3, is probably not
due to '*A strain involving the C3-Br substituent since the
distance between Br and H54 is about the same in both 5-exo
and 5-endo TSs (Figure3). We favour an electrostatic
explanation: The Br substituent is 1 A closer to O6 in the 5-
endo TS, compared with the 5-exo TS. (One of O6’s lone pairs
in the 5-endo TS point towards the Br atom.[®) In addition,
the C3—Br bond dipole has a less favourable alignment in the
5-endo TS with both the C5—06 and C7 carbonyl dipoles,
compared with the 5-exo TS, resulting in the aforementioned
higher dipole moment for the 5-endo TS (5.2 D) than for the
5-exo TS (3.4 D).

Quantitative estimates of the preferences that the C3-Br
and C5-methyl substituents have for exo over endo docking
modes may be obtained from the relative energies of the TSs,
presented in Table 1. For unsubstituted 3 the B3LYP/6-
31+G(d) endo TS is 1.9 kJmol~! lower in energy than the
exo TS (including zpe). For 4, the exo,lk TS is 2.2 kJmol~!
lower in energy than the endo,lk TS. The introduction of a C5-
methyl group therefore causes a stabilisation of the exo TS
over the endo TS by 4.1 kJmol~!. The 5-exo TS is calculated to
be 3.5 kJmol~! lower in energy than the 5-endo TS. Thus, the
introduction of a C3-Br group leads to a lowering of the exo
TS energy of 5.4 kImol! relative to the endo TS. Assuming
an additive exo directing effect of the C3-Br and C5-methyl
groups, the 6-exo,lk TS should be favoured over the 6-endo,lk
TS by about 9.5kJmol~". In fact the B3LYP/6-31+G(d)
preference is 8.2 kJ mol~! which is close to the estimated value
based on additivity.

The IMDA reactions of 4 and 6 each gives the predominant
stereoisomeric product resulting from like approach of the
dienophile to the diene. This preference for like over unlike
adducts may be explained in terms of minimisation of
developing A strain in the IMDA transition structure.]
Specifically, dienophile approach to one &t diastereoface of the
diene incurs a penalty caused by destabilising steric inter-
actions between the C5-methyl group and H3 (with 4) or Br
(with 6). Consider first the IMDA reaction involving 4. This
destabilising interaction is clearly seen in the 4-exo.ul TS
(Figures 2 and 6), in which the H3-(CS5)methyl distance is
2.83 A. This interaction, which is absent in the 4-exo,lk TS,
results in a 6.4 kI mol~! energetic preference for the 4-exo,lk
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TS over the 4-exo,ul TS (Table 1). With regard to the endo,lk
and ul TSs, the destabilising '3 A interaction is less pronounced
in the 4-endo,ul TS, compared to the 4-exo,ul TS, because the
H3-(C5)methyl distance in the former TS is 0.12 A greater
than that in the latter. However, the 4-endo,lk TS also suffers
an energetic penalty that is due, not to A strain, but to an
eclipsing (C4)H-(C5)methyl interaction (these groups are
2.69 A apart). The consequence of both 4-endo,lk and 4-
endo,ul TSs suffering destabilising interactions seems to be
that both TSs have similar energies (Table 1), thereby
resulting in equal amounts of like and unlike adducts, as
observed experimentally. Introduction of Br at C3 of 4, to give
6, leads to a significant increase in '*A strain in both unlike
TSs, namely 6-exo,ul and 6-endo,ul, for the IMDA reaction of
6, owing to the fairly short (C3)Br-(C5)methyl distances of
3.38 and 3.51 A, respectively, in these TSs (Figures 4, 6). In
both TSs the Br and methyl substituents probably lie within
the sum of their van der Waals radii (e.g. the Pauling
van der Waals radii for Br and methyl are 1.95 and 2.0 A,
respectively.[l). This large destabilising A interaction is
reflected in the significant increase in the energies of the
unlike TSs, compared with the respective like TSs, namely
19.8 kImol™! for 6-exoul TS, relative to 6-exo,lk TS, and
83 kJmol! for 6-endoul TS, relative to 6-endolk TS
(Table 1). The smaller energy difference calculated between
the two endo TSs, compared to that between the two exo TSs,
is due to the presence of the additional eclipsing (C4)H-
(C5)methyl interaction in the 6-endo,lk TS.

Conclusion

This work demonstrates that, in contrast with the majority of
literature on this transformation, intramolecular Diels — Alder
reactions of pentadienyl acrylates are synthetically useful
reactions. The parent triene 3 undergoes a moderately endo-
selective IMDA reaction upon thermolysis. Interestingly, both
C3-Br and C5-CHj; substituents have an exo-directing influ-
ence on the stereochemical outcome of IMDA reactions of
1,3,8-nonatrienes. When both C3-Br and C5-CHj; substituents
are present in the same precursor, a highly stereoselective
reaction ensues. Thus, bromine serves as an effective,
removable C3 “steric directing group” in this class of IMDA
reaction.

Importantly, the stereochemical outcome of these reactions
can be predicted to a level that is unprecedented for IMDA
processes. Thus, DFT at the B3LYP/6-31+G(d) level of theory
is a useful qualitative and quantitative predictor of stereo-
selectivity in IMDA reactions. Theory has also given useful
insights into the origin of the observed stereoselectivities.
Thus, a shift towards exo cycloadducts upon incorporation of a
tether (CS5) methyl substituent arises not through increased
TS asynchronicity, but instead through destabilising eclipsing
interactions between substituents about the C4—CS5 bond in
IMDA TSs. A shift towards exo cycloadducts upon incorpo-
ration of a C3-Br comes about through unfavourable electro-
static interactions in the endo TS. m-Diastereofacial selectivity
in these reactions is dominated by the development of BA
strain in TSs leading to the minor isomers. DFT also provides
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clues to the lack of reactivity of pentadienyl acrylates and, as
such, is strongly recommended for those planning to use
IMDA reactions in future synthetic endeavours.

Experimental Section

General methods: NMR spectra were recorded using a Bruker DPX/DRX
400 MHz spectrometer. Residual acetone (0 =2.04), benzene (6 =7.15),
chloroform (6 =726), and methanol (6 =3.31) were used as internal
references for 'H NMR spectra measured in these solvents. Residual
acetone (6 =29.8), benzene (6 =128.1), chloroform (6 =77.1), and meth-
anol (0=49.0) were used as internal references for *C NMR spectra.
Assignment of proton signals was assisted by 'H/'H COSY, tppi COSY, 1D
NOE and NOESY experiments when necessary; assignment of carbon
signals was assisted by DEPT experiments. IR spectra were recorded on a
Perkin - Elmer 1600 FT-IR spectrometer as thin films on NaCl plates or as
KBr pellets for solid products. Mass spectra were recorded by the Mass
Spectrometry Facility at the Research School of Chemistry, Australian
National University, Canberra, Australia. Optical rotations were measured
with an Optical Activity Polaar 2001 optical polarimeter. Microanalyses
were performed at the Campbell Microanalytical Laboratory at the
Department of Chemistry, University of Otago, New Zealand. Melting
points were measured on a Reichert melting point stage and are
uncorrected. HPLC was performed using a Waters 510 EF chromatograph
pump and Waters U6 K injector monitored by an ISCO 226 UV
spectrophotometer at 4=254nm and a Waters R403 refractive index
detector. GC measurements were recorded on a Hewlett Packard 5890 A
gas chromatograph with a split/splitless capillary inlet and FID detector.
GC data was processed using Hewlett Packard ChemStation software.

Reactions were conducted under a positive pressure of dry argon or
nitrogen in flame-dried glassware, protected from light with aluminium foil.
Diethyl ether, toluene and THF were dried over sodium wire and distilled
from sodium/benzophenone. Dichloromethane was distilled from calcium
hydride. Chlorobenzene and 1,2-dichlorobenzene were purified by the
methods of Perrin and Armarego.l®! Commercially available chemicals
were purified by standard procedures or used as purchased. Dienol 13a was
prepared from commercially available 1,4-pentadien-3-ol 12a by slightly
modifying the literature procedure®! and dienol 13b was prepared from
12bl'! according to the literature procedure.”] Aldehyde precursors to
15al%%<] and 15b1%"l were synthesised according to literature procedures.
Analytical TLC was performed with Merck plates, precoated with silica gel
60 F254 (0.2 mm). Flash chromatography employed Merck Kiesegel 60
(230-400 mesh) silica gel.

Synthesis of the pentadienyl acrylates

(2E)-Penta-2,4-dien-1-yl acrylate (3):'>?! Triethylamine (8.239 g,
81.43 mmol, 2.5 equiv) and acryloyl chloride (5.897 g, 65.15 mmol, 2 equiv)
were added to a stirred solution of dienol 13al*! (2.740 g, 32.57 mmol,
1 equiv) in dichloromethane (70 mL) at 0°C. The mixture was stirred at this
temperature for 10 min. The solution was allowed to warm to room
temperature before being diluted with diethyl ether (230 mL). The mixture
was washed with 2m HCI (2 x 110 mL), sat. aq. NaHCO; (2 x 110 mL),
brine (110 mL), dried (Na,SO,) and concentrated in vacuo. After column
chromatography on silica (pentane/diethyl ether 95:5), the acrylate 3
(2.494 g, 18.05 mmol, 55%) was obtained as a colourless oil. R;=0.58
(diethyl ether/pentane 5:95); '"H NMR (400 MHz, CDCl;, 25°C): 6 =6.43
(dd,J=173,1.5 Hz, 1H; CHH’), 6.40-6.27 (m, 2H; CHH’, CH), 6.14 (dd,
J=174, 104 Hz, 1H; CH), 5.84 (dd, /=104, 1.5Hz, 1H; CHH'), 5.84 -
5.77 (m, 1H; CH), 5.31-5.22 (m, 1H; CHH'), 5.15 (m, 1 H; CHH'"), 4.70 (d,
J=6.1Hz, 2H; CH,); ¥C NMR (100 MHz, CDCl;, 25°C): 6 =165.8 (C),
135.9 (CH), 134.8 (CH), 130.9 (CH,), 128.3 (CH), 127.0 (CH), 118.7 (CH,),
64.5 (CH,); IR (neat): v=23089, 3041 (C-H), 1728 (C=0), 1635, 1620,
1606 cm~! (C=C); MS (70 eV, EI): m/z (%): 138 (10) [M]*, 93 (25) [C;H,]*,
67 (55) [C;H;0,]*, 55 (100) [C;H;0]*; HRMS: caled for CgH,,O, [M]:
138.0681; found: 138.0680.

(£)-(18,2E 4E)-1-Methylpenta-2,4-dien-1-yl acrylate (4):!') Compound 4
was prepared from dienol 13b*! in 61 % isolated yield (4.0 g scale) using
the procedure described above for 3. Acrylate 4 was obtained as a
colourless oil. R;=0.64 (pentane/diethyl ether 96:4); 'H NMR (400 MHz,
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CDCl;, 25°C): d=6.40 (dd, /=173, 1.5 Hz, 1H; CHH’), 6.36-6.21 (m,
1H; 2 x CH), 6.11 (dd, /=173, 104 Hz, 1H; CH), 5.81 (dd, /=104,
1.5 Hz, 1H; CHH'), 5.71 (ddd, J=13.9, 6.6, 0.6 Hz, 1H; CH), 5.47 (dq, J =
6.5,0.9 Hz, 1H; CH), 5.24 (dd, J=15.9, 1.8 Hz, 1H; CHH’), 5.12 (dd, J =
9.8,2.1 Hz, 1H; CHH'), 1.37 (d,J = 6.5 Hz, 3H; CH,); *C NMR (100 MHz,
CDCl;, 25°C): 6=165.5 (C), 136.1 (CH), 132.7 (CH), 132.2 (CH), 130.6
(CH,), 128.8 (CH), 118.5 (CH,), 70.7 (CH), 20.2 (CHj,); IR (neat): v = 3087,
2980, 2932 (C-H), 1718 (C=0), 1636, 1618, 1606 cm~! (C=C); MS (70 eV,
EI): m/z (%): 152 (10) [M]*, 81 (90) [C¢H,]*, 55 (100) [C;H;0]"; HRMS:
caled for CoH,,0, [M]*: 152.0837; found: 152.0836.
[tert-ButyldimethylsilylJoxy-3,3-dibromoprop-2-ene (15a): A solution of
carbon tetrabromide (9.57 g, 28.9 mmol, 2.00 equiv) in dichloromethane
(22 mL) was added at 0°C over 15 min to a solution of triphenylphosphine
(15.13 g, 57.68 mmol, 4.00 equiv) in dichloromethane (45 mL). The result-
ing solution was allowed to warm to room temperature for 30 min before
cooling to 0°C and the dropwise addition of a solution of [fert-butyldi-
methylsilyl]Joxy ethanal®* (2.513 g, 14.40 mmol, 1equiv) in dichloro-
methane (5mL). After 30 min the solution was diluted slowly, with
vigorous stirring, with hexanes (100 mL) and the resulting suspension was
stirred for 15 min. The precipitated triphenylphosphine oxide/phosphoni-
um salts were filtered off and the filtrate was evaporated in vacuo. The
resulting solid was dissolved in the minimum amount of dichloromethane
before the addition of hexanes (100 mL) with stirring. After 15 min the
resulting precipitate was filtered off and solvent was removed from the
filtrate in vacuo. The resulting solid was then passed through a short plug of
silica, eluting with diethyl ether/hexanes (5:95) before distillation to give
the pure product as a colourless oil (3.169 g, 9.600 mmol, 67 %). R;=0.66
(diethyl ether/hexanes 5:95); b.p. 59-61°C/0.2 mmHg; 'H NMR
(400 MHz, CDCl;, 25°C): 6=6.56 (t, J=5.7Hz, 1H; CH), 4.18 (d, J=
5.8 Hz, 2H; CH,), 0.90 (s, 9H, C,H,), 0.09 (s, 6H, 2 x CH;); BC NMR
(100 MHz, CDCl;, 25°C): 0 =138.4 (CH), 88.8 (C), 63.7 (CH,), 25.8 (CH,),
18.2 (C), —5.3 (CH;); IR (neat): v =2954, 2929 (C-H), 1623 (C=C), 838,
778 cm~! (Si-CH3); MS (70 eV, EI): m/z (%): 317 (6) [M (*'Br), — CH;]*,
315 (15) [M(*Br®'Br)— CH;]*, 313 (6) [M(™Br),— CH;]*, 55 (100)
[C3H;0]*; HRMS: caled for CsHyOSi*'Br, [M — C,Hy]*: 274.8748; found:
274.8738; caled for CsH,OSi*'Br”Br [M — C,Ho|*: 272.8769; found:
272.8764; calcd for CsH,OSi”Br, [M — C,H,]*: 270.8789; found: 270.8786.
[tert-ButyldimethylsilylJoxy-3-bromo-2,4-pentadiene (16a): Triphenylar-
sine (288.2 mg, 0.941 mmol, 0.100 equiv) was added to a solution of
dibromoolefin 15a (3.106 g, 9.409 mmol, 1 equiv) in THF (50 mL) before
twice degassing by the freeze/thaw method. To the resulting solution was
added tris(dibenzylideneacetone)dipalladium(o) (107.9 mg, 0.118 mmol,
0.0125 equiv) and the solution was degassed once again. The solution was
then warmed to 50°C before the addition of vinyltributyltin (2.95 mL,
9.967 mmol, 1.06 equiv). The mixture was stirred at 50°C for 10 h then
diluted with diethyl ether (200 mL) and filtered through a short pad of
silica. The filtrate was washed with 25% aq. NH; (3 x 50 mL) and dried
(Na,S0,), the solvent was removed under reduced pressure and the residue
was immediately purified by flash chromatography (gradient elution,
hexanes to ethyl acetate/hexanes 3:97) to give a mixture of 16a and
triphenylarsine (91:9 ratio by NMR) as a yellow oil (2.44 g, 85%). This
mixture was used directly in the next step.

3-Bromo-2,4-pentadienol: A solution of tetrabutylammonium fluoride (1m
in THF, 13.2 mL, 13.2 mmol, 1.50 equiv) was added dropwise, with stirring,
at 0°C to a solution of 16a (2.440 g, 8.800 mmol, 1 equiv) in THF (44 mL).
The resulting solution was stirred for 30 min at room temperature before
quenching with sat. aq. NH,CI (100 mL). The aqueous layer was extracted
with diethyl ether (3 x 100 mL), and the combined organic layers were
washed with brine (100 mL) and dried (Na,SO,) before reducing in vacuo.
The crude product was purified by flash chromatography (ethyl acetate/
hexanes 30:70) to give the title compound as an unstable yellow oil (1.101 g,
6.754 mmol, 77%) which was converted directly into the acrylate
derivative. R;=0.27 (ethyl acetate/hexanes 30:70); 'H NMR (400 MHz,
(CD;,),CO, 25°C): =647 (dd, J=16.3, 10.5Hz, 1H; CH), 6.30 (t, J=
5.6 Hz,1H; CH), 5.52 (d,/=16.3 Hz, 1H; CHH'), 5.23 (d,/ =10.4 Hz, 1 H;
CHH'), 433 (d, J=5.3Hz, 2H; CH,), 4.16 (brs, 1H; -OH); C NMR
(100 MHz, (CD3),CO, 25°C): 6 =136.5 (CH), 135.2 (CH), 124.4 (C), 118.4
(CH,), 624 (CH,); IR (neat): v=3332 (OH), 1634, 1604, 1026, 985,
915 cm! (C=C).

(2Z)-3-Bromopenta-2,4-dien-1-yl acrylate (5): Compound 5 was prepared
from 3-bromo-2,4-pentadienol in 83 % isolated yield (1.0 g scale) using the
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procedure described above for 3. Acrylate 5§ was obtained as a colourless
oil. R;=0.26 (ethyl acetate/hexanes 5:95); 'H NMR (400 MHz, CDCl;,
25°C): 6=6.43 (dd, J=174, 1.3 Hz, 1H; CH,), 6.33 (dd, J=16.3, 10.4 Hz,
1H; CH), 6.16 (t,/ =6.1 Hz, 1H; CH), 6.13 (dd, J=172,10.3 Hz, 1H; CH),
5.85(dd,J=10.5,1.5 Hz, 1H; CH,), 5.65 (d,/=16.0 Hz, 1 H; CH,), 5.30 (d,
J=10.6 Hz, 1H; CH,), 4.92 (d, /] = 6.2 Hz, 2H; CH,); *C NMR (100 MHz,
CDCl;, 25°C): 6=165.8 (C), 1349 (CH), 131.3 (CH,), 128.0 (C), 128.0
(CH), 120.2 (CH,), 63.9 (CH,); IR (neat): v=1728 (C=0), 1181 cm~'; MS
(70 eV, EX): m/z (%): 218 (17) [M (*'Br)]*, 216 (17) [M ("Br)]*, 137 (15)
[M—Br]*, 65 (64) [CsHs]", 55 (100) [C;H;O0]"; HRMS: caled for
CgHyO,81Br [M]*: 217.9765; found: 217.9757; caled for CgHy,O,”Br [M]*:
215.9786; found: 215.9781.

(S)-2-{[ tert-ButyldimethylsilylJoxy}-4-bromo-3,5-hexadiene (16b): Com-
pound 16b was prepared from dibromoalkene 15bl**% in 83 % isolated
yield (2.7 g scale) using the procedure described above for 16a. Bromo-
diene 16b was obtained as a yellow oil. R;=0.60 (ethyl acetate/hexanes
5:95); [a]y =+38.3 (¢=0.3, CH,Cl,); 'H NMR (400 MHz, CDCl;, 25°C):
0=16.29 (dd, /=16.3,10.4 Hz, 1H; CH), 6.00 (d, /=75 Hz, 1H; CH), 5.59
(d,J=163Hz, 1H; CH,), 5.24 (d,/=10.3 Hz, 1H; CH,), 4.79 (dq, /=76,
6.3 Hz, 1H; CH), 1.26 (d, J=6.3 Hz, 3H; CH,), 0.89 (s, 9H; Bu), 0.07 (d,
J=11.2Hz, 6H; 2 x CH;); *C NMR (100 MHz, CDCl;, 25°C): 6 =139.8
(CH), 136.2 (CH), 123.2 (C), 119.3 (CH,), 69.7 (CH), 26.5 (CH;), 23.8
(CH;), 18.8 (C), —3.9 (CH;), —4.1 (CH;); IR (neat): v =2956, 2929 (C-H),
1606, 1078, 831 (C=C), 1256, 776 cm~" (Si-CH,); MS (70 eV, EI): m/z (%):
277 (24) [M(*Br)—CH;]*, 275 (23) [M(”Br)—CH;]*, 235 (81)
[M (¥'Br) — C,Ho]*, 233 (80) [M ("Br)—C,Ho]*, 75 (100) [C,H,OSi]*;
HRMS: calcd for C;;H,,O%BrSi [M — CH;]*: 277.0446; found: 277.0450;
caled for C,H,O”BrSi [M — CH;]*: 275.0467; found: 275.0464.

(S)-4-Bromo-3,5-hexadien-2-ol: This compound was prepared from 16b in
84 % isolated yield (1.2 g scale) using the procedure described above for
3-bromo-2,4-pentadienol. (S)-4-Bromo-3,5-hexadien-2-ol was obtained as
a colourless oil. R;=0.30 (ethyl acetate/hexanes 30:70); [a]f =—10.2 (c=
1.2, CH,ClL,); 'H NMR (400 MHz, CDCl;, 25°C): § =6.33 (dd, J=16.3,
10.4 Hz, 1H; CH), 6.06 (d, /=7.5Hz, 1H; CH), 5.66 (d, /=163 Hz, 1H;
CH,), 5.31 (d, /=10.4 Hz, 1H; CH,), 4.90-4.82 (m, 1H; CH), 2.34 (brs,
1H; OH), 1.36 (d, J=6.4 Hz, 3H; CH;); *C NMR (100 MHz, CDCl;,
25°C): 6=1375 (CH), 135.2 (CH), 124.9 (C), 119.4 (CH,), 67.7 (CH), 22.0
(CH,); IR (neat): v =3332 (OH), 2974 (C-H), 1634, 1603, 970 (C=C), 1126,
1060 cm~! (C-O); MS (70eV): m/z (%): 178 (8) [M(*Br)]*, 176 (9)
[M (PBr)]*,163 (35) [M (*'Br) — CH;]*, 161 (42) [M (Br) — CH;]*, 97 (66)
[M — Br]*, 82 (100) [CsH4O]*; HRMS: calcd for C,H O Br [M]+: 177.9816;
found: 177.9809; calcd for CqHo,OBr [M]*: 175.9837; found: 175.9845.

(1S5,2Z)-3-Bromo-1-methylpenta-2,4-dien-1-yl acrylate (6): Compound 6
was prepared from (S)-4-bromo-3,5-hexadien-2-ol in 84 % isolated yield
(1.2 g scale) using the procedure described above for 3. Acrylate 6 was
obtained as a colourless oil. R;=0.27 (ethyl acetate/hexanes 5:95); [a]¥ =
+39.3 (¢=0.9 in dichloromethane); 'H NMR (400 MHz, CDCl;, 25°C):
0=6.41 (dd, /=173, 1.5 Hz, 1H; CH,), 6.29 (dd, /=16.3, 10.4 Hz, 1H;
CH), 6.10 (dd,/=17.3,10.4 Hz, 1H; CH), 6.04 (d,/ =7.7 Hz, 1H; CH), 5.85
(dq, J=77,6.5Hz, 1H; CH), 5.82 (dd, J=10.4, 1.4 Hz, 1 H; CH,), 5.66 (d,
J=16.3Hz, 1H; CH,), 5.29 (d, J=10.4 Hz, 1H; CH,), 1.40 (d, J=6.5 Hz,
3H; CH;); “C NMR (100 MHz, CDCl;, 25°C): 6 =165.3 (C), 135.1 (CH),
133.4 (CH), 131.0 (CH,), 128.5 (CH), 126.2 (C), 120.1 (CH,), 71.0 (CH),
19.5 (CHs); IR (neat): v=1727, 1191 (C=0), 1636, 1047, 970, 917, 809 cm~!
(C=C); MS (70 eV, EI): m/z (%): 231 (22 [M (*'Br)]*, 229 (19) [M ("Br)]*,
161 (63) [CsH,*'BrO]J+, 159 (67) [CsH,”BrO]*, 55 (100) [C;H;0]*; HRMS:
caled for CoH;;O*'Br [M]*: 231.9922; found: 231.9929; caled for
CoH,,0,7Br [M]*: 229.9942; found: 229.9946.

IMDA reactions of the pentadienyl acrylates

IMDA reaction of acrylate 3: A solution of acrylate 3 (223.3 mg,
1.616 mmol, 1 equiv) and BHT (35.7 mg, 0.162 mmol, 0.1 equiv) in freshly
distilled 1,2-dichlorobenzene (323 mL) was stirred at 180 °C for 190 h. The
reaction mixture was concentrated in vacuo and the residue was purified by
chromatography on silica (diethyl ether/pentane 30:70) to give cycloadduct
17 (38.1 mg, 0.276 mmol, 17%) followed by cycloadduct 18 (86.0 mg,
0.622 mmol, 39 %).

(£)-(3aR,7aR)-3,3a,6,7,7a-Hexahydroisobenzofuran-1-one  (17):  white
crystalline solid after recrystallisation from a 3:1 mixture of hexanes/tert-
butyl methyl ether. R;=0.54 (diethyl ether/pentane 30:70); m.p. 56 —-58°C;
"H NMR (400 MHz, C4D, 25°C): 6 =5.26 (m, 1H; CH), 5.16 (m, 1H; CH),
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3.71 (dd, /=172, 72 Hz, 1H; CHH'), 3.14 (ddd, /=115, 7.9, 0.7 Hz, 1H;
CHH'), 2.08 (m, 1 H; CH), 1.94 (m, 1H; CH), 1.78—-1.61 (m, 2H; CH,), 1.57
(ddd, J=12.6, 12.6, 2.2 Hz, 1H; CHH'), 1.19 (dddd, J=12.6, 12.6, 10.6,
73 Hz, 1H; CHH'); *C NMR (100 MHz, CDCL,, 25°C): 6 =176.7 (C),
130.6 (CH), 123.6 (CH), 71.1 (CH,), 43.2 (CH), 41.3 (CH), 26.1 (CH,), 21.2
(CH,); IR (KBr): v = 3028, 2896 (C-H), 1777 cm~! (C=0); MS (70 eV, EI):
miz (%): 138 (10) [M]*, 94 (45) [C;H,o]*, 79 (100) [C¢H,]t; elemental
analysis caled (%) for CgH,,O,: C 69.54, H 7.30; found: C 69.82, H 7.17.

(£)-(3aR,7aS)-3,3a,6,7,7a-Hexahydroisobenzofuran-1-one (18): colourless
oil. R;=0.36 (diethyl ether/pentane 30:70); '"H NMR (400 MHz, CDCl;,
25°C): 0=5.93-5.86 (m, 1H; CH), 5.60-5.55 (m, 1H; CH), 434 (dd, J=
8.9,6.6 Hz, 1H; CHH'), 4.02 (dd,/=8.9,2.5 Hz, 1H; CHH'), 3.08 -3.01 (m,
1H; CH),2.83-2.79 (m, 1H; CH), 2.09-1.93 (m, 3H;2 x HH', 1 x CHH),
1.81-1.71 (m, 1H; CHH'); *C NMR (100 MHz, CDCl;, 25°C): 6 =178.6
(C), 130.5 (CH), 125.2 (CH), 72.1 (CH,), 37.9 (CH), 35.2 (CH), 20.9 (CH,),
19.6 (CH,); IR (neat): v=3024, 2922 (C-H), 1776 cm~' (C=0); MS (70 eV,
EI): m/z (%): 138 (40) [M]*, 93 (70) [C;H,]", 80 (100) [C¢H;]"; elemental
analysis caled (%) for CgH,,O,: C 69.54, H 7.30; found: C 69.31, H 7.58.

IMDA reaction of acrylate 4: A solution of acrylate 4 (2.246 g, 14.77 mmol,
1 equiv) and BHT (162.7 mg, 0.738 mmol, 0.05 equiv) in freshly distilled
1,2-dichlorobenzene (2.90 L) was stirred at 180°C for 146 h. The reaction
mixture was concentrated in vacuo and the residue was purified by
chromatography on silica (ethyl acetate/hexanes 20:80) to give a mixture
(930 mg, 6.12 mmol, 41%) of cycloadducts 19, 20, and 21 followed by
cycloadduct 22 (440 mg, 2.89 mmol, 20 % ). The mixture of cycloadducts 19,
20 and 21 was separated by HPLC [Whatman Partisil column, eluting with
ethyl acetate/hexanes 15:85, 13.5 mLmin~!] to give 19 at 7z =352 min
(362 mg, 2.38 mmol, 16 %), 20 at tz =38.0 min (132 mg, 0.868 mmol, 6 %),
and 21 at 7z =39.5 min (389 mg, 2.56 mmol, 17 %).

(£)-(3S,3aR,7aR)-3-Methyl-3,3a,6,7,7a-hexahydroisobenzofuran-1-one
(19): white crystalline solid after recrystallisation from THF/hexanes 1:9.
R;=029 (ethyl acetate/hexanes 20:80); m.p. 76-78°C; 'H NMR
(400 MHz, CDCl;, 25°C): 6=5.75 (m, 2H; CH), 4.15 (dq, /=10.6,
6.1 Hz, 1H; CH), 1.66-1.53 (m, 1H), 2.37-2.15 (m, 5H), 143 (d, /=
6.1 Hz, 3H; CH;); “C NMR (100 MHz, CDCl;, 25°C): 6=175.9 (C),
130.4 (CH), 122.9 (CH), 79.6 (CH), 48.1 (CH), 44.2 (CH), 25.7 (CH,), 21.1
(CH,), 18.1 (CH3); IR (KBr): v =3028, 2978, 2943, 2875 (C-H), 1770 cm™!
(C=0); MS (70 eV, EI): m/z (%): 152 (10) [M]*, 124 (20) [CsH,O]*, 80
(100) [C4Hg]*; elemental analysis caled (%) for CoH,,0,: C 71.03, H 7.95;
found: C 70.88, H 7.99.

(£)-(38,3a8,7a$)-3-Methyl-3,3a,6,7,7a-hexahydroisobenzofuran-1-one
(20): white crystalline solid after recrystallisation from hexanes. R;=0.29
(ethyl acetate/hexanes 20:80); m.p. 63-65°C; 'H NMR (400 MHz,
(CD3),CO, 25°C): 6=5.85-5.81 (m, 1H; CH), 5.77-5.71 (m, 1H; CH),
4.76 (m, 1H; CH), 2.98-2.88 (m, 1 H; CH), 2.50 (ddd, J =13.6,12.3,2.9 Hz,
1H; CH), 2.29-2.22 (m, 2H; CH,), 2.15-2.08 (m, 1 H; CHH'), 1.56 (dddd,
J=123, 12.3, 9.7, 79 Hz, 1H; CHH’), 1.22 (d, J=6.6 Hz, 3H; CH;);
3C NMR (100 MHz, (CD;),CO, 25°C): 6=176.5 (C), 131.2 (CH), 125.5
(CH), 78.0 (CH), 44.2 (CH), 39.8 (CH), 26.7 (CH,), 22.6 (CH,), 14.8 (CH5);
IR (KBr): v=3028, 2983, 2940, 2915, 2836 (C-H), 1779 (C=0), 1629 cm™!
(C=C); MS (70 eV, EI): m/z (%): 152 (20) [M]*, 137 (5) [M — CH;]*, 108
(60) [CsH,]™, 80 (100) [CeHg]T; elemental analysis caled (%) for CoH,,0,:
C 71.03, H 7.95; found: C 71.19, H 7.98.

(£)-(38,3aR,7aS)-3-Methyl-3,3a,6,7,7a-hexahydroisobenzofuran-1-one
(21): colourless oil. R;=0.29 (ethyl acetate/hexanes 20:80); 'H NMR
(400 MHz, CDCl;, 25°C): 6 =5.88 (dddd, J=9.9,4.0, 4.0, 1.9 Hz, 1H; CH),
5.60 (dddd,J=10.1,3.8,2.1,2.1 Hz, 1H; CH), 4.28 (dq, / = 6.4,4.8 Hz, 1 H;
CH),2.62 (m, 1H; CH),2.11-1.75 (m,4H;2 x H,), 1.39 (d, /= 6.4 Hz, 3H;
CH,); BC NMR (100 MHz, CDCl;, 25°C): 6 =178.3 (C), 129.8 (CH), 124.4
(CH), 80.7 (CH), 41.6 (CH), 37.7 (CH), 21.7 (CH,), 19.9 (CH,), 19.8 (CHj);
IR (neat): v =3025, 2975, 2930, 2846 (C-H), 1767 (C=0), 1651 cm! (C=C);
MS (70 eV, EI): m/z (%): 152 (15) [M]*, 124 (15) [CsH},0]*, 107 (10)
[CsHyi]*, 80 (100) [C4Hg]*; elemental analysis caled (%) for CoH;,0,: C
71.03, H 7.95; found: C 70.67, H 8.26.

(£)-(38,3a8,7aR)-3-Methyl-3,3a,6,7,7a-hexahydroisobenzofuran-1-one

(22): colourless oil. R;=0.21 (ethyl acetate/hexanes 20:80); 'H NMR
(400 MHz, C;Dy, 25°C): 6 =5.63 (m, 1H; CH), 5.16 (m, 1H; CH), 3.89 (m,
1H; CH),2.29 (ddd,/=71,3.5,3.5 Hz, 1H; CH), 2.16 (m, 1H; CH), 2.06 -
1.94 (m,2H; CHH’), 1.65-1.55 (m, 1H; CHH'), 1.35-1.22 (m, 1 H; CHH'),
0.95 (d, J=6.5Hz, 3H; CH;); *C NMR (100 MHz, CDCl;, 25°C):
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5=1782 (C), 131.7 (CH), 121.9 (CH), 78.1 (CH), 40.1 (CH), 38.7 (CH),
20.6 (CH,), 19.7 (CH,), 16.0 (CHa); IR (neat): » = 3027, 2981, 2929, 2847 (C-
H), 1767 cm~!' (C=0); MS (70 eV, EI): m/z (%): 152 (20) [M]*, 124 (20)
[CsH,O]*, 107 (20) [CgHyy ], 80 (100) [CHg]*; elemental analysis caled
(%) for CoH,,0,: C 71.03, H 7.95; found: C 70.94, H 7.84.

IMDA reaction of acrylate 5: A solution of acrylate 5 (108.9 mg,
0.502 mmol, 1 equiv) and BHT (5.8 mg, 26 pmol) in freshly distilled 1,2-
dichlorobenzene (92 mL) was stirred at 160°C for 87 h. The reaction
mixture was concentrated in vacuo and the residue was purified by
chromatography on silica (ethyl acetate/hexanes 30:70) to give cycloadduct
23 (41.4 mg, 0.191 mmol, 38%) followed by cycloadduct 24 (37.1 mg,
0.171 mmol, 34 %).

(+)-(3aR,7aR)-4-Bromo-3,3a,6,7,7a-hexahydroisobenzofuran-1-one  (23):
white crystalline solid. R;=0.35 (ethyl acetate/hexanes, 30:70); m.p. 107 -
110°C; 'H NMR (400 MHz, (CD,),CO, 25°C): 6 = 6.09 (m, 1 H; CH), 4.40
(dd, J=79, 6.9 Hz, 1H; CHH'), 3.98 (dd, J=113, 8.0 Hz, 1H; CHH'),
3.28-3.13 (m, 1H; CH), 2.64 (dt, J=12.7, 2.8 Hz, 1H; CHH’), 2.44-2.30
(m,2H; CH, CHH'),2.23-2.12 (m, 1 H; CHH'), 1.70~ 1.56 (m, 1 H; CHH);
3C NMR (100 MHz, (CD5),CO, 25°C): 6 =175.3 (C), 131.7 (CH), 116.9
(C), 70.7 (CH,), 46.4 (CH), 45.3 (CH), 28.9 (CH,), 20.8 (CH;); IR (KBr):
v=1772, 1338 (C=0), 1633, 1075, 983, 770 cm~! (C=C); MS (70 eV, EI):
miz (%): 218 (47) [M(*'Br)]*, 216 (48) [M(™Br)]*, 160 (20) [M —
C,H,0,]*, 158 (22) [M — G;H,0,]*, 137 (18) [M — Br]*, 79 (100) [C4H,]*;
HRMS: caled for CgHyO,'Br [M]*: 217.9765; found: 217.9769; caled for
C4HyO,7Br [M]*: 215.9786; found: 215.9792.

(£)-(3aR,7aS)-4-Bromo-3,3a,6,7,7a-hexahydroisobenzofuran-1-one  (24):
colourless oil. R;=026 (ethyl acetate/hexanes 30:70); 'H NMR
(400 MHz, C,Dg, 25°C): 6=5.73-5.68 (m, 1H; CH), 4.01 (dd, /=9.3,
2.4 Hz, 1H; CHH'), 3.51 (dd, J=9.3. 6.6 Hz, 1H; CHH'), 2.40-2.32 (m,
1H; CH), 2.03-1.96 (m, 1H; CH), 1.75-1.62 (m, 2H; 2 x CHH’), 1.38-
128 (m, 1H; CHH'), 1.12-1.02 (m, 1H; CHH’); *C NMR (100 MHz,
C¢Dy, 25°C): 6=176.2 (C), 132.9 (CH), 121.4 (C), 70.1 (CH,), 43.1 (CH),
40.0 (CH), 23.8 (CH,), 19.1 (CH,); IR (neat): »=2922 (C-H), 1774, 1209
(C=0), 1146, 983, 809 cm™! (C=C); MS (70eV): m/z (%): 218 (45)
[M (®'Br)]*, 216 (45) [M ("Br)]*, 173 (63) [M — CO,H]*, 171 (62) [M —
CO,H]*, 160 (28) [M — C,H,0,]*, 158 (30) [M — C,H,0,]*, 137 (43) [M —
Br]*, 79 (100) [CH;]"; HRMS: caled for CgHyO,*'Br [M]*: 217.9765;
found: 217.9766; calcd for CygHyO,”Br [M]*: 215.9786; found: 215.9785.

IMDA reaction of acrylate 6: A solution of acrylate 6 (54 mg, 0.23 mmol,
1 equiv) and BHT (2.5 mg, 11 umol) in freshly distilled chlorobenzene
(24 mL) was stirred at 132°C for 140 h. The reaction mixture was
concentrated in vacuo and the residue was purified by chromatography
onsilica (ethyl acetate/hexanes 30:70) to give an 81:19 mixture of 25 and 27
as a white solid (45 mg, 0.19 mmol, 84%). A pure sample of major
cycloadduct 25 was obtained after two recrystallisations of this mixture
from dichloromethane/hexanes. A pure sample of cycloadduct 27 was
obtained by epimerisation of the 81:19 mixture of 25 and 27 with DBU (see
following section for experimental details).

(3S,3aR,7aR)-4-Bromo-3-methyl-3,3a,6,7,7a-hexahydroisobenzofuran-1-

one (25): white crystalline solid. R;=0.32 (ethyl acetate/hexanes 30:70);
m.p. 112-115°C; [a]f =+19.1 (¢=0.8, CH,CL); 'H NMR (400 MHz,
C¢Dy, 25°C): 6 =5.47 (m, 1H; CH), 3.79 (m, 1H; CH), 2.03-1.93 (m, 1H;
CH), 1.84-1.75 (m, 2H; CH, CHH'), 1.59-1.43 (m, 2H; CH,), 1.34 (d, /=
6.0 Hz, 3H, CH;), 1.10-0.97 (m, 1H; CHH’); *C NMR (100 MHz, C¢Dj,
25°C): 6=173.5 (C), 132.4 (CH), 116.9 (C), 79.4 (CH), 52.4 (CH), 46.8
(CH), 28.8 (CH,), 21.3 (CH,), 20.3 (CHs;); IR (KBr): »=1780, 1393, 1172
(C=0), 988, 768cm~! (C=C); MS (70eV, EIl): m/z (%): 232 (19)
[M (*'Br)]*, 230 (20) [M (Br)]*, 160 (78) [M — C;H,0,]*, 158 (82) [M —
C;H,0,]*, 79 (100) [CsH;]; HRMS: caled for CoH,;,0,%'Br [M]*: 231.9922;
found: 231.9924; calcd for CoH,;0,”Br [M]*: 229.9942; found: 229.9946.

(3$,3aR,7aS)-4-Bromo-3-methyl-3,3a,6,7,7a-hexahydroisobenzofuran-1-

one (27): white crystalline solid. R;=0.32 (ethyl acetate/hexanes 30:70);
m.p. 55-57°C; [a]f=+134.0 (c=1.0, CH,Cl,); '"H NMR (400 MHz,
(CD;),CO, 25°C): 6=6.36-6.25 (m, 1H; CH), 4.65 (dq, /=6.5, 2.8 Hz,
1H; CH), 3.31-3.21 (m, 1H; CH), 3.14-3.05 (m, 1H; CH), 2.22-1.95 (m,
3H;CH,,CHH'), 1.87-1.75 (m, 1H; CHH'), 1.46 (d, /= 6.5 Hz, 3H, CH,);
3C NMR (100 MHz, (CD;),CO, 25°C): 6 =176.8 (C), 133.0 (CH), 122.2
(C), 79.8 (CH), 49.3 (CH), 40.0 (CH), 24.5 (CH,), 20.7 (CH,), 19.8 (CHs;);
IR (neat): »=1770, 1227, 1153 (C=0), 1091, 806 cm~! (C=C); MS (70 ¢V,
EI): m/z (%): 232 (22) [M(®'Br)]*, 230 (22) [M(”Br)]*, 160 (68)
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[M — C;H,O,]*, 158 (70) [M — C;H,0,]*, 79 (100) [C4H,]*; HRMS: caled
for C,H,;O,'Br [M]*: 231.9922; found: 231.9921; caled for C,H;;0,”Br
[M]*:229.9942; found: 229.9946.

Cycloadduct structure correlation experiments

trans-Bicycle — cis-bicycle isomerisation reactions: The epimerisation of
25 to 27 is representative. A mixture of cycloadducts 25 and 27 (101.2 mg,
0.433 mmol, 1equiv) was dissolved in dichloromethane (6 mL). 18-
Diazabicyclo[5.4.0]Jundec-7-ene (DBU; 72 uL, 0.48 mmol, 1.1 equiv) was
added and the resulting solution was stirred at reflux for 90 min. Filtration
of the cooled solution through a plug of silica and concentration in vacuo
gave cis-isomer 27 as a colourless oil (99.7 mg, 0.431 mmol, 99 %).

Reductive debromination reactions: The radical debromination of 24 is
representative. To a solution of cycloadduct 24 (13.8 mg, 63.6 umol,
1 equiv) in toluene (640 uL) at room temperature was added tributyltin
hydride (49 uL, 182 pmol, 2.9 equiv) and AIBN (1.1 mg, 6.7 umol,
0.1 equiv) before warming to 80°C for 3 h. The solution was then diluted
with dichloromethane (25 mL) before washing with 25 % aq. NHj; solution
(3 x20mL). The combined aqueous layers were extracted with ethyl
acetate (3 x 20 mL). The combined organic layers were washed with brine
(20 mL) and dried (MgSO,) before removal of solvent in vacuo. The crude
product was passed through a short pad of silica to furnish 18 as a colourless
oil, spectroscopically identical to the major product obtained upon IMDA
reaction of 3.
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