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Chemical Synthesis of Linear and Cyclic Unnatural Oligosaccharides by
Iterative Glycosidation of Ketoses

Alessandro Dondoni,*?! Alberto Marra,*?! Marie-Christine Scherrmann,®! and

Valerio Bertolasil®!

Dedicated to Professor Fernando Montanari

Abstract: The development of an effi-
cient method for the stereoselective
synthesis of a-D-(2 — 1)-linked ketoside
oligomers is described. The method is
based on an iterative protocol composed
of two key steps: a) the coupling of a
thiazolylketosyl phosphite donor with
an hydroxymethylketoside acceptor;
and b) the introduction of the hydroxy-
methyl group at the anomeric carbon
atom of the resulting oligomer. To high-
light its efficiency, the protocol was used
in the assembly of D-galacto-2-heptulo-

pentameric stage. The yield of the iso-
lated oligomers ranged from 48 % in the
first cycle to 29% in the fourth cycle.
Having employed a pentenyl-substitut-
ed hydroxymethylketoside acceptor in
the first cycle, all the derived oligomers
contained the pentenyl group at their
reducing end. This group was exploited
to transform the linear oligomers into
cyclic products through intramolecular

Keywords: crown compounds - gly-
noncovalent interac-

glycosidation. The major product de-
rived from the linear trisaccharide was
confirmed by X-ray crystallography to
be the cyclotris-(2 — 1)-(a-D-galacto-2-
heptulopyranosyl). The structure of this
compound was essentially that of a
[9]crown-3 ether bearing three galacto-
pyranose rings spiroanellated in a pro-
pellerlike fashion. This arrangement of
carbohydrate units linked to the crown
ether created a densely alkoxylated
cavity suitable for the encapsulation of
alkali-metal cations (Li, Na, K, Ca, Mg).

o . . cosylations
pyranose-containing oligoketosides

through a-(2—1) linkages up to the

Introduction

The development of new chemical or enzymatic methods and
technologies for oligosaccharide!] and glycoconjugatel? syn-
thesis is one of the most intensively investigated research
topics in modern carbohydrate chemistry. The widespread
interest in this area of research arises mainly from the
increasing awareness that carbohydrates play a vital role in
molecular recognition processes of biomolecules such as
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tions - oligosaccharides - thiazoles

glycoproteins and glycolipids that are found on the outer
surface of cells.’l These processes are responsible for impor-
tant events in living organisms, including inflammation,
immunological response, cancer metastasis, and fertiliza-
tion.! Oligosaccharides and glycoconjugates are difficult to
isolate in a homogeneous form from natural sources, and even
when possible, their purification and characterization are
quite laborious. Consequently, the pressing need for the
access to usable quantities of these materials and their
unnatural analogues for research and therapeutic purposes
opens up a major opportunity for the development of new
synthetic methods.

Remarkable progress has been made in the glycosidation of
aldoses,'! and the assembly of oligosaccharide chains con-
taining aldosyl units by means of iterative chemical methods
both in solution and in the solid phase has been reported in
recent years.’l Considerable attention has also focused on the
chemical and enzymatic synthesis of cyclic oligosaccharides of
aldoses.[! On the other hand, few syntheses of ketodisacchar-
ides have been reported, very likely because of the low
reactivity and stereoselectivity of the glycosidation reactions
of ketoses. Recent examples include the glycosidation of a
fructofuranose phosphite,”! some fructofuranose thioglyco-
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sides,®! and various activated ketopyranoses.’) Natural ulo-
sonic acids were prepared by Danishefsky and co-workers
some years agol'”! by employing furylketoses as glycosyl
donors. This method relied on the electron-donating furan
ring that served both as an activator of the glycosidation
reaction and as a precursor of the carboxylate group. Hence,
the chemical synthesis of oligosaccharides containing ketosyl
units either by linear or by convergent iterative glycosidation
of ketoses has, to the best of our knowledge, not been
reported. Cyclic oligomers of fructofuranose, called cyclo-
fructins!'! to emphasize their analogy to cyclodextrins, have
been obtained by the enzymatic degradation of inulin, the
natural polymer of D-fructose.[']

We now report a protocol for the chemical synthesis of
(2 —1)-linked oligoketosaccharides D (Scheme 1) by means
of an iterative glycosidation employing an activated thiazo-

PO PO
PO
o] + —
PO
RO OH
A
PO PO PO PO PO PO
PO PO ) ) PO
iterative
—_—
le) o) Ie)
PO PO s PO

transform to CH,OH
and reiterate

Scheme 1. Protocol for the synthesis of (2 — 1)-linked oligosaccharides D.

lylketose B as ketosyl donor. This building block and the
initial ketosyl acceptor A were designed to bear different
activating groups R! and R? so that the alcohol derived from
the dimer C as well as from further elongated derivatives can
undergo either inter- or intramolecular glycosidation to give
linear or cyclic oligomers, respectively. The method is
illustrated by the synthesis of linear oligomers up to the
pentameric stage and cyclic dimers and trimers of a-D-galacto-
2-heptulopyranose. The complexation properties of a cyclic
ketotrisaccharide towards metal cations will be also de-
scribed.

Results and Discussion

Synthesis of ketoside building blocks 3 and 6: In recent
reports from our laboratory we described the preparation of
thiazolylketoses,!'* 14! for example, galactopyranose derivative
1 and activated O-acetate 2 (Scheme 2). These compounds
proved to be efficient ketosyl donors in trimethylsilyl
triflate(TMSOTf)-promoted coupling reactions with various
carbon and heteroatom acceptors, including alcohols of
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Scheme 2. a) iPr,EtN (2 equiv), CIP(OEt), (1.3 equiv), CH,Cl,, room
temperature, 20 min; b) 4-penten-1-ol (3 equiv), TMSOTY (1 equiv), 4 A
molecular sieves, CH,Cl,, 0°C to room temperature, 75 min; ¢) MeOTf
(1.3 equiv), 4 A molecular sieves, CH;CN, room temperature, 15 min;
NaBH, (2equiv), Et,0/MeOH, room temperature, 5min; AgNO;
(1.5 equiv), CH;CN/H,O, room temperature, 20 min; d) NaBH, (2 equiv),
Et,0/MeOH, room temperature, 15 min.

aldoses!™ and calix[4]arenes,'®! trimethylsilyl azide,'” tri-
ethylphosphite,['®l and carbon nucleophiles.' 11 The advan-
tages associated with the use of the thiazole ring in this type of
chemistry are evident when considering that this heterocycle
is stable under glycosidation reaction conditions, while it is
readily transformed into the formyl group by means of a
simple and efficient reaction sequence.”” In fact the thiazo-
lylketosides obtained from the above glycosidation reactions
were transformed into various ketosyl and ulosonyl deriva-
tives, some of which were barely accessible by different routes.
Hence the challenge lied in demonstrating the use of
thiazolylketoses in synthetic endeavours to more elaborate
glycosides.

In order to assemble various D-galacto-2-heptulopyranose
units through a 2,1-glycoside linkage in either a linear or cyclic
fashion as schematically shown in Scheme 1, we designed the
thiazolylketosyl phosphite 3 and the pentenyl hydroxyme-
thylketoside 6 (Scheme 2) as the ketosyl donor and acceptor
partners. The successful implementation of the above strategy
relied on the easy access to these required starting materials.
The coupling of the acetate 2 with 4-penten-1-ol in the
presence of TMSOTT gave, after column chromatography, the
a-D-ketoside 4 and the S-pD-anomer 5 in 86 and 7% yield,
respectively. The anomeric configuration of these compounds
was established by NMR analysis. Irradiation of the two
protons adjacent to the oxygen atom in the pentenyl group of
4 induced a significant enhancement of the signal for H-5 of
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the pyranose ring; the same experiment carried out with §
affected the signal for H-2. Since both compounds adopt the
4C, conformation (see Experimental Section), it can be
deduced that the pentenyl group is axial in 4, but equatorial
in 5. The assigned stereochemistry was confirmed by the
downfield chemical shift of the H-3 proton of the a-D-anomer
4 (0=4.18) with respect to (-pD-anomer 5 (6=4.02) as a
consequence of the 1,3-diaxial interaction with the anomeric
C-O bond.">2 The individual thiazolylketosides 4 and 5
were transformed into the corresponding alcohols 6 and 7 (ca.
77 % vyield) by means of the thiazole-to-formyl deblocking
protocol® (N-methylation, reduction, metal assisted-hydrol-
ysis) followed by the reduction of the aldehydes with NaBH,.
Optimized conditions were established by replacing CuCly/
CuO with AgNO; in the last step of the unmasking
protocol.”’l By this method, the multigram preparation of
compound 6 was carried out several times with an average
yield of 85% from 4. This improvement in the thiazole-to-
aldehyde transformation proved to be essential in subsequent
cycles. In order to confirm that the configuration at the
anomeric center in compounds 4 and 5 remained unaffected
throughout the above reaction sequence, the hydroxymethyl-
ketosides 6 and 7 were subjected to careful 'THNMR spectro-
scopic analysis. Irradiation of the two protons adjacent to the
oxygen atom in the pentenyl aglycone of 6 (in C,Dg) gave rise
to an NOE interaction with the axial H-6 proton (heptulose
numbering). On the other hand, irradiation of H-3 of 7 (in
CDCl;) induced an enhancement of the signals for the same
protons in the pentenyl group. Furthermore, in CDCI; the
H-4 signal of 6 resonated further downfield (6=4.09)
than H-4 of 7 (6 =3.72). The synthesis of 6 demonstrated
the tolerance of the O-pentenyl group towards the trans-
formation of the thiazole ring into the hydroxymethyl group,
a key step in the planned iterative homologation sequence.
However, the glycosylation reaction of 6 with the thiazolyl-
ketose acetate 2 gave the corresponding ketoside in low
yield (ca. 20%). Hence, we considered the use of the
thiazolylketose phosphite 3, a potentially more reactive
ketosyl donor. The choice of a diethyl ester was based
on the easier and more economical synthesis than the
corresponding dibenzyl and dimethyl analogues whose
preparation requires the expensive dialkyl N,N-diethyl-
phosphoramidites.?! The high-yielding preparation of phos-
phite 3 was carried out on a multigram scale by treatment of
ketol 1 with diethyl chlorophosphite in the presence of
ethyldiisopropylamine (Hiinig’s base). Flash-column chroma-
tography with eluents containing triethylamine (3 %) afford-
ed compound 3 in 82 % yield. This phosphite can be stored for
several weeks at —20°C without appreciable decomposi-
tion.

It should be mentioned that some attempts at preparing
ketosyl donors bearing other powerful activating groups were
unsuccessful. For example, we failed to prepare the O-
trichloroacetimidate and the O-phosphate derivatives of 1
upon treatment with trichloroacetonitrile and 1,8-diazabicy-
clo[5.4.0Jundec-7-ene (DBU), and diphenyl chlorophosphate
and BuLi,®! respectively. Unreacted 1 was recovered in both
reactions, while the thiazolyl phosphonate 8 was isolated in
40 % yield in the latter reaction.l?’]

Chem. Eur. J. 2001, 7, No. 7
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Iterative glycosidation: At the outset, we carried out the
coupling between the glycosyl donor 3 and the acceptor 6
under conditions similar to those employed in our ketodisac-
charide synthesis.I'”] Thus, treatment of an equimolar solution
of 3 and 6 in CH,CI, with a stoichiometric amount of the
promoter TMSOTT or TfOH at 0°C afforded exclusively the
a-D-ketodisaccharide 9 in approximately 45% yield
(Scheme 3). The stereochemistry at the anomeric center of 9
was deduced from the NMR spectroscopic analysis of the
methyl ulosonate 18 which was obtained via the aldehyde 17
(Scheme 4). The BCNMR (75 MHz, C¢D;) spectrum of 18,
recorded with selective decoupling of the methyl ester protons
at 0 =3.14, showed the C=0 signal (C-1’, 6 =168.3) as a broad
singlet since 3J(C-1',H-3") was approximately 1 Hz. This can
be expected for an a-pD-ulosonate in a °C, conformation
(equatorial CO,Me group) having a dihedral angle C-1—C-
2—C-3—H-3 (ulosonic acid numbering) of nearly 60°.['>27] The
above yield of 9 could not be improved by using the so-called
“inverse procedure”®! already exploited in our earlier
work,["* that is, slow addition of the donor 3 to the solution
of the acceptor 6 and the Lewis acid, because 6 decomposed
under these conditions. A higher conversion of 6 into 9 (66 %)
was obtained by the addition of two equivalents of 3 and BF;-
Et,0 in two portions with a 20-min interval at 0°C
(Scheme 3).1 Fortunately, in both the BF;-Et,0- and
TMSOTf-promoted reactions, the unreacted alcohol 6 was
recovered unaltered or as the O-trimethylsilyl derivative,
respectively. On the other hand, the excess phosphite 3
rearranged almost quantitatively into the known!'8 isomeric
phosphonate 22 (Scheme 5). It has been reported that
glycosylation reactions with acetylated glycosyl phosphites
led to orthoester-type phosphonate by-products, which upon
acid catalysis at higher temperatures, were transformed into
the desired glycosides.’”) Accordingly, we suggest that the
acid-stable glycoside 22 is formed by P-glycosylation of the
sugar oxycarbenium ion intermediate 19 by trimethylsilyl
phosphite 20 or by the borophosphite complex 21. In support
of this mechanistic proposal, treatment of 3 with an equimolar
amount of TMSOTf or BF;:Et,0 (CH,Cl,, 0°C, 15 min)
afforded the sugar phosphonate 22 in 90 and 87 % yields,
respectively.

As the O-pentenyl group was unaffected by the thiazole-to-
formyl unmasking protocol and NaBH, reduction (see
Scheme 2), the same reaction sequence was successfully
applied to convert 9 into the hydroxymethyl ketodisaccharide
10 in a consistently good overall yield. This operation
completed the first cycle A. The same homologative cycle,
made up of a sequential glycosidation and an hydroxymethy-
lation, was repeated three times using the BF; - Et,0-promot-
ed reaction conditions. Cycle B gave the thiazolyl glycoside 11
and the trisaccharide 12; cycle C gave the thiazolyl glycoside
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Scheme 3. a) 3 (2 equiv), BF;- Et,0 (2 equiv), 4 A molecular sieves, CH,Cl,, 0°C, 40 min; b) MeOTT (1.3 equiv),
4 A molecular sieves, CH;CN, room temperature, 15 min; NaBH, (2 equiv), Et,0/MeOH, room temperature,
5 min; AgNO; (1.5 equiv), CH;CN/H,O, room temperature, 20 min; ¢) NaBH, (2 equiv), Et,0/MeOH, room

temperature, 15 min.

13 and the tetrasaccharide 14; cycle D gave the thiazolyl
glycoside 15 and the pentasaccharide 16. The glycosidation
reaction in each cycle was highly stereoselective as it only
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afforded a single oligosacchar-
ide stereoisomer. The a-D-ster-
eoselectivity was confirmed for
the trimer 12 by X-ray crystal-
lography (see below), whereas
the same stereochemistry was
assumed for the tetramer 14
and pentamer 16 based on the
close similarity of the chemical
shift of the anomeric carbons at
the non-reducing end. In fact,
the chemical shifts of these
carbon atoms of the a-D-hy-
droxymethylketosides 6, 10, 12,
14, and 16 were in the range of
0=99.1-99.6, while the chem-
ical shift of the anomeric car-
bon atom of the -p-anomer 7
was 0 = 101.1. It is worth noting
that only a slight decrease in the
yields (5-9%) was observed
from cycle A to D. Hence, it
appears that we did not reach
the limit of application of the
above iterative homologation
and therefore the assembly of
a longer oligoketosaccharidic
chain is, in principle, feasible.
Furthermore, the ketosides 9,
11, 13, and 15 may serve as
glycosyl donors by means of the
Fraser—Reid pentenyl glyco-
side methodP! for achieving
complex carbohydrate or non-
carbohydrate linkages.

Synthesis of cyclic oligomers:
We first considered the penten-
yl-based intramolecular glyco-
sidation of the most readily
accessible oligomers 10 and 12
to cyclic di- and triketosacchar-
ides. Hence, a diluted solution
of 10 (ca. 1072m) in dichloro-
methane was treated at 0°C
with N-iodosuccinimide (NIS)
and TMSOT(. This reaction
afforded the spirodisaccharides
23 (62%) and 24 (20%) in
fairly good overall yields
(Scheme 6). The 'H and
BCNMR spectra of the major
product 23 showed two sets of
signals which indicated a- and
p-D-(2 — 1)-glycosidic linkages
of the pyranose residues. On

the other hand, the NMR spectra of 24 revealed the presence
of a single type of monosaccharide unit whose a-p-(2 — 1)-
glycosidic linkage was assigned by NOE experiments. In fact,

Chem. Eur. J. 2001, 7, No. 7
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Scheme 4. a) MeOTf (1.3 equiv), 4 A molecular sieves, CH;CN, room
temperature, 15 min; NaBH, (2 equiv), Et,0/MeOH, room temperature,
5 min; AgNO; (1.5 equiv), CH;CN/H,O, room temperature, 20 min; b) I,,
KOH, Et,0/MeOH, room temperature, 74 % (two steps).
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Scheme 5. a) TMSOTY (1 equiv) or BF;-Et,0 (1 equiv), 4 A molecular
sieves, CH,Cl,, 0°C, 15 min.
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Scheme 6. a) NIS (2 equiv), TMSOTf (1 equiv), 4 A molecular sieves,
CH,Cl,, 0°C, 1 h; b) H,, Pd(OH),, AcOEt/MeOH, room temperature, 3 h.

irradiation of H-1 at d =3.75 (CDCl;) gave rise to an NOE
interaction with the axial H-3, thus indicating the cis-relation-
ship between these protons.? Inspection of molecular models
showed a higher congestion in the ring-closing reaction by a-
glycosidic than by $-glycosidic bond formation. Therefore the
formation of the major isomer 23 should be mainly deter-
mined by steric factors. The same stereochemical control
appeared to be operative in the TMSOTf-promoted self-
condensation of the pentenyl hydroxymethylgalactoside 6
which, in fact, afforded the (a,f3)-isomer 23 in 64 % yield. This
finding is inconsistent with the existence of two a-D-(2 — 1)-
linkages in the self-condensation product of 3,4,5,7-tetra-O-
benzyl-a-D-gluco-2-heptulopyranose.® In our hands the

Chem. Eur. J. 2001, 7, No. 7
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cyclic dimer 29 obtained in 65 % yield by self-condensation
of either ethyl a-(27) or 3-(28) D-gluco-2-heptulopyranoside
showed NMR spectra fully consistent with the presence of two
pyranose units with a- and S-p-(2— 1)-glycosidic bonds
(Scheme 7). Hence the earlier stereochemical assignment of
van Boom and co-workers®! appears to be incorrect.

OBn

o
BnO
BnO 0 BnO BnO
BnO CH,0H a o
—_—
BnO » 65% o)
OBn
27 a-D-anomer
28 pB-D-anomer 29 BnO™ oBn

Scheme 7. a) TMSOTY (1.5 equiv), 4 A molecular sieves, CCL,CN, room
temperature, 30 min.

While there are several examples of cyclic (2 — 1)-disac-
charides, called ketose dianhydrides, made up of p-fructofur-
anose,*! D-fructopyranose,®! L-ribulose,*! L-fucose,?”! and
D-manno-octulose residues,*! no examples are known of
higher oligomers prepared by chemical synthesis. The only
products of this class of compounds are the above-mentioned
cyclofructins, the cyclic oligomers of D-fructofuranose pro-
duced by enzymatic degradation of inulin.['"”l Therefore it was
quite rewarding to observe that the intramolecular glycosy-
lation of 12 under the conditions employed for 10 occurred in
a stereoselective manner to give the cyclic (a,a,a)-D-trisac-
charide 30 and its (a,a,3)-D-anomer 31 in 42 and 8% yields,
respectively (Scheme 8). Evidently, in this case the steric
factors did not adversely affect the formation of the a(axial)-
linkage which was expected on the basis of a nonparticipating
neighboring group and solvent.l The yields and stereo-
selectivity of the glycosidation did not improve at higher
dilutions of up to 103M or by the presence of metal cations
such as lithium, sodium, potassium, or calcium, which were
efficiently captured by 30 (see below). The highly symmetrical
'H and “CNMR spectra of 30 indicated that the three
monosaccharide units exhibited identical (2 — 1)-glycoside
bonds. The oa-D-configuration of these bonds was firmly
established by X-ray crystallography (Figure 1). On the other
hand, the structure assignment for the syrupy isomer 31 was
less straightforward because the 'HNMR spectra in CDCl,
and [D¢]DMSO at room temperature displayed some broad-
ened signals together with sharp ones. The coalescence of the
signals in [Dg]DMSO at 100 °C revealed the dynamic nature of
the observed phenomenon, that is, some conformational
changes of the molecule on a time scale that approached the
NMR time scale at room temperature. Since the high-
temperature NMR spectrum indicated a nonsymmetrical
structure, compound 31 was characterized as being made up
of two galactopyranose units with a-D-(2 — 1)-glycoside link-
ages and of one unit with a $-p-(2 — 1)-glycoside linkage.
Finally, dimers 23 and 24 and trimer 30 were debenzylated by
catalytic hydrogenolysis to give the hydroxy-free products 25,
26, and 32, respectively, in nearly quantitative yields.
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Scheme 8. a) NIS (2 equiv), TMSOTT (1 equiv), 4 A molecular sieves, CH,Cl,, 0°C, 1 h; b) H,, Pd(OH),, AcOEt/MeOH, room temperature, 3 h.

Figure 1. ORTEP view of the cyclic trisaccharide 30 showing the thermal ellipsoids at the 40 % probability level

(the benzyl groups and the hydrogen atoms are omitted for clarity).

Several attempts were made to prepare cyclic tetra- and
pentasaccharide oligomers by means of intramolecular gly-
cosidation of the corresponding linear alcohols 14 and 16. In
both cases, the NIS-TMSOTTf reactions afforded complex
mixtures of products as determined by MS analysis. However,
the cyclic trimers 30 and 31 (ca. 20%) and the dimer 23
(traces) were isolated by column chromatography. A very
small sample of a cyclic tetramer was also obtained. Unfortu-
nately, attempts to purify this compound failed, thus prevent-
ing its characterization by NMR spectroscopy. It is suggested
that the cleavage of the oligosaccharide chain of 14 and 16
occurs either by intramolecular glycosidation or by hydrolysis
followed by ring closure. The latter hypothesis seems unlikely
since cleavage reactions were not observed in the intermo-
lecular glycosylation of di-, tri-, and tetrasaccharide alcohols
with phosphite 3, in the presence of TMSOTT.

1376 ——
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Structure and binding proper-
ties of the cyclic trimer 30: The
most investigated carbohy-
drate-based macrocycles are
the natural and unnatural cyclic
oligoaldosides called cyclodex-
trins.’! - Carbohydrate-contain-
ing crown ethers in which the
sugar moieties are part or an
appendage of the macrocyclic
ring were also prepared.?” In-
spection of the structure of the
cyclic trisaccharide 30 deter-
mined by X-ray crystallography
at 100 K (Figure 1) revealed a
[9]crown-3 ether core bearing
the galactopyranose rings spi-
roanellated in a propellerlike
fashion. The oxygen atoms of
the crown ether are nearly co-
planar and face the oxygen
atoms linked to C-3 of the p-
galacto-2-heptulopyranose

units. This conformation of the
macrocycle was expected on
the basis of the exo-anomeric
effect,’ that is, the O1—C2
bond is antiperiplanar to the C3—C43 bond, O2—C4 to
C5—C76, and O3—C6 to C1—C10 (see Figure 1). Owing to
this spatial arrangement of the pyranose rings, the three
oxygen atoms linked to C-3 and the three linked to C-4 lie in
two planes above the crown ether macrocyclic core. The
distance between these oxygen atoms indicate that the
relevant holes are larger than that delimited by the crown
ether below.[*] We envisaged the complexation ability of the
polyalkoxylated cavity created by the oxygen atoms of the
sugar moieties in the proximity of the crown ether toward
guests which are sterically far beyond the binding properties
of the very small macrocycle ring. Thus, the recognition ability
of the trimer 30 was tested using various neutral and charged
molecules as potential guests. While several organic mole-
cules and some metal cations gave a negative response,*!]
alkali metal cations revealed significant complexations. Ac-
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cording to a recent method,* the tests were carried out by
'HNMR spectroscopic analysis of 30 treated with a pre-
saturated solution of salt in CHCl;/CH,;CN (see Experimental
Section). The salts employed were LiClO,, NaClO,, KI,*!
Ca(ClO,),, and Mg(ClO,),. The spectra of the samples
prepared with the lithium, sodium, potassium, and calcium
salts showed only the presence of the corresponding com-
plexes. These spectra were different for each complex (see
Supporting Information). On the other hand, the spectrum
obtained from the magnesium sample exhibited two sets of
host signals, one corresponding to free 30 (ca. 85%) and the
other to the metal cation complex (ca. 15% ). However, the
addition of finely powdered Mg(ClO,), into the NMR tube,
followed by sonication and heating (50°C) for a few seconds
resulted in the quantitative formation of a new complex of 30.
All the complexes were totally dissociated by the addition of
small amounts of water. Unfortunately, the same complex-
ation experiments could not be carried out with the cyclic
trisaccharide 31 because of the severe signal broadening in its
'HNMR spectrum at room temperature. On the other hand,
repetition of the above recognition testsi* using the cyclic
a,B-dimer 23 and the a,a-anomer 24 did not show binding
properties.

Conclusion

Following earlier work on thiazolylketose chemistry, a new
and efficient method has been developed that allows the
assembly of (2 — 1)-linked ketoside units with high a-stereo-
selectivity by means of an iterative glycosidation—hydroxy-
methylation. The method has been illustrated by the synthesis
of oligomers of D-galacto-2-heptulopyranose up to the
pentameric stage. Further chain lengthening appears to be
feasible. The strategy is highlighted by the transformation of
linear di- and trisaccharide oligomers into cyclic products. The
use of the latter compound as a potent although unselective
receptor for alkali metal cations was demonstrated. The
extension of this strategy to the synthesis of both linear and
cyclic ketoside oligomers of pyranoses and furanoses will be
investigated in the future. The successful implementation of
this method for the synthesis of cyclic higher oligomers, such
as those containing four and five carbohydrate units spiroa-
nellated in [12]crown-4 and [15]crown-5 ether cores presents
another challenge. The use of this new class of chiral crown
ether derivatives can be foreseen in molecular recognition
processes of important biomolecules such as lectins and
selectins and for the study of chiral recognition in various
enzymatic reactions.[*]

Experimental Section

General: All moisture-sensitive reactions were performed under a nitrogen
atmosphere using oven-dried glassware. Anhydrous solvents were dried
over standard drying agents*l and were freshly distilled prior to use.
Commercially available powdered molecular sieves (4 A, 5 um average
particle size) were used without further activation. Commercially available
N-iodosuccinimide (white crystals, =97 % pure) was not recrystallised but
only powdered prior to use. Reactions were monitored by TLC onsilica gel
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60 F,s4, detection by charring with sulfuric acid. Flash-column chromatog-
raphy®! was performed on silica gel 60 (230-400 mesh). Melting points
were determined with a capillary apparatus and are uncorrected. Optical
rotations were measured at 20 £2°C in the stated solvent. 'H (300 MHz),
BC (75 MHz), and 3'P (121 MHz) NMR spectra were recorded at room
temperature for CDCI; solutions, unless otherwise specified. Assignments
were aided by homo- and heteronuclear two-dimensional experiments.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectra were acquired using a-cyano-4-hydroxycinnamic acid or 2,5-
dihydroxybenzoic acid as the matrix.

2,3,4,6-Tetra-O-benzyl-1-C-(2-thiazolyl)-a-D-galactopyranosyl diethyl
phosphite (3): Freshly distilled iPr,EtN (1.74 mL, 10.00 mmol) and freshly
distilled CIP(OEt), (0.94 mL, 6.50 mmol) were added successively to a
stirred solution of 1 (3.12 g, 5.00 mmol) in anhydrous CH,Cl, (25 mL). The
mixture was stirred at room temperature for 20 min, then concentrated
(bath temperature not exceeding 30°C). The residue was eluted from a
short column (4 x 10 cm, d x h) of silica gel with cyclohexane/AcOEt (10:1,
containing 3% of Et;N). The first product to be isolated was 3 (3.05 g,
82%) as a syrup, slightly contaminated with uncharacterised by-products.
'"HNMR: 6 =781 (d, J=3.2 Hz, 1H; Th), 7.39-721 (m, 21H; 4 Ph, Th),
5.01 and 4.69 (2d,J=11.8 Hz, 2H; PhCH,), 4.76 (s, 2H; PhCH,), 4.70 and
4.47 (2 d, J=10.7 Hz, 2H; PhCH,), 4.52 and 4.47 (2 d, J=12.0 Hz, 2H;
PhCH,), 4.40 (ddd, J,5=0.7, J55,=7.8, J56,=15.5Hz, 1H; H-5), 4.33 (dd,
J,5=9.5,/,p=17Hz,1H; H-2),4.14 (dd, J;,=2.7 Hz, 1H; H-4), 4.13 (dd,
1H; H-3), 4.01-3.81 (m, 4H; 2CH,CH,), 3.77 (dd, Js ¢ =9.3 Hz, 1H;
H-6a), 3.64 (dd, 1H; H-6b), 1.21 and 1.20 (2t, J=7.0 Hz, 6H; 2CH,CH,);
P NMR: 0=136.1. Further elution with cyclohexane/AcOEt (3:1)
afforded 1 (0.19 g, 6%).

4-Pentenyl 2,3,4,6-tetra-O-benzyl-1-C-(2-thiazolyl)-a- and -f-D-galactopyr-
anoside (4 and 5): A mixture of 2 (6.66 g, 10.00 mmol), 4-penten-1-ol
(3.10 mL, 30.00 mmol), activated powdered molecular sieves (4 A, 5.00 g),
and anhydrous CH,Cl, (50 mL) was stirred at room temperature for
10 min. The suspension was then cooled to 0°C and treated with TMSOT{
(1.81 mL, 10.00 mmol). The mixture was stirred at 0°C for 15 min, warmed
to room temperature, stirred for an additional 60 min, diluted with Et;N
(2.0 mL) and CH,CI, (150 mL), and then filtered through a pad of Celite.
The solution was washed with H,O (30 mL), dried (Na,SO,), and
concentrated. The residue was eluted from a column of silica gel with
cyclohexane/AcOEt (from 5:1 to 3:1). The first product to be eluted was 5
(0.48 g, 7%) as a white solid. M.p. 62-63°C (from MeOH); [a], =+57.8
(¢=1.0, CHCL;); '"HNMR: 6 =778 (d, J=3.2 Hz, 1H; Th), 7.35-723 (m,
21H; Ph, Th), 5.78 (dddd, J=6.5, 6.5, 10.2, 17.0 Hz, 1H; CH=CH,), 4.99
and 4.63 (2d,/=11.6 Hz,2H; PhCH,), 498 and 4.81 (2d,/=11.4 Hz,2H;
PhCH,), 4.98 (dddd, J=1.7,1.7,2.0, 17.0 Hz, 1 H; CH=CH,), 4.91 (dddd, J =
1.3, 1.3, 2.0, 10.2 Hz, 1H; CH=CH,), 4.74 and 4.67 (2 d, J=11.8 Hz, 2H;
PhCH,), 4.53 (ddd, J,5=1.0, J54,=Js54, = 6.8 Hz, 1H; H-5), 4.51 and 4.44
(2 d, J=11.6 Hz, 2H; PhCH,), 4.38 (d, J,5=10.3 Hz, 1 H; H-2), 4.04 (dd,
J;4=2.7Hz, 1H; H-4), 403 (dd, 1H; H-3), 3.76-3.64 (m, 3H; 2 H-6,
OCH,CH,), 3.52-3.44 (m, 1H; OCH,CH,), 2.18-2.03 and 1.70-1.59 (2 m,
4H; OCH,CH,CH,); B*CNMR: 6 =167.8, 141.5, and 120.6 (Th), 139.0,
138.7,138.5, 138.1, and 128.3-127.3 (Ph), 138.2 and 114.6 (CH=CH,), 101.5
(C-1), 80.2, 79.1, 752, 74.5 (2 C), 73.3, 73.0, 72.7, 68.4, 61.7, 30.3, 29.1;
elemental analysis for C;,H;sNOgS (691.89): caled: C 72.91, H 6.56, N 2.02;
found: C 72.83, H 6.61, N 2.11. Further elution afforded 4 (5.95 g, 86 % ).
[a]lp=+11.2 (¢=1.0, CHCL); 'HNMR: 6 =782 (d, J=3.2 Hz, 1H; Th),
7.37-720 (m, 21H; 4 Ph, Th), 5.79 (dddd, J=6.5, 6.5, 10.2, 17.0 Hz, 1H;
CH=CH,), 4.98 (dddd,J=1.7,1.7,2.0,17.0 Hz, 1 H; CH=CH,), 4.98 and 4.64
(2 d, J=11.7Hz, 2H; PhCH,), 4.92 (dddd, J=1.3, 1.3, 2.0, 10.2 Hz, 1H;
CH=CH,), 4.78 and 4.72 (2 d, J=11.5 Hz, 2H; PhCH,), 4.60 and 4.30 (2 d,
J=10.9 Hz,2H; PhCH,), 4.53 and 4.47 (2d,/=11.8 Hz, 2H; PhCH,), 4.18
(dd, J,5=10.1, J;,=2.6 Hz, 1H; H-3), 4.08 (d, 1H; H-2), 4.07 (dd, J,5s=
1.2 Hz, 1H; H-4), 4.00 (ddd, Js56,=71, Js55,=6.0 Hz, 1H; H-5), 3.76 (dd,
Jeaen=9.3Hz, 1H; H-6a), 3.69 (dd, 1H; H-6b), 3.51-3.39 (m, 2H;
OCH,CH,),2.13-2.04 and 1.81-1.71 (2 m, 4H; OCH,CH,CH,); *C NMR:
0=1679, 142.6, and 120.6 (Th), 138.9, 138.6, 138.1, 138.0, and 128.5-127.3
(Ph), 138.2 and 114.7 (CH=CH,), 100.9 (C-1), 80.2, 79.9, 75.3, 74.8, 74.4,
73.5, 73.0, 71.5, 68.8, 62.4, 30.4, 28.7; elemental analysis for C;,H,;sNOGS
(691.89): caled: C 72.91, H 6.56, N 2.02; found: C 73.16, H 6.69, N 2.20.

4-Pentenyl 3,4,5,7-tetra-O-benzyl-a-D-galacto-heptulopyranoside (6): A
mixture of 4 (5.53 g, 8.00 mmol), activated powdered molecular sieves (4 A,
4.00 g), and anhydrous CH;CN (40 mL) was stirred at room temperature
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for 10 min. Methyl triflate (1.18 mL, 10.40 mmol) was then added. The
suspension was stirred at room temperature for 15 min, and then
concentrated to dryness without filtering off the molecular sieves. NaBH,
(0.60 g, 16.00 mmol) was added to a stirred suspension of the crude N-
methylthiazolium salt in Et,0/MeOH (1:1,40 mL). The mixture was stirred
at room temperature for an additional 5 min, diluted with acetone (4 mL),
filtered through a pad of Celite, and concentrated. H,O (7.0 mL) and then
AgNO; (2.04 g, 12.00 mmol) were slowly added to a vigorously stirred
solution of the crude diastereomeric mixture of thiazolidines in CH;CN
(73 mL). The mixture was stirred at room temperature for 10 min, then
treated with phosphate buffer at pH 7 (1M, 8.0 mL, 8.00 mmol), stirred for
an additional 10 min, diluted with more phosphate buffer (ca. 50 mL), and
concentrated to remove acetonitrile (bath temperature not exceeding
40°C). The mixture was extracted with CH,Cl, (2 x 100 mL), and the
combined organic phases were dried (Na,SO,), and concentrated. The
residue was suspended in Et,O (50 mL), filtered through a pad of Celite to
remove most of the silver salts, and concentrated to afford the aldehyde.
Selected 'THNMR data: 6 =9.34 (s, 1H; H-1). NaBH, (0.60 g, 16.00 mmol)
was added to a stirred solution of the crude aldehyde in Et,0/MeOH (1:1,
40 mL). The mixture was stirred at room temperature for an additional
15 min, diluted with acetone (4 mL), and concentrated. The brown residue
was eluted from a column of silica gel with cyclohexane/AcOEt (from 5:1
to 3:1) to give 6 (4.34 g, 85%) as a syrup. [a]p, =+26.5 (¢c=1.0, CHCL);
'HNMR: 0=741-725 (m, 20H; 4Ph), 5.81 (dddd, J=6.5, 6.5, 10.2,
170 Hz, 1H; CH=CH,), 5.01 (dddd, /=17, 1.7, 2.0, 170 Hz, 1H; CH~
CH,),4.98 and 4.77 (2 d, J=11.3 Hz, 2H; PhCH,), 4.96 and 4.59 2 d, J=
11.4 Hz, 2H; PhCH,), 4.94 (dddd, J=1.3, 1.3, 2.0, 10.2 Hz, 1 H; CH=CH,),
4.78 and 4.74 (2d,J=11.6 Hz, 2H; PhCH,), 4.50 and 4.44 (2 d, J =11.7 Hz,
2H; PhCH,), 4.19 (d, J;,=10.1 Hz, 1H; H-3), 4.09 (dd, J,5=2.7 Hz, 1 H;
H-4), 4.01 (dd, J5s=1.3 Hz, 1H; H-5), 3.88 (ddd, J¢;,=Js7,=6.5 Hz, 1H;
H-6), 3.64 (d, 2H; 2 H-7), 3.58 (dd, J;,0u=6.7, J1,1,=9.3 Hz, 1H; H-1a),
3.58-3.43 (m, 2H; OCH,CH,), 3.53 (dd, J,, o4 =6.2 Hz, 1H; H-1b), 2.28
(dd, 1H; OH), 2.15-2.06 and 1.76-1.66 (2 m, 4H; OCH,CH,CH,);
"HNMR (Cy¢Dg): 6=740-700 (m, 20H; 4 Ph), 5.75 (dddd, J=6.5, 6.5,
10.2, 17.0 Hz, 1H; CH=CH,), 5.05 and 4.60 (2 d, J=11.4 Hz, 2H; PhCH,),
5.02 and 4.72 (2 d, J=11.1 Hz, 2H; PhCH,), 5.02 (dddd, J=1.7, 1.7, 2.0,
170 Hz, 1H; CH=CH,), 4.95 (dddd, /=13, 1.3, 2.0, 102Hz, 1H;
CH=CH,), 449 (d, J;,=10.1Hz, 1H; H-3), 449 and 445 (2 d, /=
11.3 Hz, 2H; PhCH,), 4.36 and 4.30 (2 d, J=12.0 Hz, 2H; PhCH,), 4.17
(dd, J,5=2.8 Hz, 1H; H-4), 4.04 (ddd, J54=1.3, J57,=6.8, Js7, =62 Hz,
1H; H-6), 3.95 (dd, 1H; H-5), 3.90 (dd, J,,04=9.5, J1a1n=115Hz, 1H;
H-1a), 3.78 (dd, Jy,on = 1.6 Hz, 1H; H-1b), 3.74 (dd, J;,7,=9.1 Hz, 1H;
H-7a), 3.68 (dd, 1H; H-7b), 3.54 (dd, J=6.5, 6.5 Hz, 2H; OCH,CH,), 2.44
(dd, 1H; OH), 2.12-2.04 and 1.66-155 (2m, 4H; OCH,CH,CH,);
BCNMR: 6 =138.6, 138.4, 138.0, 137.9, and 128.5-127.4 (Ph), 138.1 and
114.7 (CH=CH,), 99.5 (C-2), 80.3,77.9,75.2,74.5 (2 C), 73.4,72.5,70.6, 68.8,
63.9, 60.6, 30.3, 29.0; elemental analysis for C,H,O, (638.81): caled: C
75.21, H 7.26; found: C 75.34, H 7.38.

4-Pentenyl 3,4,5,7-tetra-O-benzyl-f-D-galacto-heptulopyranoside (7): The
thiazolylketoside 5 (0.69 g, 1.00 mmol) was treated as described for the
preparation of 6 to afford the corresponding aldehyde. Selected 'THNMR
data: 0=9.72 (d,J,;=1.2 Hz, 1H; H-1). The aldehyde was then reduced to
give, after column chromatography on silica gel (3:1 cyclohexane/AcOEt),
compound 7 (0.53 g, 83%) as a syrup. [a]p=+20.8 (c=1.0, CHCL);
'HNMR: 6=740-728 (m, 20H; 4Ph), 5.85 (dddd, J=6.5, 6.5, 10.2,
170 Hz, 1H; CH=CH,), 5.03 (dddd, J=1.7,1.7,2.0, 17.0 Hz, 1H; CH=CH,),
5.00 and 4.64 (2 d, J=11.8 Hz, 2H; PhCH,), 4.97 (dddd, J=1.3, 1.3, 2.0,
10.2 Hz, 1H; CH=CH,), 4.88 and 4.78 (2 d, /=11.0 Hz, 2H; PhCH,), 4.51
and 4.46 (2 d, J=11.7 Hz, 2H; PhCH,), 4.24 (d, J;,=10.0 Hz, 1H; H-3),
3.97 (dd, J,5=3.8, J5,=0.7Hz, 1H; H-5), 3.95 (dd, J1,on=4.9, Ji,1n=
12.3 Hz, 1H; H-1a), 3.83 (dd, Jy,on=71 Hz, 1H; H-1b), 3.77 (dd, Js;,=
72, J7.3,=9.3 Hz, 1H; H-7a), 3.76 (ddd, J,;, = 6.6 Hz, 1H; H-6), 3.72 (dd,
1H; H-4), 3.64-3.60 (m, 2H; OCH,CH,), 3.58 (dd, 1H; H-7b), 2.38 (dd,
1H; OH), 2.19-2.10 (m, 2H; OCH,CH,CH,), 1.79-1.65 (m, 2H;
OCH,CH,CH,); BC NMR: 6 =138.8, 138.4, 138.3, 137.8, and 128.3-127.3
(Ph), 138.3 and 114.6 (CH=CH,), 101.1 (C-2), 81.3, 78.4, 75.2, 74.3, 73.7,
73.4,72.8,72.2, 68.8, 61.9, 60.9, 30.3, 29.3; elemental analysis for C,,H,O;
(638.81): caled: C 75.21, H 7.26; found: C 75.44, H 7.29.

2,3,4,6-Tetra-O-benzyl-1-C-[2-(5-diphenoxyphosphorylthiazolyl) ]-a-D-gal-
actopyranose (8): n-Butyllithium (0.69 mL, 1.10 mmol, 1.6M solution in
hexanes) was slowly added to a cooled (0°C), stirred solution of 1 (0.62 g,
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1.00 mmol) in anhydrous THF (5.0 mL). After 10 min, a solution of
CIP(O)(OPh), (0.25mL, 1.20 mmol) in anhydrous THF (2.0 mL) was
added to the stirred solution. The mixture was stirred at — 60 °C for 30 min,
then diluted with phosphate buffer at pH 7 (1M, 20 mL) and extracted with
CH,Cl, (2 x 50 mL). The combined organic phases were dried (Na,SO,)
and concentrated. The residue was eluted from a column of silica gel with
cyclohexane/AcOEt (from 3:1 to 1:1) to give 1 (0.28 g, 45%). Further
elution afforded 8 (0.34¢g, 40%). M.p. 95-97°C (from cyclohexane);
[alo=—122 (c=0.6, CHCl;); '"HNMR: 6 =826 (d, Jyp=4.2Hz, 1H;
Th), 7.38-7.12 and 7.01-6.97 (2 m, 30H; 6 Ph), 5.00 and 4.69 (2 d, /=
11.8 Hz, 2H; PhCH,), 4.76 and 4.70 (2 d,J =11.7 Hz, 2H; PhCH,), 4.66 and
424 (2d,J7=10.8 Hz, 2H; PhCH,), 4.54 (s, 1H; OH), 4.48 (d, /,,=9.6 Hz,
1H; H-2),4.48 and 4.42 (2d,J=12.0 Hz, 2H; PhCH,), 4.28 (ddd, J, 5= 0.6,
Js6a=16, J56,=5.8 Hz, 1H; H-5), 410 (dd, J,,=2.6 Hz, 1H; H-4), 3.98
(dd, 1H; H-3), 3.66 (dd, Js, s, = 9.1 Hz, 1 H; H-6a), 3.59 (dd, 1 H; H-6b); 3'P
NMR: 6 =2.4; MALDI-TOF MS: 879.1 [M+Na], 895.3 [M+K]; elemental
analysis for C,oH, NO,PS (855.95): caled: C 68.76, H 5.42, N 1.64; found: C
68.88, H 5.51, N 1.76.

CYCLE A

4-Pentenyl 3,4,5,7-tetra-O-benzyl-1-0-[2,3,4,6-tetra-O-benzyl-1-C-(2-thia-
zolyl)-a-D-galactopyranosyl]-a-D-galacto-heptulopyranoside (9): A mix-
ture of phosphite 3 (2.97 g, 4.00 mmol), alcohol 6 (2.55 g, 4.00 mmol),
activated powdered molecular sieves (4 A, 4.00 g), and anhydrous CH,Cl,
(40 mL) was stirred at room temperature for 10 min, and then cooled to
0°C. Freshly distilled BF; - Et,O (0.61 mL, 4.00 mmol) was added dropwise
to the mixture. After 15 min, a solution of 3 (2.97 g, 4.00 mmol) in
anhydrous CH,Cl, (10 mL) was added over a 10-min period, followed by
BF;-Et,0 (0.61 mL, 4.00 mmol). The mixture was stirred at 0°C for an
additional 15 min, diluted with Et;N (1.7 mL, 12.0 mmol), warmed to room
temperature, diluted with CH,Cl,, filtered through a pad of Celite, and
concentrated. The residue was eluted from a column of silica gel with
cyclohexane/AcOEt (from 7:1 to 1:1) to afford 9 (3.28 g, 66 %) as a syrup.
[a]lp=+372 (c=1.0, CHCl;); Selected '"HNMR data: =778 (d, J=
3.2 Hz, 1H; Th), 742-6.83 (m, 41H; 8 Ph, Th), 5.72 (dddd, J=6.5, 6.5,
10.2, 170 Hz, 1H; CH=CH,), 5.05 and 4.59 (2 d, /=11.6 Hz, 2H; PhCH,),
5.03and 4.75 (2d,/=11.0 Hz, 2H; PhCH,), 4.97-4.86 (m, 2H; CH=CH,),
4.90 and 4.63 (2d,J=11.7 Hz, 2H; PhCH,), 4.81 and 4.75 (2 d, J=11.6 Hz,
2H; PhCH,), 4.67 and 4.10 (2 d, J=11.0 Hz, 2H; PhCH,), 4.58 and 4.49
(2d,7=11.7Hz,2H; PhCH,),4.36 and 4.28 (2d,/=11.8 Hz, 2H; PhCH,),
3.47-3.38 and 3.25-3.18 (2 m, 2H; OCH,CH,), 2.03-1.94 and 1.62-1.56
(2 m, 4H; OCH,CH,CH,); B*CNMR: 6=166.6, 142.1, and 120.8 (Th),
139.6, 139.3, 139.1, 138.9, 138.3, 138.1, 138.0 (2 C), and 128.6—126.6 (Ph),
138.4 and 114.7 (CH=CH,), 101.2 (C-2), 100.5 (C-1"), 80.0 (2 C), 76.0 (2 C),
75.4,74.9,74.7,74.3, 74.2, 73.4, 73.1, 72.8, 71.7, 70.6, 70.5, 68.9, 68.5, 63.2,
60.2, 30.1, 28.9; elemental analysis for C;;HgNO,,S (1244.57): caled: C
74.31, H 6.56, N 1.12; found: C 74.12, H 6.66, N 1.20. Further elution led to
the recovery of unreacted alcohol 7 (0.54 g, 21%). Eluted third was
phosphonate 22 (3.27 g, 55%).

4-Pentenyl 3,4,5,7-tetra-O-benzyl-1-O-[3,4,5,7-tetra-O-benzyl-a-D-galac-
to-heptulopyranosyl]-a-D-galacto-heptulopyranoside (10): A mixture of 9
(4.98 g, 4.00 mmol), activated powdered molecular sieves (4 A, 4.00 g), and
anhydrous CH;CN (80 mL) was stirred at room temperature for 10 min.
Methyl triflate (0.59 mL, 5.20 mmol) was then added. The suspension was
stirred at room temperature for 15 min and then concentrated to dryness
without filtering off the molecular sieves. NaBH, (0.30 g, 8.00 mmol) was
added to a stirred suspension of the crude N-methylthiazolium salt in Et,O/
MeOH (1:1, 80 mL). The mixture was stirred at room temperature for an
additional 5 min, diluted with acetone (4 mL), filtered through a pad of
Celite, and concentrated. H,O (3.0mL) and then AgNO; (1.02g,
6.00 mmol) were slowly added to a vigorously stirred solution of the
residue in CH;CN (77 mL). The mixture was stirred at room temperature
for 10 min, then treated with phosphate buffer at pH 7 (1M, 4.0 mL,
4.00 mmol), stirred for an additional 10 min, diluted with more phosphate
buffer (ca. 50 mL), and concentrated to remove acetonitrile (bath temper-
ature not exceeding 40°C). The mixture was extracted with CH,Cl, (2-
100 mL), and the combined organic phases were dried (Na,SO,), and
concentrated. The residue was suspended in Et,O (50 mL), filtered through
a pad of Celite to remove most of the silver salts, and concentrated to give
17. Selected 'HNMR data: 6=938 (s, 1H; H-1'). NaBH, (0.30 g,
8.00 mmol) was added to a stirred solution of the crude aldehyde in
Et,0/MeOH (1:1, 80 mL). The mixture was stirred at room temperature for
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an additional 15 min, diluted with acetone (4 mL), and concentrated. The
brown residue was eluted from a column of silica gel with cyclohexane/
AcOEt (5:1) to give 10 (3.43 g, 72%) as a syrup. [a]p=+48.5 (c=1.0,
CHCl,); Selected 'H NMR data: 6 = 7.43-6.92 (m, 40H; 8 Ph), 5.78 (dddd,
J=6.5,6.5,10.2, 170 Hz, 1H; CH=CH,), 3.54-3.47 and 3.42-3.35 (2 m,
2H; OCH,CH,), 2.53 (dd, J; o = 3.4, Jivon = 8.4 Hz, 1H; OH), 2.13-1.99
and 1.71-1.62 (2 m, 4H; OCH,CH,CH,); *C NMR: 6 =139.7,139.1, 139.0,
138.9, 138.2 (2 C), 138.1, 138.0, and 128.2-127.0 (Ph), 138.1 and 114.7
(CH=CH,), 101.3 (C-2), 99.1 (C-2'), 80.0 (2 C), 79.0, 76.1 (2 C), 75.4,75.1,
74.7,74.5, 74.0, 73.4, 73.2, 72.9, 71.1, 70.6, 69.8, 69.0, 68.6, 64.9, 62.0, 60.3,
30.3, 29.0; elemental analysis for C;sHg,O;5 (1191.48): caled: C 75.61, H
6.94; found: C 75.77, H 6.89.

CYCLE B

Thiazolyltrisaccharide 11: Alcohol 10 (2.38 g, 2.00 mmol) was glycosylated
with 3 (2.97 g, 4.00 mmol) as described for the preparation of 9 to give, after
column chromatography on silica gel with cyclohexane/AcOEt (from 7:1 to
1:1) 11 (2.23 g, 62%) as a syrup. [a]p=+38.5 (c=1.0, CHCL); Selected
'"H NMR data: 6 =778 (d, J=3.2 Hz, 1H; Th), 740-6.90 (m, 61 H; 12 Ph,
Th), 5.78 (dddd, /=6.5, 6.5, 10.2, 17.0 Hz, 1H; CH=CH,), 3.30-3.22 (m,
1H; OCH,CH,), 2.10-1.98 and 1.67-1.58 (2 m, 4H; OCH,CH,CH,);
Selected *C NMR data: d =166.5, 142.1, and 121.0 (Th), 114.7 (CH=CH,),
101.3 (C-2, C-2'), 100.6 (C-1"); MALDI-TOF MS: 1820.6 [M+Na], 1835.8
[M+K]; elemental analysis for C;;,H;;;NOS (1797.24): calcd: C 74.85, H
6.56, N 0.78; found: C 75.11, H 6.65, N 0.91. Further elution led to the
recovery of unreacted 10 (0.71 g, 30 % ). Eluted third was phosphonate 22
(1.61 g, 54%).

Trisaccharide 12: Thiazolyltrisaccharide 11 (3.59 g, 2.00 mmol) was treated
as described for the preparation of 10 to give, after column chromatography
on silica gel with cyclohexane/AcOEt (5:1), compound 12 (2.37 g, 68 %) as
a syrup; [a]p=+44.6 (c=0.9, CHCl;); Selected '"H NMR data: 6 =7.40—
6.81 (m, 60H; 12 Ph), 5.80 (dddd, J = 6.5, 6.5,10.2, 170 Hz, 1H; CH=CH,),
3.53-3.46 and 3.37-3.30 (2 m, 2H; OCH,CH,), 2.47 (dd, 1H; J=3.8,
8.2 Hz, OH), 2.13-1.98 and 1.70-1.60 (2 m, 4H; OCH,CH,CH,); selected
BCNMR data: 6=114.7 (CH=CH,), 101.3 (C-2, C-2'), 99.3 (C-2");
MALDI-TOF MS: 1767.6 [M+Na], 1784.0 [M+K]; elemental analysis for
Ci10H 11309 (1744.15): caled: C 75.75, H 6.82; found: C 75.58, H 6.92.

CYCLE C

Thiazolyltetrasaccharide 13: Alcohol 12 (1.74 g, 1.00 mmol) was glycosy-
lated with 3 (1.49 g,2.00 mmol) as described for the preparation of 9 to give,
after column chromatography on silica gel with cyclohexane/AcOEt (from
6:1 to 1:1), compound 13 (1.27 g, 54 %) as a syrup. [a]p,=+32.3 (c=0.8,
CHCI,); Selected '"H NMR data: 6 =7.80 (d,J=3.2 Hz, 1 H; Th), 7.42-6.70
(m, 81 H; 16 Ph, Th), 5.82 (dddd, J=6.5, 6.5, 10.2, 17.0 Hz, 1 H; CH=CH,),
2.12-2.04 and 1.71-1.62 (2 m, 4H; OCH,CH,CH,); Selected 3C NMR
data: 0 =166.4, 142.0, and 121.2 (Th), 114.6 (CH=CH,), 101.5 and 101.4 (C-
2, C-2’, C-2"), 100.7 (C-1""); MALDI-TOF MS: 2373.3 [M+Na], 2389.8
[M+K]; elemental analysis for C,;H;5;NO,,S (2349.91): calcd: C 75.14, H
6.56, N 0.60; found: C 75.38, H 6.69, N 0.83. Further elution led to the
recovery of unreacted 12 (0.70 g, 40 % ). Eluted third was phosphonate 22
(091 g, 61%).

Tetrasaccharide 14: Thiazolyltetrasaccharide 13 (1.17 g, 0.50 mmol) was
treated as described for the preparation of 10 to give, after column
chromatography on silica gel with cyclohexane/AcOEt (5:1), compound 14
(0.70 g, 61 %) as a syrup. [a]p=+37.5 (¢ =1.0, CHCl;); Selected 'H NMR
data: 6 =7.40-6.79 (m, 80H; 16 Ph), 5.78 (dddd, /=6.5, 6.5, 10.2, 17.0 Hz,
1H; CH ~ CH,), 3.48-3.40 and 3.32-3.24 (2 m, 2H; OCH,CH,), 2.46 (dd,
J=52, 70Hz, 1H; OH), 2.09-195 and 1.66-155 (2 m, 4H;
OCH,CH,CH,); selected *C NMR data: 0 =114.6 (CH=CH,), 101.6 and
1014 (C-2, C-2, C-2), 99.4 (C-2""); MALDI-TOF MS: 23203 [M+Nal,
2336.8 [M+K]; elemental analysis for C,,;sH;5,055 (2296.83): caled: C 75.83,
H 6.76; found: C 75.71, H 6.86.

CYCLE D

Thiazolylpentasaccharide 15: Alcohol 14 (0.46 g, 0.20 mmol) was glycosy-
lated with 3 (0.30 g, 0.40 mmol) as described for the preparation of 9 to
give, after column chromatography on silica gel with cyclohexane/AcOEt
(from 7:1 to 1:1), compound 15 (0.29 g, 50 %) as a syrup. [a]p =+26.1 (c=
1.0, CHCL,); Selected '"H NMR data: 6 =7.78 (d, J=3.2 Hz, 1H; Th), 7.43 -
6.64 (m, 101H; 20 Ph, Th), 5.84 (dddd, /=6.5, 6.5, 10.2, 17.0 Hz, 1H;
CH=CH,), 2.14-2.04 and 1.75-1.63 (2 m, 4H; OCH,CH,CH,); selected
BCNMR data: 6 =166.2, 142.1, and 121.4 (Th), 114.6 (CH=CH,), 101.8,
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101.7,101.6, and 101.5 (C-2, C-2', C-2", C-2""),100.7 (C-1""); MALDI-TOF
MS: 2925.9 [M+Na], 2942.7 [M+K]; elemental analysis for C,,H;gNO5,S
(2902.59): caled: C 75.31, H 6.56, N 0.48; found: C 75.50, H 6.63, N 0.65.
Further elution led to the recovery of unreacted 14 (0.24 g, 53% ). Eluted
third was phosphonate 22 (0.18 g, 60 % ).

Pentasaccharide 16: Thiazolylpentasaccharide 15 (0.29 g, 0.10 mmol) was
treated as described for the preparation of 10 to give, after column
chromatography on silica gel with cyclohexane/AcOEt (7:1), 16 (0.16 g,
57%) as a syrup. [a]p=+32.1 (¢=0.7, CHCL;); selected 'H NMR data:
0="741-6.75 (m, 100H; 20 Ph), 5.77 (dddd, /= 6.5, 6.5, 10.2, 17.0 Hz, 1 H;
CH=CH,), 3.17-3.09 (m, 1H; OCH,CH,), 2.47 (dd, J=4.8, 7.0 Hz, 1H;
OH), 2.07-1.92 and 1.62-152 (2 m, 4H; OCH,CH,CH,); selected
BCNMR data: d =114.6 (CH=CH,), 101.8 (2 C), 101.6, and 101.5 (C-2,
C-2',C-2",C-2"),99.6 (C-2""); MALDI-TOF MS: 2870.9 [M+Na], 2886.7
[M+K]; elemental analysis for C,4,H,9,O3; (2849.50): calcd: C75.87, H6.72;
found: C 75.70, H 6.85.

4-Pentenyl 3,4,5,7-tetra-O-benzyl-1-O-[methyl 3,4,5,7-tetra-O-benzyl-a-D-
galacto-heptulopyranosylonate]-a-D-galacto-heptulopyranoside (18):
Thiazolylketoside 9 (249 mg, 0.20 mmol) was treated as described for the
preparation of 10 to afford the corresponding aldehyde 17. A solution of
KOH in MeOH (1m) and a solution of I, in MeOH (0.5m) were added
dropwise and simultaneously to a vigorously stirred solution of the crude
aldehyde 17 in Et,0/MeOH (1:1, 4.0 mL), until the intermediate methyl
hemiacetals, which formed in situ, had disappeared (TLC analysis). The
mixture was then neutralised with AcOH and concentrated. The residue
was diluted with CH,Cl, (50 mL), washed with aqueous Na,S,0;-5H,0
(10%, 10 mL), dried (Na,SO,), and concentrated. The residue was eluted
from a column of silica gel with cyclohexane/AcOEt (7:1) to give 18
(180 mg, 74 %) as a syrup. [a]p, = +43.3 (¢ =1.0, CHCl,); Selected '"H NMR
(C¢Dg) data: 6 =7.61-6.85 (m, 40H; 8 Ph), 5.69 (dddd, J=6.5, 6.5, 10.2,
170 Hz, 1H; CH=CH,), 3.57-3.49 and 3.30-3.22 (2 m, 2H; OCH,CH,),
3.14 (s, 3H; CHj;), 2.04-1.95 and 1.57-1.47 (2 m, 4H; OCH,CH,CH,);
BCNMR (C¢Dg): 6=168.3 (C-1), 140.2, 139.7, 138.9, 138.4, and 128.9-
1272 (Ph), 139.1 and 114.9 (CH=CH,), 101.9 and 100.3 (C-2, C-2'), 80.4,
80.3,79.0, 77.0, 76.7,75.9, 75.5,75.3 (2 C), 75.1,73.5,73.4,73.2,72.2,71.4 (2
C), 69.8, 69.1, 64.7, 60.2, 51.7; elemental analysis for C;sHg,O,4 (1219.49):
calcd: C 74.85, H 6.78; found: C 74.99, H 6.70.

Diethyl  (2,3,4,6-tetra-O-benzyl-1-C-(2-thiazolyl)-a-D-galactopyranosyl)-
phosphonate (22): A mixture of phosphite 3 (223 mg, 0.30 mmol), activated
powdered molecular sieves (4 A, 0.30 g), and anhydrous CH,Cl, (3.0 mL)
was stirred at room temperature for 10 min, then cooled to 0°C. The
mixture was treated with freshly distilled BF;-Et,0 (38 uL, 0.30 mmol),
stirred at 0°C for an additional 15 min, diluted with Et;N (0.1 mL) and
CH,Cl,, filtered through a pad of Celite, and concentrated. The residue was
eluted from a column of silica gel with cyclohexane/AcOEt (2:1) to give 22
(194 mg, 87 %) identical in all respects to the product prepared by a
different route.l'"s! When the same reaction was performed using TMSOT(
instead of BF;- Et,0 as the Lewis acid, the phosphonate 22 was isolated in
90 % yield.

3,4,5,7-Tetra-O-benzyl-a-D-galacto-heptulopyranose 3,4',5,7-tetra-0-
benzyl-f-D-galacto-heptulopyranose 1,2":1',2-dianhydride (23) and 3,4,5,7-
tetra-O-benzyl-a-D-galacto-heptulopyranose 34,5, 7-tetra-O-benzyl-a-
D-galacto-heptulopyranose 1,2":1',2-dianhydride (24): Route A: A mixture
of 10 (238 mg, 0.20 mmol), activated powdered molecular sieves (4 A,
1.00 g), and anhydrous CH,Cl, (20 mL) was stirred at room temperature for
10 min, then cooled to 0°C. Powdered N-iodosuccinimide (90 mg,
0.40 mmol) was added to the mixture. After 5 min, a solution of TMSOT{
in anhydrous CH,Cl, (0.2M, 250 pL, 0.05 mmol) was added. Three portions
of the same TMSOTT solution (250 puL each) were added to the reaction
mixture after 15, 30, and 45 min. Stirring was continued at 0°C for an
additional 15 min. The reddish mixture was then diluted with Et;N
(0.5 mL), filtered through a pad of Celite, and concentrated. The residue
was dissolved in CH,Cl, (100 mL), washed with aqueous Na,S,0;-5H,0
(10%, 2x 10 mL), dried (Na,SO,), and concentrated. The residue was
eluted from a column of silica gel with cyclohexane/AcOEt (from 8:1 to
4:1) to give 24 (44 mg, 20%) as a syrup. [a]p =+64.4 (c=0.4, CHCLy);
'"HNMR: 0 =7.44-7.24 and 7.18-7.13 (2 m, 40H; 8 Ph), 4.96 and 4.61 (2 d,
J=11.5Hz, 4H; 2 PhCH,), 493 and 4.77 (2 d,J=11.4 Hz, 4H; 2 PhCH,),
4.78 and 4.74 (2 d, J=11.5Hz, 4H; 2 PhCH,), 445 and 4.38 (2 d, J=
11.8 Hz, 4H; 2 PhCH,), 4.08 (dd, J;,=9.9, J,s=2.8 Hz, 2H; 2 H-4), 4.01
(dd, Js¢=1.2 Hz,2H; 2 H-5),3.98 (ddd, J4 7, = 7.7, Js7, = 5.5 Hz, 2H; 2 H-6),
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3.92(d,2H;2H-3),3.75and 3.55 (2 d, J;, p = 12.2 Hz, 4H; 4 H-1), 3.58 (dd,
Toam=9.3Hz, 2H; 2 H-7a), 3.50 (dd, 2H; 2 H-7b); "C NMR: 6 =138.9,
138.8, 138.6, 138.0, and 128.4—127.1 (Ph), 97.3 (C-2), 79.7 (C-4), 79.5 (C-3),
74.9 (C-5),74.7,74.2,73.4, and 72.9 (PhCH,), 70.6 (C-6), 68.6 (C-7), 63.9 (C-
1); MALDI-TOF MS: 1128.7 [M+Na], 1144.7 [M+K]; elemental analysis
for C,yH7,04, (1105.35): caled: C 76.06, H 6.57; found: C 76.32, H 6.73.
Further elution afforded 23 (137 mg, 62%) as a syrup. M.p. 127-128°C
(from MeOH); [a]p, = +38.7 (¢=0.5, CHCl;); 'H NMR: 6 =7.39-7.22 (m,
40H; 8 Ph),4.98 and 4.72 (2d, /=112 Hz, 2H; PhCH,), 4.93 and 4.67 (2 d,
J=11.5Hz,2H; PhCH,),4.93 and 4.59 (2d,/=11.4 Hz, 2H; PhCH,), 491
and 4.56 (2d,J=10.9 Hz, 2H; PhCH,),4.75 and 4.69 (2d,J=11.6 Hz, 2 H;,
PhCH,), 4.72 and 4.66 (2 d, J=12.0 Hz, 2H; PhCH,), 4.47 and 3.44 (2 d,
Jiw=113Hz, 2H; 2 H-1), 438 and 434 (2 d, J=11.5 Hz, 2H; PhCH,),
435 and 429 (2 d, J=11.5 Hz, 2H; PhCH,), 424 and 3.76 (2 d, J;, 1=
12.5 Hz, 2H; 2 H-1), 4.10 (dd, J,5s=2.7, J5,=0.8 Hz, 1 H; H-5a), 4.05 (dd,
T3, =98 Hz, 1H; H-4a), 4.04 (dd, J,5=2.8, J;s=0.5 Hz, 1 H; H-58), 3.95
(d,J;,=10.6 Hz, 1 H; H-3p), 3.86 (ddd, Jg , = 9.1, Js, = 4.8 Hz, 1 H; H-6ct),
3.81 (dd, Jg7 = 9.1, Jyu7 = 7.3 Hz, 1H; H-7aB), 3.74 (ddd, J, , = 3.5 Hz, 1 H;
H-68), 3.73 (d, L H; H-3a), 3.72 (dd, J, 7, = 8.2 Hz, 1 H; H-7aa), 3.61 (dd,
1H; H-7bB), 3.46 (dd, 1H; H-4B), 343 (dd, 1H; H-Tba); 3C NMR: 6 =
138.9, 138.7, 138.6, 138.5, 138.4, 138.0, 137.8, 137.7, and 128.5-127.4 (Ph),
97.0 (C-2B), 95.8 (C-2ax), 80.9 (C-3B), 80.5 (C-4cx), 80.2 (C-4B), 76.3 (C-3a1),
75.8,74.9, 74.7 (2 C), 73.6, 73.3, 73.1, and 72.6 (PhCH,), 73.9 (C-5a), 73.5
(C-5B), 71.6 (C-6B), 69.4 (C-6a), 68.1 (C-7at), 67.9 (C-7p), 62.4 and 55.3 (2
C-1); MALDI-TOF MS: 11288 [M+Na], 11447 [M+K]; eclemental
analysis for C;H;,0,, (1105.35): caled: C 76.06, H 6.57; found: C 76.20,
H 6.68.

Route B: TMSOT( (54 uL, 0.30 mmol) was added to a stirred mixture of 6
(128 mg, 0.20 mmol), activated powdered molecular sieves (4 A, 0.20 g),
and CCL;,CN (2.0 mL). The mixture was stirred at room temperature for
30 min, then diluted with Et;N (0.2 mL) and CH,Cl, (50 mL), filtered
through a pad of Celite, and concentrated. The residue was eluted from a
column of silica gel with cyclohexane/AcOEt (6:1) to give 23 (71 mg, 64 %)
as a syrup.

a-D-Galacto-heptulopyranose f-pD-galacto-heptulopyranose 1,2':1',2-di-
anhydride (25): A vigorously stirred mixture of 23 (110 mg, 0.10 mmol),
palladium hydroxide on carbon (20 %, 55 mg), and MeOH/AcOEt (2:1,
5.0 mL) was degassed under vacuum and saturated with hydrogen (by a H,-
filled balloon) three times. The suspension was stirred at room temperature
for 3h under a slightly positive pressure of hydrogen (balloon), then
filtered through a plug of cotton and concentrated to give 25 (37 mg, 97 %)
as a syrup. [a]p=+63.1 (¢=0.5, H,0); '"HNMR (D,0): 6 =4.26 and 3.36
2d, Ji,,=119Hz,2H; 2 H-1),3.93 and 3.77 (2 d, J,,,,=13.0 Hz, 2H; 2
H-1), 3.82-3.52 (m, 9H), 3.49 (s, 2H), 3.32 (d, J;,=9.8 Hz, 1H; H-3);
BCNMR (D,0): 6=96.7 (C-2), 95.3 (C-2a), 74.0, 72.5, 71.9, 70.5, 70.0,
69.4, 69.0, 68.8, 62.5, 61.5 (2 C), 54.2; MALDI-TOF MS: 407.9 [M+Na],
423.9 [M+K]; elemental analysis for C;,H,,0,,-H,O (402.36): C 41.79, H
6.51; found: C 41.70, H 6.55.

a-D-Galacto-heptulopyranose a-D-galacto-heptulopyranose 1,2":1',2-di-
anhydride (26): The cyclic disaccharide 24 (55 mg, 0.05 mmol) was hydro-
genated as described for the preparation of 25 to give 26 (18 mg, 94 %) as a
syrup. [a]p=+198.3 (¢ =04, H,0); '"HNMR (D,0):  =3.89 (ddd, J54=
1.1, Je7.=72, Js7,=06.8 Hz, 2H; 2 H-6), 3.85 (dd, J,5=3.3 Hz, 2H; 2 H-5),
3.83and3.64(2d,/,,,,=12.6 Hz,4H;4H-1),3.78 (dd, J;,=10.1 Hz,2H; 2
H-4),3.64 (dd, J;,,,=11.7 Hz, 2H; 2 H-7a), 3.60 (dd, 2H; 2 H-7b), 3.58 (d,
2H; 2 H-3); BCNMR (D,0): 6 =96.9 (C-2), 72.8 (C-3, C-6), 70.3 (C-4),
69.5 (C-5), 63.7 (C-1), 615 (C-7); MALDI-TOF MS: 391.7 [M+Li];
elemental analysis for C;;H,,0;,-2H,0 (420.38): caled: C 40.00, H 6.71;
found: C 40.05, H 6.79.

Ethyl 3,4,5,7-tetra-O-benzyl-a- and f-D-gluco-heptulopyranoside (27 and
28): A mixture of 1-O-acetyl-2,3.4,6-tetra-O-benzyl-1-C-(2-thiazolyl)-a-D-
glucopyranosel®  (1.33 g, 2.00 mmol), anhydrous ethanol (0.34 mL,
6.00 mmol), activated powdered molecular sieves (4 A, 1.00g), and
anhydrous CH,Cl, (10 mL) was stirred at room temperature for 10 min,
then cooled to 0°C and treated with TMSOTT (0.36 mL, 2.00 mmol). The
mixture was stirred at 0 °C for 15 min, warmed to room temperature, stirred
for an additional 60 min, diluted with Et;N (0.5 mL) and CH,Cl, (100 mL),
and filtered through a pad of Celite. The solution was washed with H,O
(20 mL), dried (Na,SO,), and concentrated. The residue was eluted from a
column of silica gel with cyclohexane/AcOEt (4:1) to give a mixture of
ethyl a- and f-Dp-thiazolylketosides (1:1, 1.12 g, 86 % ). This mixture was
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treated as described for the preparation of 6 to give, after column
chromatography on silica gel with cyclohexane/AcOEt (3:1), compound 28
(0.42 g, 82%) as a syrup. [a]p=+32.2 (c=1.1, CHCL); 'THNMR: 6=
740-7.17 (m, 20H; 4 Ph), 4.88 and 4.80 (2 d, /=112 Hz, 2H; PhCH,),
4.86 and 4.71 (2d,J=10.9 Hz, 2H; PhCH,), 4.83 and 4.60 (2 d,J=10.8 Hz,
2H; PhCH,),4.62 and 4.56 (2d,J=12.4 Hz, 2H; PhCH,), 3.96 (dd, J;, on =
5.1, Ji,1,=12.6 Hz, 1H; H-1a), 3.85 (dd, Jy,on =73 Hz, 1H; H-1b), 3.81 -
3.66 (m, 8H), 2.28 (dd, 1 H; OH), 1.24 (t, 3H; J = 7.0 Hz, CH;); elemental
analysis for C3;H,0, (598.74): caled: C 74.22, H 7.07; found: C 74.45, H
7.15. Further elution afforded 27 (0.40 g, 78 %). M.p. 109-110°C (from
cyclohexane); [a]p =+25.9 (¢=1.0, CHClL;); '"HNMR: § =7.39-7.26 and
722-7.15 (2 m, 20H; 4 Ph), 4.96 and 4.92 (2 d, J =112 Hz, 2H; PhCH,),
4.94 and 4.76 (2d,J=11.1 Hz, 2H; PhCH,), 4.85 and 4.55 (2d,J=10.8 Hz,
2H; PhCH,), 4.59 and 4.51 (2 d, J=12.0 Hz, 2H; PhCH,), 4.53 (dd, J5,=
9.7, J,s=88Hz, 1H; H-4), 3.77-3.57 (m, 9H), 2.17 (dd, J,,on=438,
Jiwoun=38.1Hz, 1H; OH), 1.22 (t, ] =70 Hz, 3H; CH;); elemental analysis
for Cy;H,,0; (598.74): caled: C 74.22, H 7.07; found: C 74.31, H 7.13.

3,4,5,7-Tetra-O-benzyl-a-D-gluco-heptulopyranose 3',4',5',7-tetra-O-ben-
zyl-f-D-gluco-heptulopyranose 1,2:1',2-dianhydride (29): Alcohol 27
(120 mg, 0.20 mmol) was treated as described for the preparation of 23 in
route B to give, after column chromatography on silica gel with cyclo-
hexane/AcOEt (6:1), compound 29 (72 mg, 65 % ) as a syrup. Similar results
were obtained when the -p-anomer 28 was used as starting material. M.p.
144-146°C (from MeOH); [a]p=+48.1 (c=0.4, CHCL); lit.’* M.p.
143°C; [a]p=+34.2 (c=1, CHCL;); '"HNMR: 6 =740-711 (m, 40H; 8
Ph), 5.02 and 4.69 (2d,J=11.7 Hz, 2H; PhCH,), 491 (s, 2H; PhCH,), 4.88
and 4.58 (2d,/=11.5Hz,2H; PhCH,),4.87 and 4.74 (2d, /=112 Hz,2H;
PhCH,),4.83 and 4.56 (2d,/=10.8 Hz,2H; PhCH,),4.81 and 4.56 (2d,J =
10.7 Hz, 2H; PhCH,), 4.69 and 4.50 (2d,J =12.0 Hz, 2H; PhCH,), 4.59 and
4.38(2d,/=12.2 Hz,2H; PhCH,),4.42and 3.41 (2d,J,,;, =11.2 Hz,2H; 2
H-1), 418 (d, Ji,1,=12.3 Hz, H-1), 4.11 (dd, 1H; J;,=9.2, J,5=9.0 Hz,
1H; H-4a), 3.90-3.51 (m, 11H), 3.31 (d, 1H; H-3a); ®*C NMR: 6 =138.5
(2 ©), 138.4, 138.2, 138.1 (2 C), 138.0, 1376, and 128.3-127.1 (Ph), 96.3
(C-2p),95.3 (C-20), 83.6, 83.0 (C-4a), 82.6,79.6 (C-3a), 78.1,77.4,75.6 (2 C),
75.4,75.0,74.9,74.1, 73.7,73.5, 73.3, 71.2, 68.8, 68.3, 62.3 (C-1), 55.6 (C-1);
MALDI-TOF MS: 1128.5 [M+Na], 1144.4 [M+K]; elemental analysis for
C;H7,0,, (1105.35): caled: C 76.06, H 6.57; found: C 76.11, H 6.71.

Cyclotris-(2 — 1)-(3,4,5,7-tetra-O-benzyl-a-D-galacto-heptulopyranosyl)
(30) and cyclic a,a,f-trisaccharide 31: Alcohol 12 (174 mg, 0.10 mmol) was
treated as described for the preparation of 24 in route A. The crude
reaction mixture was eluted from a column of silica gel with cyclohexane/
AcOEt (9:1 then 6:1) to give compound 30 (70 mg, 40 % ). M.p. 127-129°C
(from MeOH or cyclohexane); [a], =+118.1 (¢ =0.5, CHCL;); 'H NMR:
0=1758(dd,/=1.2,7.7Hz,6H; 6 H,,,,), 7.34-7.16 and 7.01 - 6.97 (m, 45H;
9 Ph), 6.94 (tt,/=1.2,7.7 Hz, 3H; 3 H,,,,), 6.56 (t, /=77 Hz, 6H; 6 H,,,,),
5.16 and 4.55 (2d,J=9.5Hz, 6 H;3 PhCH,), 5.00 and 4.59 (2d,/=11.6 Hz,
6H; 3 PhCH,), 4.44 and 4.38 (2d,J=12.4 Hz, 6 H; 3 PhCH,), 4.42 and 4.22
(2d,/=11.8 Hz, 6H; 3 PhCH,), 4.03 and 3.46 (2 d, J,,;,=14.5Hz, 6H; 6
H-1),4.02 (d, J;,=9.9 Hz, 3H; 3 H-3),3.86 (dd, J,5=2.8,J55=0.9 Hz, 3H;
3 H-5),3.78 (dd, 3H; 3 H-4), 3.73 (ddd, J47, =78, Js 7, =5.6 Hz, 3H; 3 H-6),
3.55 (dd, J7,7,=9.0 Hz, 3H; 3 H-7a), 3.44 (dd, 3H; 3 H-7b); BCNMR: d =
139.2,138.9, 138.6, 137.8, and 129.4—127.0 (Ph), 100.2 (C-2), 82.9 (C-3), 79.6
(C-4),76.3,74.7, and 73.7 (PhCHy), 75.2 (C-5), 71.0 (C-6), 68.5 (C-7), 62.4
(C-1); MALDI-TOF MS: 1681.1 [M+Na], 1696.5 [M+K]; elemental
analysis for C,osH;30;5 (1658.02): caled: C 76.06, H 6.57; found: C 75.91, H
6.72. Compound 31 was eluted next (13 mg, 8 %), slightly contaminated with
uncharacterised by-products. An analytical sample was obtained by elution
from a column of silica gel with CHCL,. [a],=+38.6 (c=0.4, CHCL);
Selected '"H NMR ([D]{DMSO, 100°C) data: d =7.40-7.03 (m, 60H; 12
Ph), 5.02 and 4.55 (2 d, J,,,,=12.0 Hz, 2H; 2 H-1), 4.88 and 3.14 (2 d,
Jiaw=129Hz,2H;2 H-1),4.17 and 391 (2 d, J;,,, =13.0 Hz, 2H; 2 H-1);
MALDI-TOF MS: 1680.9 [M+Na], 1696.8 [M+K]; elemental analysis for
C05H,05045 (1658.02): caled: C 76.06, H 6.57; found: C 76.33, H 6.63.

Cyclotris-(2 — 1)-(a-D-galacto-heptulopyranosyl) (32): Cyclic trisacchar-
ide 30 (83 mg, 0.05mmol) was hydrogenated as described for the
preparation of 25 to give 32 (28 mg, 97 %) as a syrup. [a]p=+192.5 (c=
0.3, H,0); 'HNMR (D,0): 6=4.07 and 3.44 (2 d, J,;,=13.6 Hz, 6H; 6
H-1), 3.82-3.71 (m, 12H), 3.62-3.53 (m, 6H); *C NMR (D,0): 6 =99.3
(C-2), 73.1, 72.9, 70.4, 68.9, 62.4, 61.4; MALDI-TOF MS: 583.6 [M+Li],
599.5 [M+Na], 615.5 [M+K]; elemental analysis for C,H;Os-H,0O
(594.53): caled: C 42.42, H 6.44; found: C 42.31, H 6.53.
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Complexation experiments: A solution of the host (4 pmol) in a CHCly/
CH;CN mixture (1:1, 1.0 mL, commercially available HPLC-grade sol-
vents), pre-saturated with LiCLO,, NaClO,, KI, Ca(ClO,),, or Mg(ClO,),
(dried for 2 h at 120°C/0.1 mbar), was kept at room temperature for 1 h,
then concentrated under high vacuum. The residue was diluted with CDCl,
(0.8 mL), filtered into a NMR tube through a plug of cotton (previously
washed with H,0, MeOH, and CHCl; and dried in the oven), and analysed
by 'HNMR (300 MHz) spectroscopy. After the NMR spectroscopic
analysis, the host was quantitatively recovered in the free form by washing
the organic phase with H,O. The 'HNMR spectra of compound 30
complexed with the alkali metal cations are shown in the Supporting
information.

Crystallographic measurements at 7= 100 K: Single crystals of compound
30 suitable for X-ray crystallography were obtained by recrystallisation
from cyclohexane. Crystal data: C,jsH;,sO5- CHy,, M, =1742.08, ortho-
rhombic, space group P2.2,2,, a=16.9676(2), b=20.0321(2), c=
274653(3) A, V=93354(2) A3, Z=4, poca=1240gem=3, u(Moy,)=
0.83 cm™!, F(000) = 3720, crystal dimensions: 0.60 x 0.31 x 0.15 mm. Data
Collection and Processing: Nonius Kappa-CCD diffractometer, graphite-
monochromated Moy, radiation, 7=100 K, 11446 unique reflections
measured, 0 <27.5°, giving 9846 observed reflections with 7>20(/). The
data were corrected for Lorentz and polarisation effects, no absorption
correction was applied. The structure was solved by direct methods using
the SIR2000 system of programs.[*! The non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were placed in calculated
positions and allowed to ride on their parent atom carbons. Refinement
by full matrix least-squares using SHELXL-97,4) on F2, with R (observed
reflections) =0.0367 and wR (all reflections) =0.0849, 1162 parameters,
S =1.04. ORTEP*! views of the molecule are shown in Figure 1 and in the
Supporting Information.

Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication No. CCDC-145423. 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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CONCEPTS

Structure — Activity Correlation between Natural Glutathione Peroxidase
(GPx) and Mimics: A Biomimetic Concept for the Design and Synthesis of
More Efficient GPx Mimics

Govindasamy Mugesh* and Wolf-Walther du Mont*[#!

4 N

Abstract: Among the organoselenium compounds that
mimic the action of the natural enzyme glutathione
peroxidase (GPx), there are certain basic differences in
the activity, substrate specificity and mechanism. These
differences arise mainly from the nature of the substitu-
ents near the reaction center, and stability and reactivity
of the intermediates. As an attempt to draw some general
concepts for the development of new mimics, a struc-
ture — activity correlation between natural GPx and some
existing mimics is described.

- glutathione peroxidase -
- structure —activity relation-

Keywords: enzyme models
selenium - selenoenzymes
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Introduction

Selenium is an essential trace element that has provoked
considerable interest owing to the recent identification of
prokaryotic and eukaryotic enzymes containing the 21st
amino acid, selenocysteine.l'! Because of the specific redox
properties of selenium, the presence of a selenol group in the
active site of an enzyme instead of a thiol confers a dramatic
catalytic advantage. The critical role played by selenium is
illustrated by mutational analyses of mammalian glutathione
peroxidase (GPx), type I deiodinase (ID-1) and bacterial
formate dehydrogenase H."3l In each case, replacement of
the native active site selenocysteine by a cysteine residue
greatly reduced catalytic activity. Interestingly, replacement
of the catalytically essential cysteine residue in glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) with selenocys-
teine converted the phosphate dehydrogenase into a perox-
idase. The engineered selenoenzyme, selenoGAPDH, effi-

[a] Prof. Dr. W.-W. du Mont, Dr. G. Mugesh
Institut fiir Anorganische und Analytische Chemie
Technische Universitét
Postfach 3329, 38023 Braunschweig (Germany)
Fax: (+49)531-391-5387
E-mail: w.du-mont@tu-bs.de
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ciently catalyzes the reduction of hydroperoxides with thiols
and thus mimics the action of GPx.[* It is known that not only
the nucleophilic reactivity but also the electrophilic as well as
radical scavenging properties of selenium contribute to the
biological activity of selenium compounds. In this article we
compare the structure and activity of native GPx with known
mimics in order to derive some basic concepts for the
development of new mimics. In general, organoselenium
compounds that show biological activity have been synthe-
sized under the aspect of isosteric replacement of oxygen or
sulfur with selenium based on the known structure and
pharmacological activity of oxygen- or sulfur-containing
compounds.’! GPx mimics, however, represent a unique class
of compounds that have been developed by recognizing the
structural and functional features of the native enzyme.

Glutathione Peroxidase

Glutathione peroxidase is a mammalian antioxidant sele-
noenzyme which protects biomembranes and other cellular
components from oxidative damage by catalyzing the reduc-
tion of a variety of hydroperoxides (ROOH), using Gluta-
thione (GSH) as the reducing substrate.l] Detailed kinetic
studies and modeling of enzyme-substrate complexes have led
to the suggestion of the reaction mechanism detailed in
Figure 1. In this catalytic cycle, the selenol (EnzSeH) form of
the enzyme reacts with peroxides to form selenenic acid
(EnzSeOH). The nucleophilic attack of GSH at EnzSeOH

GSH Hz0
EnzSeOH EnzSeSG
GSH
ROH
EnzSeH
ROOH GSSG

Figure 1. Catalytic cycle of GPx.
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produces the selenenyl sulfide (EnzSeSG) which further
reacts with second equivalent of GSH to regenerate the
selenol.

Redox Behavior of Selenium

Easy changes of the oxidization state is a characteristic
property of selenium. Studies on organoselenium compounds
indicate that selenium in comparison to sulfur can be more
easily oxidized and reduced between valence state (1) and
@v).["! Therefore, the lower redox potential of selenocysteine
compared with cysteine is catalytically favorable for the
EnzSeH —EnzSeOH conversion in the GPx cycle. The redox
behavior of selenium also plays an important role during
enzyme purification. It is known that the natural GPx and its
sulfur mutant are overoxidized to seleninic acid (EnzSeO,H)
and sulfinic acid (EnzSO,H), respectively, upon storage.* 3l
However, only the selenium species EnzSeO,H can be
reduced to EnzSeH state by treating the enzyme with an
excess amount of GSH.Fl Owing to the above-mentioned
properties, various selenium compounds were developed for
the thiol-mediated destruction of hydroperoxides. While
Ebselen (1, a well known GPx mimic) is known to be an
efficient catalyst, the sulfur analogue 2 is void of any catalytic
activity in the reduction of peroxides.®! The higher efficiency
of 1 compared with that of 2 in the prevention of lipid
peroxidation initiated via radicals,”] on the thiol reduction of
ferric cytochrome ¢! and the reduction of peroxynitritel'!
are other significant examples where the redox properties of
selenium play important roles. The redox behavior of
selenium is particularly important when the selenium under-
goes oxidation-reduction reaction similar to the process
shown in Figure 2.

biological oxidants  reduced species

(6] (@]
Se Sg
1 ‘0
GSSG 2GSH

Figure 2. Redox shuttling between Se!' and Se!V during the reduction of
biological oxidants.

In addition to the above-mentioned redox properties, the
higher efficiency of selenium compounds as compared with
their sulfur analogues against oxidative stress correlates also
with their catalytic effect in the deactivation of singlet
molecular oxygen. The bimolecular rate constants (k) of
quenching of molecular singlet oxygen 'O, ('O,—30,) by
some GPx mimics (1, 3, 5) and their sulfur analogues (2, 4, 6)
are listed in Table 1. This Table shows that the rate constants
of quenching of 'O, by Se-containing compounds are approx-
imately one order of magnitude higher than that of the sulfur
analogues.['?]
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Table 1. The rate constants (k) for the deactivation of singlet oxygen by
1-6.

Compound k [dm*mol~'s™!]

2.5 x10°
23 x10°
9.2 x 10°
7.8 x 10°
5.2 x10°
3.4 x10°

AU AW N -

Stabilization and Activation of the Selenol Function

It is evident from various studies that two amino acid residues,
that is tryptophan and glutamine, appear in identical positions
in all known members of the

GPx family.l) According to the Tip148
three-dimensional structure es- 4
tablished for bovine cGPx, H-NE
these residues could constitute ,.-H

a catalytic triad in which the /—se

SeCys “HoN \n/\/GIn70

(o}

selenol group of the selenocys-
teine is both stabilized and
activated by hydrogen bonding
with the imino group of the
tryptophan residue and with the
amido group of the glutamine residue (Figure 3).[1%!

This concept led to the development of Se-containing GPx
mimics with basic amino/imino groups in close proximity to
selenium. The selenol 7 derived from Ebselen (1) could be
stabilized and activated by the secondary amino group. It has
been proved that the proximate nitrogen base in certain
compounds such as 8 activates the selenol into the kinetically
much more reactive selenolate anion by an intramolecular
N*H-...Se~ hydrogen bond.[' The selenols 91 and 10!
which are derived from other GPx mimics could also be
activated by nearby heteroatoms.

The reduced form of selenosubtilisin, a semisynthetic
selenoenzyme that also acts as a GPx mimic, is strongly

sé‘—"H (:(S;H

Figure 3. Interaction of the se-
lenol group with amino acid
residues in GPx.

7 8
o] H.
R +-H S?
’\\‘ “Me H
—H /N¢
Se H Ac
9 10
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stabilized by nearby histidine residues.'”] Because the en-
zyme-bound selenol is deprotonated by His64 to form a
selenolate-imidazolium ion pair at all accessible pH values, it
is expected to be highly reactive and therefore susceptible to
oxidation by hydroperoxides. Another amino acid residue,
Asnl55, is also expected to play
an important role in the stabi-
His64 lization of the selenolate (Fig-
SeCys221 ure 4). Similarly, the active site
selenol (SeCys149) in seleno-
GAPDH interacts with a histi-
Figure 4. Stabilization of the dine r_es.ldue (His176) tO. f(.)rm
selenolate form of selenosubti- an efficient selenolate —imida-
lisin. zolium ion pair.!

H-N@N'H----Ss_ o)

"HNT MAsnlss

Stability and Reactivity of the Selenenic Acid
Function

The stability of EnzSeOH against further oxidation and its
fast reaction with GSH are the two major factors in the second
step of the catalytic cycle. Molecular modeling studies have
shown that these requirements may be met in the following
way.' The sulfur of GSH is “pressed” firmly against the
selenium atom and forms hydrogen bonds with strong
electrostatic attractions to the oxygen atom of the selenenic
acid group and to the Argl84. The carboxylic group of the
glycyl residue of GSH forms an ideal electrostatic bond with
Arg57, and the carboxylic group of the y-glutamyl residue of
GSH is drawn into a positively charged cleft that is formed by
Argl03 and the lysine residue 91 from the adjacent submit
(Cys91B) (Figure 5).

Trpl65
Arg184 5@
L S
N

NH H
: ) /‘,{S-Px
HZN‘*NH ..... S 5e

Figure 5. Significant binding interactions of the selenenic acid of GPx with
GSH.[®

Beyond these major interactions, Argl84 is engaged in
hydrogen bonding with the cysteyl carbonyl of GSH. The
EnzSeOH - GSH complex is, therefore, stabilized by a total of
16 bonds, and these bonds force the sulfur in GSH into a
position where it is optimally positioned to form a selenenyl
sulfide bridge by reaction with the selenenic acid. The crystal
structure of human plasma GPx exhibits hydrogen bonding
interactions between the oxygen atoms of the seleninic acid
and the amino acid residues Trpl53, Asnl54, Gly46 and
Leud7." The selenenic acid function in selenosubtilisin also
exhibits interactions with the nearby amino acid residues that
are similar to the interactions shown for the corresponding
selenolate (Figure 4). In the case of selenosubtilisin, the two
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oxygen atoms of the seleninic acid group form energetically
favorable hydrogen bonds with the side chain amide of
Asn155 and His64 (2.7 and 2.8 A, respectively).2!

In synthetic selenenic acids, the reactivity of the selenenic
acid depends solely upon the electrophilic reactivity of
selenium. The introduction of a basic amino/imino/ether
group in close proximity to selenium is one approach to
increase the electrophilic reactivity, since the divalent sele-
nium is known to interact with nearby heteroatom(s) (O, N
etc.) forming internally chelated species.?] Such internal
chelation contributes greatly to the electrophilic reactivity of
the selenium in model compounds in the selenenic acid state.
Okazaki et al. reported the synthesis and reactivity of a
isolable selenenic acid 11 stabilized by p-tert-butylcalix[6]-
arene macrocycle.”?l Despite its stability, compound 11 reacts

11: X =OH
12: X =SnBu

(R = CH,Ph)

with 1-butanethiol to form selenenyl sulfide 12. Although the
stability of 11 has been reported to be caused by steric
protection, the internal chelation between selenium and one
of the two oxygen atoms in the ortho-position may contribute
to the reactivity of 11 towards 1-butanethiol. This assumption
arises from the crystal structure of 11, which indicates the
existence of an attractive interaction between selenium and
one of the oxygen atoms (Se--- O distance: 2.64 A). Because
of this interaction, the O-:--Se—O moiety adopts a nearly
linear arrangement.??l

Compounds 13, 14, and 15, which exhibit strong Se---N
interactions indicated by 77Se NMR studies, are known to
react with thiols much faster than compounds that do not
contain basic amino groups.'¥! Similarly, the Se---O inter-
actions in 16 and 17 may also contribute to the electrophilic
reactivity of selenium.®! The secondary amino group of
Ebselen derivatives, which is involved in the stabilization of
selenol, may not play a crucial role in the activation of
selenenic acid. Instead, the carbonyl oxygen is expected to
interact with the selenium as shown in 18, although the
Se .-+ O interactions are normally weaker than the Se-:-N
interactions. This assumption is supported by the crystal
structure of 19 in which the oxygen atom is involved in a
strong interaction with selenium.!

In the catalytic cycle, the internal chelation facilitates the
attack of nucleophilic sulfur at the electrophilic selenium
atom, thereby producing the selenenyl sulfide. The crystal
structure of human plasma GPx supports this concept, as the
selenium atom itself is involved in weak interactions with
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_Me
OO o
HO,Se Ho/s'e
13: R=Me 15

14: R = ¢-CgH11

H,
Et N/@
R
0
Se
/

HO R
16:R=H 18: R =OH
17: R =Me 19: R = Me

GIn79 and Trpl53 in the seleninic acid state (Se-:+N
distances: 3.5 and 3.6 A, respectively) in addition to the
normal hydrogen-bonding interactions of other amino acid
residues which are located in close proximity to selenium.["]

GSH Binding Sites

Apart from the Se--+ N or Se--- O interactions, the generation
of GSH binding sites within the model compounds is an
alternative approach to increase GPx-like activity. The ability
of the mimics for GSH recognition could be modified either
by developing monoclonal antibodies®! or by molecular
imprinting.?®! In the first case, the highly reactive thiol group
of GSH is protected by a 2,4-dinitrophenyl group to obtain the
hapten GSH-S-DNP (Scheme 1). This hapten is cross-linked

O2N

GSH >:
s NO,
' NO2 HZN\/\)OI\ /("/H
N N
O,N cl > H 7
2 O COH O  CO.H

GSG-S-DNP
Scheme 1. Synthesis of the hapten GSH-S-DNP.

to BSA by using glutaraldehyde and the resulting antigen is
used for developing monoclonal antibodies. The catalytic
group selenocysteine is then incorporated into the antibodies
combining sites by using chemical mutation (Scheme 2). The
mutant (abzyme), which is capable of binding GSH-S-DNP,
recognizes GSH for binding during the GPx cycle.?!

o
H,Se
&< CH,0H PMSF_ CH,0-8—CH, BRI CH,SeH
6 or NaHSe

Scheme 2. Chemical mutation of Ser residue on antibody into SeClys.

In the latter case, the GPx mimic is generated with GSH
binding sites by using bioimprinting and chemical mutation.
The GSH derivative (GSH-2DNP), used as the imprinting
molecule, is synthesized by protecting the unstable thiol and
amino groups by 2,4-dinitrophenyl groups (Scheme 3). The
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O,N
GSH NO,
+ s NO,
NO, O,N HN o H
— N
et o
CoH "o \(I:OZH
GSG-2DNP

Scheme 3. Synthesis of the hapten GSH-2DNP.

bioimprinting of albumin with GSH-2DNP binding sites
followed by chemical mutation (Scheme?2) leads to the
generation of cavities for GSH binding.”! The GPx activities
of the abzyme and the printed protein are 1100 times and
820 times, respectively, higher than that of Ebselen (Table 2).

Table 2. Comparison of the activity between some mimics and native
GPx.125. 261

Compound Activity [u pmol]~!
selenocysteine 0.05

Ebselen (1) 0.99

abzyme 1097

printed protein 817

native GPx 5780

The lower activity of the printed protein as compared with
that of abzyme is probably due to the presence of nonspecific
binding sites for the carboxylic group of the glycyl residue of
GSH, since these sites are produced by using a sterically bulky
protecting group.

Reactivity of the Selenenyl Sulfide

The reaction of EnzSeSG with a second equivalent of GSH is
found to be the crucial step for the regeneration of the active
site selenolate. The molecular modeling shows that the major
binding forces in EnzSeSG are the hydrogen-bonding inter-
actions between the two carboxylic functions of GSH and
Arg57, Arg103 and Lys91B."8I During the binding of a second
GSH molecule (GSH2) with EnzSeSG, some of the hydrogen
bonds between the amino acid residues in GPx and GSH are
broken in order to make the —Se—S— bond freely accessible
for the attack by GSH2, which is obligatory to continue the
catalytic cycle. In particular, the bond between N(Trp165) and
S(GSH) (Figure 5) is broken and N(Trp165) now involves in a
hydrogen-bonding interaction with the carboxyl group of
GSH2, thus bringing the substrate closer to the —Se—S— bridge
(Figure 6). The most striking feature in the structural changes
during the binding of GSH2 is the coordination of amido
nitrogen of Thr54 to the sulfur (Figure 6). This interaction
would certainly contribute to the polarization of the —Se—S—
bond.

When considering the model compounds, the enhancement
in the reactivity of the selenenyl sulfides towards thiols must
be considered as more significant than the stability of the
selenenyl sulfide species. The Se+-«N and Se -+ O interactions
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GSH2 Q00
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g\ H H
OA\/N N NH,

Argl84 0 o

O@/\H H«/\QNHz
0
-0 fArg103
GSH1 Q 9

O Lys91B

Figure 6. Significant binding interactions in the selenenyl sulfide form of
GPx.l!8]

or steric protection are not essential for this stability since the
unsubstituted derivatives such as PhSeSPh are found to be
reasonably stable. Since no amino acid residues near the
active site of the GPx or in the mutants have been shown to
interact with selenium, it is quite unlikely that the Se---N or
Se--- O interactions in selenenyl sulfides contribute to the
regeneration of selenol by reaction with thiols. It is still not
clear whether there is any significant Se--N or Se---O
interaction in the selenenyl sulfide 20 derived from Ebselen.
However, the secondary amino substituents might deproto-
nate the second GSH to provide nucleophilic thiolate (GS~)
for the attack on sulfur or might interact with the unbound
GSH molecules to bring them closer to the reaction center.

This concept is supported by the properties of various other
areneselenenyl sulfides that contain tertiary amino substitu-
ents in the ortho-position. The selenenyl sulfides with strong
Se .-« N interactions (21, 22) do not undergo facile reactions
with thiols,?” whereas the selenenyl sulfides with weak or no
Se -+« N interactions (23, 24) effectively regenerate the selenol
by reaction with thiols.') When the Se --- N interaction is very
strong, the selenium atom becomes more electrophilic than
sulfur and this leads to a nucleophilic attack of thiol at
selenium rather than an attack at sulfur. This thiol interchange
would hamper the regeneration of the active site selenol or
selenolate.

o)
©\)LN/Ph @%&R N/Me
H N R @(\ “R
Se /Sé Se
PhS

/
GS PhS
20 21:R=R'=Me 23:R=Me
22:R=Et,R'=H 24: R = ¢-CgHy3

It would be of a particular interest in future to find out
whether any substituents having amino/imino/ether groups
could be placed in such a way that the heteroatoms (N or O)
interact with selenium in the selenenic acid state and with
sulfur in the selenenyl sulfide state as observed in the case of
natural GPx. As pointed out already, the S---N interactions
between S(GSH) and N(Thr54) residue in GPx would
increase the possibility of a nucleophilic attack of negatively
charged thiolate at sulfur atom in the —Se—S— bridge.
Similarly, the S--N or S-..-O interactions in the related
synthetic compounds would increase the nucleophilic attack
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of thiols at sulfur rather than at selenium and therefore
prevent the thiol interchange which is observed in the case of
21 and 22 with thiols.

Conclusion and Outlook

In summary, by comparing the structural features of the GPx
model compounds developed so far with that of natural
enzymes, several prerequisites for “efficient mimics” have
been identified. According to these concepts, the organo-
selenium model compounds must be designed to have
i) hydrogen bonding between selenol and nearby amino/
imino/ether groups to force the selenol into full dissociation,
ii) strong Se +++ N or Se -+ O interactions in the selenenic acid
to increase the electrophilic reactivity of selenium and hence
to enhance the reaction with thiols before the possible
conversion to “overoxidized” selenium species, iii) amino/
imino/ether groups that can interact with sulfur in the
selenenyl sulfide intermediate, and iv) some specific sites for
GSH binding. Unfortunately, none of the organoselenium
models reported to date fulfill all of these prerequisites. The
insights gained from the previous model studies, however,
provide a solid basis not only for the development of more
efficient GPx mimics but also for the design and synthesis of
organoselenium compounds that could mimic the action of
other selenoenzymes such as iodothyronine deiodinase for
which successful synthetic mimics have not yet been devel-
oped.
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Relaxivity and Water Exchange Studies of a Cationic Macrocyclic

Gadolinium(m) Complex

Daniele M. Corsi,'?! Luce Vander Elst,”! Robert N. Muller,'” Herman van Bekkum,'?! and

Joop A. Peters*l?!

Abstract: We conducted relaxometric
and water exchange studies of the cati-
onic [Gd((S,S,S,S)-THP)(H,0O)]** com-
plex (THP =1,4,7,10-tetrakis(2-hydroxy-
propyl)-1,4,7,10-tetraazacyclododecane).
While the NMRD profiles obtained are
typical for DOTA-like complexes
(DOTA = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate), variable-tempera-

fer from those reported for other cati-
onic tetraamide macrocyclic Gd'™' com-
plexes, which exhibit characteristically
low exchange rates. Since the low ex-
change rates are attributed partially to
the geometry of the M isomer (square

Keywords: contrast agents - gadoli-
nium - lanthanides - macrocyclic

antiprismatic) in the tetraamide deriva-
tives, the atypical water exchange rate
observed in [GA((S,S,S,S)-THP-
(H,O)]** may result from a twisted
square antiprismatic structure in this
complex and from the relatively high
steric strain at the water coordination
site as a result of the presence of methyl
groups at the a-position with respect to
the Gd"™-bound O atoms of THP.

ture 70O NMR investigations revealed a
relatively high water exchange rate
(k2® =1.89 x 107 s7!). These results dif-

ligands -

Introduction

Since Gd™-based contrast agents for MRI were first used,
considerable research has focused on understanding the
inherent features of the chelates which govern their effective-
ness.#l The parameters which influence relaxation enhance-
ment depend upon the solution structure and/or dynamics of
the Gd™ complexes. For instance, the rotational correlation
time (zg) is influenced by the molecular tumbling and local
motions of the complex, while the electronic relaxation time
of the paramagnetic Gd™ ion (77.) is related to flexibility and/
or symmetry in the complex. The lifetime of a bound water
molecule () is believed to be determined by several factors
including the geometry and steric crowding at the water
binding site as well as the overall charge of the complex.
Owing to the number of factors which influence water
exchange dynamics and to the significance of this parameter
in affecting the relaxivity of contrast agents, there has been a
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Laboratory of Applied Organic Chemistry and Catalysis
Delft University of Technology
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great deal of interest surrounding the determinants of water
exchange in Gd™ complexes.

The macrocyclic contrast agents [Gd(DOTA)]~ and
[Gd(HP-DO3A)] (HP-DO3A = 10-(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triacetate), derived from
1,4,7,10-tetraazacyclododecane (cyclen) are of particular in-
terest because of their high thermodynamic and kinetic
stability. A common feature of cyclen-based macrocyclic Ln™
complexes is the formation of various isomers, which may
display dynamic behavior on the NMR time scale. The
intrinsic structural aspects of these complexes give rise to two
independent motions, which provide sources of chirality:
a) rotation of the cyclen ethylene moieties about the C—C
bond relative to the Ln'™-N-N plane producing the 1114
versus 0000 conformation of the ethylene rings and b) clock-
wise or counterclockwise flipping of the pendant groups
yielding the A versus A orientation of the pendant arms.”! In
principle, these motions may occur separately or in concert to
generate four stereoisomers which exist as two enantiomeric
pairs (Figure 1). The A(AAA4)/A(6006) diastereomers (usually
called M isomers) are characterized by a square antiprismatic
(SAP) geometry with a twist angle of 40° between the two
square planes formed by the four N atoms of the cyclen
backbone and the four O atoms of the carboxylate arms,
whereas the A4(6000)/A(AAA1) diastereomers (m isomers)
have a twisted SAP (TSAP) geometry with a twist angle of
approximately 30°.
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Figure 1. Interconversion of stereoisomers in lanthanide complexes of
cyclen-based macrocylic ligands.

Morrow and co-workers investigated the 'H and *C NMR
spectra of Ln! complexes formed with a single stereoisomer
of 1,4,710-tetrakis(2-hydroxypropyl)-1,4,7,10-tetraazacyclo-
dodecane having an S configu-
ration at all  a-carbons
((S,S,S,5)-THP, 1).19 Like other
cyclen-based macrocycles (e.g.
DOTA), the isomeric forms
defined by the A/A and AAAA/
0000 configurations may be
envisaged for lanthanide(ii)
THP complexes. In (S,S,S,5)-
THP complexes, the additional
methyl group on the a-carbons adds four chiral centers, thus
giving rise to two possible diastereomeric pairs rather than
enantiomeric pairs (Figure 1). However, 'H and *C NMR
spectra of La'! and Lu" complexes of (S,S,S,5)-(—)-THP do
not display the fluxional behavior seen in [Ln(DOTA)]~
complexes over the temperature range from 18 to 100°C,
indicating the presence of only one diastereomer in solution.[®!
In the crystal structure of the racemic [Eu(THP)J** complex,
the unit cell was shown to consist of two discrete [Eu-
(THP)(H,O)]** ions that were diastereomers of each other
(both with the A44A configuration of the ethylene rings),
differing in the configuration at the chiral carbon (i.e. R,R,R,S
versus S,5,5,R) and consequently the handedness of the helix.
The THP ligand coordinated the Eu' jon through four N
atoms of the macrocycle and four hydroxy O atoms of the
pendant arms; the ninth coordination site was filled by a

e
G N]
ow =
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bound water molecule. Interestingly, the coordination geom-
etry is best described as monocapped twisted SAP with an
average twist angle of ca. 20°, which is consistent with an
m-isomeric structure (A (A144)).

Assuming that the solid-state structure is retained in
solution, an investigation of the water exchange dynamics in
[GA(THP)(H,O)** provides an interesting comparison with
other related cationic Gd™ complexes which exhibit moderate
to high M/m isomer ratios in solution. This report highlights
the variable-temperature 7O NMR and NMRD measure-
ments carried out in order to gain a better understanding of
the water exchange and relaxation processes involved in the
THP system.

Results and Discussion

Synthesis of [Gd((S)-THP)(H,0)]*": A single stereoisomer
of THP having an S configuration at all a-carbons ((S,S,S,S)-
THP (1), hereafter denoted simply as THP) was isolated in
high yield from the free-base form of cyclen and (S)-
propylene oxide.!) The presence of a single stereoisomer
was confirmed by 'H and *C NMR spectroscopy of the ligand.
The complexation of THP in aqueous solution is unfavorable
because of the formation of insoluble lanthanide hydroxide
precipitates. However, under anhydrous conditions a complex
formed Dbetween THP and gadolinium(u) triflate
[GA(CF;S05);].1" The resulting [Gd(THP)]** complex was
stable upon dissolution in water at neutral pH and room
temperature.

Variable-temperature 7O NMR measurements: Determina-
tion of the 7O NMR longitudinal and transverse relaxation
rates and chemical shifts as a function of temperature may
furnish information on the rotational correlation times,
electronic relaxation and water exchange rates of Ln™
complexes.l”l The temperature dependence (280 to 378 K) of
the 7O relaxation rates and chemical shifts for [Gd-
(THP)(H,O)]*" is shown in Figure 2. The [Gd(THP)(H,O)]**
complex was found to dissociate at high temperature, a fact
evident in the data points recorded above 360 K in the 7O
chemical shift plot.

From the measured O NMR relaxation rates (1/7; and
1/T,) and angular frequencies (w) of the Gd™ solution and of
the acidified water reference (1/T,,, 1/T,4, and w,) it is
possible to calculate the reduced relaxation rates and
chemical shifts (1/T},, 1/T,, and w,) using Equations (1)-
(3).8-11

1 1 [1 1 ] 1 N 1 )
Ty, PulTy Tial Tiw+tw  Ti

1 Ty + 0 T + Ao, 1

— 2
Tm (T + T2 + Ao, Ty @

1 1 [1 1 ]
Ty P,T, Tu

1 Aw,
Aw,=— (0 —w,) =

P, 1+ 7, T3 + thAwd)

m

+ Aw, ©)

Here, 1/T,,, and 1/T,,, represent the relaxation rates for
bound water molecules, 7,, is the residence time of water
molecules in the inner coordination sphere, Aw,, is the
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Figure 2. Temperature dependence of the reduced 7O (a) transverse (a)
and longitudinal (m) relaxation rates, expressed as In (1/7};), and (b) chem-
ical shifts (V), Aw,.

chemical shift difference between the bound water molecules
and bulk water (in the absence of a paramagnetic interaction),
and P,, is the mole fraction of bound water. The overall outer-
sphere contributions to the reduced relaxation rates and
chemical shifts are given by 1/T),,, 1/T,,, and Aw,,.

Previous investigations have shown that the outer-sphere
contributions to the relaxation rates listed in Equations (1)
and (2) may be omitted.l” '?) Furthermore, if the contribution
of Aw,, in Equation (2) is assumed to be negligible, then
Equations (1) and (2) reduce to Equations (4) and (5).

1 1

- ()]
T, T+ T

1 1

- ©)
Ty Ty + Tn

A changeover between the fast- and slow-exchange limits is
also apparent from the jump in the curve of Aw, at 273-285 K
(Figure 2b). At elevated temperatures, the inner-sphere con-
tribution to Aw, is determined by the chemical shift of the
Gd™-bound water molecules, which is governed by the
hyperfine interaction between the Gd™ electron spin and
the O nucleus [Eq. (6)].

S(S +1)BA
AwngL#B ( ) a )
3kgT h

Here, g is the isotropic Landé g factor (g, =2.0 for Gd), S
is the electron spin for Gd™ (S =7/2), B is the magnetic field,
kg is the Boltzmann constant and A/h is the hyperfine or scalar
coupling constant. The outer-sphere contribution to Aw, may
be assumed to have a temperature dependence similar to
Aw,,, which is given by Equation (7), where C, is an empirical
constant.

Awy = CohAw,, ™
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The O longitudinal relaxation rates for bound water
molecules in Gd™ solutions are dominated by dipole —dipole
and quadrupolar interactions> 2l and are given by Equa-
tion (8).

1 1 R yiy? 7
7:[7 (’L“>2 IS 6 + 1)] x {61,,1 + 14 (7‘” )}
T, 15 \4x r&a0 1 + wlty,
32 20 + 3
+ -
10 1221 1)

(1 + w3)Ty )

Here, u/4n is the magnetic permeability in a vacuum, # is
the Dirac constant, y, is the nuclear gyromagnetic ratio (y,=
—3.626 x 107 rads™ ! T-! for 0), y,=giug/h is the electron
gyromagnetic ratio (y,=1.76 x 10! rads~' T-! for g =2.0),
Fgao 18 the distance between the electron charge and the 7O
nucleus, 75! =7;;! + T7' + 13! (i=12), T, is the electronic
relaxation time, 7y is the rotational correlation time for the
Gd™- O vector, I is the nuclear spin (I =5/2 for 70O), y is the
quadrupolar coupling constant and # is the asymmetry
parameter for the electric field gradient. We estimate a value
of rgi0=2.5 A based on the crystal structures of
[Ln(DOTA)(H,0)]~ (Ln= Gd, Eu).* ¥ Tt may be assumed
that the rotational correlation time, 7z, follows a simple
exponential temperature dependence, shown in Equation (9),
where %8 is the correlation time at 298.15 K and Ey is the
activation energy.

Tr=TX5€ex [E<l—7l )} 9)
RSP R\ T T 208115

The 7O transverse relaxation rates of bound water
molecules in Gd™ chelates are governed by an electron—

nucleus scalar mechanism and may be expressed in terms
of Equation (10), where 7' =7, + T;L0 121l

1SS + 1)/A\° Ty
= ¥(7> [T“ + 72] (10)
T 3 h 1 + 0?13

For Gd™ complexes, the electronic relaxation rates may be
interpreted in terms of the zero-field splitting (ZFS) inter-
action,'” which results from transient distortions of the
complex and a spin rotation (SR) mechanism [Eq. (11)].7-]

1 1 ZFS 1 SR
T :(T> +<T> 1

The ZFS contribution to the longitudinal electronic relax-
ation rates may be described by Equation (12).2% It has been
shown that the transverse relaxation rates of Gd'! complexes
can be well described by the semiempirical Equation (13).0'¢]
Here, 4° represents the mean square ZFS energy and 7, is the
correlation time describing the modulation of the electronic
spin-state splitting. The correlation time, 7,, is assumed to
display Arrhenius behavior, represented in Equation (14),
where 72% is the value for 7, at 298.15K and E, is the
activation energy.

( ! )ZFS 1412 [45(S + 1) 3]( ! + 4 ) (12)
= — ‘[V —_
Ty 25 1+ 02 1 + 4072
1\%% 5.26 7.18
() e )
T, 1 + 0372w272 1 + 1.24w,1,
o (7 )| a4
T,=T, €Xp |—| =———
PIR\T 20815
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The spin rotation (SR) contribution is a magnetic-field-
independent mechanism that may be approximated with
Equation (15), where dg} = Z.0g7,, which refers to the devia-
tions from the free-electron value of g, .['"]

T—h, _91R

It should be noted that the transverse electronic relaxation
rates usually have a negligible influence on the 'H and 7O
relaxation rates. In addition, the intermolecular dipole —di-
pole contribution to the longitudinal electronic relaxation
rates was found to be insignificant.

Finally, the temperature dependence of 7,, (or the exchange
rate, k. =1/t,) is assumed to obey the Eyring Equation
[Eq. (16)], where AH?* corresponds to the enthalpy of
activation for the exchange process and k2® is the exchange
rate at 298.15 K.

1 k28T AHY /1 1
= mess [ x (v 7)) @)

298.15 R \29815 T

NMRD studies, water proton relaxation: The efficacy of
[GA(THP)(H,O)]** was evaluated with the use of water 'H
longitudinal relaxation time measurements at 25 and 37°C
with magnetic field strengths varying between 2.5 x 10~* and
1.2 T. The NMRD profiles are shown in Figure 3.

A

r, /ImM’s
b

0+ T : !
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r ImM's”
E-N

0 T r T !
0.01 0.1 1 10 100
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Figure 3. NMRD profiles of the [Gd(THP)(H,O)]** at (a)25°C and
(b) 37°C expressed as relaxivity (mM~'s™!) versus 'H Larmor frequency
(MHz).

In NMRD studies, the longitudinal proton relaxation rate
enhancements are generally expressed in terms of the
relaxivity, r; (s"'mM™!). The observed paramagnetic relaxivity
results from a sum of contributions originating from the inner-
(r¥) and outer-sphere mechanisms (r$*) [Eq. (17)].

r=rf+re 17)
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Inner-sphere relaxation enhancement results from water
molecules bound in the first coordination sphere of the
paramagnetic metal and exchanging with the bulk solvent. By
convention, all other long-range interactions of unbound
water located within the vicinity of the paramagnetic center
are incorporated into the outer-sphere contribution. Recent
studies have provided evidence of a well-defined second
coordination sphere in certain systems, which may contribute
to the total relaxivity.?!l This contribution is related to the
hydrogen-bonding interactions between suitable functional
groups on the chelating ligand and exchanging water mole-
cules located at an “intermediate” distance from the metal
ion.

The inner-sphere contribution to the observed relaxivity is
given by Equation (18), where g is the number of inner-sphere
water molecules in the Gd™ chelate and T3, is the longitu-

1
= (1o sss) as)
1000 x 55.5) Ty, + T,

dinal relaxation time of bound water. The 'H longitudinal
relaxation rate of inner-sphere water molecules is dominated
by dipolar interactions and may be expressed by the Solo-
mon - Bloembergen Equation? 21 [Eq. (19)], where y, is the

1 2 2P y2y3 37, 7t
- = <@> BT s(s + 1) o e (19)
Ty, 15\4x) r&am 1+ ity 1 + ot

nuclear gyromagnetic ratio (y;=2.675x 108rads™!T! for
protons), w; and w, are the proton and electron Larmor
frequencies, respectively, and rgqy is the effective distance
between the gadolinium electron spin and the water protons.
The outer-sphere contribution to the observed relaxivity is
described by Equation (20)?4 where N, is Avogadro’s
number, dagqy is the distance of closest approach of an outer-
sphere water molecule to the Gd"™ ion, and tggy is the
correlation time, which corresponds to a%y/Dgay -

327 1\ 2
7= s (o) yines(s + 1)

Na
= — A B(@nTh) + To(@,Ts)] (20
205\ [3/os(@1, ) (s T5)] (20)

Acant’ Gan

The electronic relaxation dependence is expressed by the
spectral density functions, J,(®, T}.) (j = 1,2) in Equation (21).

Jos(@, Tie) = Re{{1 + UliwToan + (Taan/Tie)]"?Y
{1+ [iotga + (T(idH/Tie)]l/z + Pliotoa + (T(;dH/Tje)]
+ Wliwtgw + (Toa/ Tie) ')} (21)

The diffusion coefficient, Dgqy, is assumed to have an
exponential temperature dependence [Eq. (22)], where DE$,
is the diffusion coefficient at 298.15 K and Epggy is the
activation energy.

Epcan ( 1 1 )]
Dgan=DES —_——— 22
GdH GdHCXp [ R 29815 T (22)
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Fitting of the O NMR and NMRD data: The variable-
temperature 7O and NMRD data were fit simultaneously
using Equations (1)-(22) in order to impose constraints on
common parameters. Following previous studies, additional
constraints have been introduced by fixing the gadolinium
electron spin distances from the 'O nucleus (rgq0) and the
water protons (rgey) at 2.5 A and 3.1 A, respectively (for g =
1).1'2 2] The distance of closest approach of a water molecule
to Gd™, aggy, was fixed at 3.5 A. In addition, the C,, and dg?
parameters were fixed at 0, since variation resulted in small
negative values from the fittings.

Weighting factors were introduced in order to compensate
for the variation in magnitude of the data: 7O relaxation
rates, 7O chemical shifts, and 'H relaxivities were weighted
with factors of 10, 0.1, and 1, respectively. The parameters
obtained from the fittings are listed in Table 1 with the curve
fits shown in Figures 2 and 3. For comparison, previously
published data for [Gd(DOTA)(H,0)]~ have been included
in Table 1.

Table 1. Parameters obtained from the analysis of 7O NMR and NMRD
data.

Parameter [GA(THP) >+ [GA(DOTA)]
AH* [kImol 1] 338457 498415

K25 [s71] 18.9 (£4) x 105 4.1 (£02) x 10°
%% [ps] 7343 7744

Eg [KJmol] 191402 16.1+7.4

2% [ps] 48+0.5 11+1

E, [kJmol ] 15+0.6 1.0

Alh [10° rads™] —34+0.1 —-37+£02

A2 (10°572) 65+1.1 16401

G, ot 0.21+0.04
0g7/1072 Qotbl 1.9+0.3
DB, [109m25~] 4042 2+1

Epcan [kKJmol-1] 209+3.4 202+1.1

2(1 + 72/3)" [MHz] 8924224 7,580

[a] The data listed for [GdA(DOTA)]~ have been reported previously by
Powell et al.l”! and are provided here for comparisons. [b] These param-
eters were fixed in the fitting procedures.

Inspection of the data listed in Table 1 reveals some
similarities in the relaxivity parameters for
[GA(THP)(H,O)]** and [Gd(DOTA)(H,O)]-. The scalar
coupling constant (A/h), which is principally determined from
the 7O chemical shifts, gauges the Gd™ electron spin density
present at the 7O nucleus. The
number obtained from the fit-
tings is similar to values report-

The parameters describing electronic relaxation of the Gd™
ion are expressed in terms of the zero-field splitting inter-
action (t2%, E,, and A4?). Values determined for these
parameters from the fittings are notably different from those
for [GA(DOTA)(H,0)] but are in the range usually observed
for Gd™ chelates of polyaminocarboxylates.[!

Another variation in our findings is the substantially higher
value obtained for the diffusion coefficient (D%%;). Since
[GA(THP)(H,O)** and [Gd(DOTA)(H,0)]~ are of similar
bulk, such a large variation in values for D&% is unexpected.
It should be noted, however, that the value of agqy, the
distance of closest approach between a diffusing water
molecule and the Gd™ ion of [Gd(THP)(H,O)]**, was fixed
at 3.5 A during the fitting procedure. Therefore, the large
value for DE$; might be the result of a compensation for too
low a value fixed for agqy.

The most striking result from the data fittings is the value
obtained for the water exchange rate of [Gd(THP)(H,O)J**+ at
298 K. The value of k%% was determined as 18.9 x 10°s7,
corresponding to a residence time (7%?) of 53 ns, a value which
is atypical for a cationic Gd™ compound. Earlier studies
suggested that optimization of the water exchange rate was
possible only by enlisting complexes with increasing negative
charge.!l Table 2 provides a comparison of water exchange
lifetimes for Ln' complexes with various charges.

The water exchange mechanism for nine-coordinate Gd!
complexes with a hydration number of 1 proceeds through a
dissociative pathway whereby the transition state is charac-
terized as an eight-coordinate non-hydrated species.'”) Water
exchange studies for a series of isostructural Ln™ complexes
revealed that an increase in water exchange rate accompanied
a decrease in the Ln' ionic radius.”®! These findings were
explained in terms of stabilization of the eight-coordinate
transition state and/or destabilization of the nine-coordinate
ground state following an increase of steric crowding at the
water binding site. Therefore, the exchange rate of a bound
water molecule in a nine-coordinate Ln' complex is depend-
ent upon the nature of the coordination geometry at the metal
center.

The subtle influence of geometry at the Gd'™ center is
demonstrated nicely by water exchange studies of the cationic
[Eu(DOTAM)(H,0)]** complex (DOTAM =1,4,7,10-tetra-
kis(carbamoyl)-1,4,7,10-tetraazacyclododecane), which exists
as two isomeric forms (m and M) in solution.?”*! From the
variable-temperature '"H NMR spectra, the exchange rate was

Table 2. Comparisons of physical and structural parameters for various charged and neutral Ln™ macrocyclic

A [mmts]

k28 [s7'] Dominant isomer  Ln-OH, [A]  Ref.

ed for [GA(DOTA)(H,0)]-  complexes.

and other Gd™ polyamino car-  Complex

boxylate complexes having one  [Ga(DOTA)]- 47
inner-sphere water molecule  [Gd(DOTMA)]- 38
and therefore confirms that [gj(%{,l_f’DaBA)] ‘;3
g=1021 2.(“ 21 Likewise, 'the {GdEDOTE]TA)]“ 20
value obtained for the rotation- [Gd(DTMA) 95
al correlation time (7%®) is in  [Gd(DOTAM)J* 25

M-[Eu(DOTAM)J**
m-[Eu(DOTAM)**

reasonable agreement with
[Gd(DOTA)(H,0)]~, which is

41x10° SAP 2.458 (Gd) [13,17]
14.7x10°  TSAP - [4.35]
29x10° - 2.50 (Gd) [34.41]
189 x10° TSAP 2.507 (Eu) [6], present study
13x10° TSAP - [31]
59x10* SAP 2.461 (Gd) [31]
53x10* SAP 2.442 (Eu) [31]
83x10° (SAP) - [30]
33x10° (TSAP) - [30]

of a similar molecular size. [a] At 298 K and 20 MHz.
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found to be 40 times higher in the m isomer, which is
characterized by the twisted square antiprismatic (TSAP)
geometry (see Table 2). Since these two isomers contribute to
the overall exchange rate, a similar trend may be observed in
the k%® values of the cationic Gd"™' amide complexes, which
have varying m/M isomer ratios (Table 2). In this series, the
water exchange rates (k%?) decrease from 1.3 x 10°s™! for
[GA(DOTTA)(H,O)]**  (predominately m  isomer)
(DOTTA = 1,4,7,10-tetrakis[ (N,N-dimethylcarbamoyl)meth-
yl]-1,4,7,10-tetraazacyclododecane) to 53 x 10*s™' for
[GA(DOTAM)(H,0)]** (predominately M isomer).P Re-
cently, a 7O NMR study on tetra(carboxyethyl)DOTA
showed once again that the water exchange lifetime at Gd™
correlates well with the proportion of the m isomer (TSAP
geometry) observed in solution.

This same behavior is observed for the [GdA(DOTMA)-
(H,O)]~ complex, which exists almost exclusively as the m
isomer. Like DOTA, the DOTMA (1R A4R,7R,10R)-a,a’,a” .o/
tetramethyl-1,4,7,10-tetraazacyclododecane ligand has methyl
substituents on the pendant arms adjacent to the N atoms of
the cyclen ring. The k%8 value for [Gd(DOTMA)-
(H,0)]" is 14.7 x 10° s~.1¥ which is quite similar to that found
for [GA(THP)(H,O)]** (18.9 x 10°s7!). An increased steric
demand at the metal center apparently favors the TSAP
structure. Possibly, a relatively high local steric strain at the
Gd™-bound water facilitates its release in the dissociative
mechanism. A relatively high steric strain in the TSAP
structure might also be reflected in the Ln— OH, distances,
which in the TSAP structures are generally about 0.05 A
greater than in the SAP structures (see Table 2).

NMR studies of [Ln(THP)(H,O)P** (Ln=La, Eu, Lu)
complexes suggest the exclusive presence of only one of the m
isomers (4(0009) or A(2AA1)) in solution; this indicates a high
degree of strain at the metal center.’l The crystal structure of
[Eu(THP)(H,0)](CF;S0O;); reveals an m-isomeric structure
(A(AAAA)) with a smaller binding cavity than the parent
DOTA complex.[! The twist angle defining the geometry at
the metal center was found to be only 20°, compared with 40°
or 30° for typical SAP or TSAP geometries. Inspection of
molecular models shows that the methyl groups at the a-
position with respect to the Ln''-bound O atoms of THP give
rise to a large steric strain around the water coordination site.
Most other DOTA derivatives studied so far have substituents
at the fB-position with respect to the Ln"-bound O atoms,
which is further away from the bound water.

The first pK, value of the OH groups of [Eu((S,S.S,S)-
THP)] has been reported to be 7.7.%% Therefore, the alcoholic
groups in THP are not deprotonated to a substantial degree
under the experimental conditions we used (pH5 for 7O
NMR and pH7 for NMRD measurements). In principle,
then, the OH protons on the THP ligand could contribute to
relaxation enhancement of solvent water. However, Aime
et al. have shown for [Gd(HP-DO3A)] that this contribution
is negligible at pH < 8.2'! We assume that the same holds in
the present case. Unfortunately, a NMRD study at variable
pH to substantiate this was not possible, owing to the
instability of the complex under acidic or basic conditions.

The relaxivity profiles recorded at 25°C and 37°C are
somewhat lower than those for [Gd(DOTA)(H,0)] at low
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fields, reflecting the difference in the electronic relaxation
times or the zero-field splitting parameter (t2*®). The low-field
region more closely resembles that of [Gd(HP-DO3A)-
(H,0)].B4 At higher frequencies (20 MHz) and 298 K, the
relaxivity of [Gd(THP)(H,O)]*" is similar to that of [Gd(HP-
DO3A)(H,0)] and [GdA(DOTMA)(H,0)]~, with r, values of
3.9, 42, and 3.8 mm~!s7!, respectively (Table 2).3+31 The
relaxivity of [Gd(THP)(H,O)]** is somewhat lower than that
of [Gd(DOTA)(H,O)]". A comparison of the calculated
inner- and outer-sphere relaxivity curves for these compounds
shows that this may be attributed to a reduced outer-sphere
contribution.

Conclusion

Factors influencing the relaxivity and exchange dynamics in
the cationic [Gd(THP)(H,O)]** complex were investigated by
variable-temperature 70O NMR and 'H NMRD. Unlike other
cationic complexes based on the macrocyclic cyclen chelate,
we found increased longitudinal proton relaxivity at 20 MHz
and 298 K and a much higher water exchange rate. To our
knowledge, [Gd(THP)(H,O)]** possesses the highest water
exchange rate yet observed for a nine-coordinate complex
with g=1.

Originally, it was believed that such high exchange rates
could only be achieved through the use of negatively charged
complexes. The high water exchange rate observed for
[GA(THP)(H,0)]* implicates a TSAP geometry (m isomer)
which has been shown to facilitate water exchange in nine-
coordinate Ln"™ complexes. This study is further evidence of
the importance of steric crowding at the bound water of Gd™'-
based contrast agents in influencing exchange dynamics and
ultimately achieving optimum relaxation efficiencies.

Experimental Section

Materials and methods: Gadolinium triflate [Gd(CF;SOs);] was purchased
from Aldrich. (S)-(—)-Propylene oxide was obtained from Fluka. 7O-
enriched water (10 % labeling) was purchased from Cortec (Paris, France).
All other reagent-grade chemicals were purchased from commercial
sources and used without further purification.

The precursor, cyclen (1,4,7,10-tetraazacyclododecane), was prepared
following a method previously reported by Swinkels et al. which was
slightly adapted by us.%-37)

(S.8.8,5)-(—)-THP was synthesized as described by Chin et al. using free-
base cyclen and (S)-(—)-propylene oxide.l) FAB MS m/z: 405 [M+H]*;
'"HNMR (D,0,25°C): §=1.07 (d,J/ =6.3 Hz, 12H; CH,;), 2.28-2.70 (16 H;
NCH,CH,N), 2.97 (d, J=9.6 Hz, 8H; CH,CH(OH)(CH,)), 3.96 (m, 4H;
CH(OH)(CH3)); BC NMR (D,O, 25°C): 6=210 (CH;), 51.6
(NCH,CH,N), 63.7 (CH,CH(OH)(CH,)), 65.7 (CH(OH)(CHs)).
Preparation of [GA(THP)]**: [Gd(THP)](CF;SO;); was prepared as
described previously (for Ln = La', Eu'"!, and Lu'") by refluxing equimolar
amounts of [Gd(CF;SO;);] and THP in acetonitrile and trimethyl
orthoformate for 1 h.l¥! The procedure was modified slightly by carrying
the reaction out in air and recrystallizing the crude material from a hot
CH,Cl, solution. A white crystalline product was isolated in 90 % yield.
Aqueous solutions of the sample were tested for uncomplexed lanthanide
ions using xylenol orange as indicator.*!

Physical methods: 'H (300 MHz), *C (75.5 MHz), and 7O (40.7 MHz)
NMR spectra were recorded on a Varian INOVA-300 spectrometer using

0947-6539/01/0707-1388 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 7





A Cationic Macrocyclic Gadolinium(iir) Complex

1383-1389

Smm sample tubes. Chemical shifts are reported as O values. For
measurements in D,0, tert-butyl alcohol was used as an internal standard
with the methyl signal calibrated at 1.2 ppm (*H) or 31.2 ppm (**C). D,0
(100 % ) was used as an external chemical shift reference for 17O resonances.
The pH of samples was measured at ambient temperature by means of a
Corning 125 pH meter with a calibrated microcombination probe
purchased from Aldrich. The pH values reported are direct meter readings
(no correction for D-isotope effects was made). pH values were adjusted
with the aid of dilute solutions of NaOH and HCIL.

The 1/T, nuclear magnetic resonance dispersion (NMRD) profiles were
recorded at 25 and 37°C with an IBM Research Relaxometer by the field
cycling method over a range of magnetic fields from 2.5 x 107 to 1.2 T
(corresponding to a proton Larmor frequency range of 0.01 —50 MHz). The
samples contained 1mm of Gd™ as the THP complex at pH 7.

The variable-temperature 7O measurements were made at a magnetic field
of 7.05 T with a Varian INOVA-300 spectrometer equipped with a 5 mm
probe. An aqueous solution of the Gd™ complex having a Gd™ concen-
tration of 0.185M was prepared for this study. The pH was adjusted to 5.1,
where the stability at room temperature is optimal for a sample of this
concentration. Instability of the complex at high temperatures prompted us
to add a small amount of TTHA (5 %) to bind any residual Gd"" ions which
may be expelled from the THP under these conditions. Since Ln™
complexes of TTHA contain no inner-sphere water molecules, the
measurements should be unaffected. In addition, an acidified water sample
(pH 5.1) was used as a reference for these measurements. Solutions were
prepared with 7O-enriched water (5% ) and the samples were sealed under
an argon atmosphere. For each temperature, spectral parameters were
collected for both the Gd"™ complex and the acidified water sample. The
measurements were conducted without a frequency lock and without
sample spinning. The 'H signal of ert-butyl alcohol (1 % w/w, measured via
the decoupler channel) was used as an internal reference. Longitudinal
relaxation rates (1/7)) were determined with the inversion-recovery
method,*) and the transverse relaxation rates (1/7,) were obtained by the
Carr - Purcell - Meiboom - Gill spin-echo technique.*")

Calculations: Experimental variable-temperature 7O NMR and NMRD
data were fit with a computer program written by E. Téth and L. Helm
(University of Lausanne, Switzerland) using the Micromath Scientist
program version 2.0 (Salt Lake City, UT, USA).
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A Polyrotaxane Series Containing a-Cyclodextrin and Naphthalene-Modified
a-Cyclodextrin as a Light-Harvesting Antenna System

Makio Tamura,'?! De Gao,/”! and Akihiko Ueno*!?!

Abstract: Supramolecular light-harvesting antenna systems were constructed by
using polyrotaxanes, in which cyclodextrin (CD) rings of a-CD and naphthalene

(energy donor)-appended a-CD are threaded by a poly(ethylene glycol) chain with
anthracene (energy acceptor) units at both ends (5-8). The effects of the component
ratio of the polyrotaxanes on the efficiencies of energy migration and energy transfer
were examined by fluorescence emission and excitation spectra and anisotropy and

Keywords: cyclodextrins energy
transfer - photochemistry - rotax-
anes - supramolecular chemistry

by fluorescence decay measurements. The observed results were explained by using

the Forster mechanism.

Introduction

Photoinduced electron and energy transfer are fundamental
processes in nature.l!! There has been widespread interest in
mimicking the natural photosynthesis process which involves
both energy and electron transfer.?! In one approach, photon-
harvesting polymers have been studied, in which the capture
of a photon by one chromophore in the polymer chain is
followed by energy transfer among many chromophores to
reach an energy acceptor.l! This process is referred to as the
antenna effect by Guillet and Ng.*! However, conformational
flexibility may prevent long-distance energy transfer, because
polymer folding permits the formation of energy dissipative
excimers or exciplexes.’) On the other hand, Fox and Watkins
reported a vectorial energy migration and electron transfer
system in a rigid polymer, where chromophores are attached
to polynorbornene backbone.l! A fundamental question is:
Does the antenna effect become remarkable when the
number of absorption units increases? Bar-Haim et al.
pointed out the importance of the energy gradient theoret-
ically by using dendrimer models.”) This idea was confirmed
by Moore etal. in a dendritic system, where an energy
gradient was provided as a function of position from the
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periphery to the core and the excitation energy efficiently
cascaded to the focal point in the system.’! Recently, Guillet
and Gravett and Valeur et al. used the Forster mechanism to
both experimentally and theoretically investigate the energy
migration between naphthalene units fixed to a cyclodextrin
scaffold. ' From the investigation of the cyclodextrin
system, Valeur et al. suggested that a longer distance between
chromophores with a more favorable orientation is somewhat
equivalent to a shorter distance with a less favorable
orientation.!'”]

In a natural photosynthesis system, the components of the
energy and electron transfer systems are held together by
weak noncovalent interactions that result in a spatially well-
oriented arrangement. In connection with this, many supra-
molecular systems, in which donor and acceptor components
are linked by noncovalent interactions,!'!] such as hydrogen
bonding,[?l aromatic m-stacking,®! and metal —ligand coordi-
nation,' have been investigated. Here, we report on poly-
rotaxane-type light-harvesting antenna systems!'”! composed
of two different CD units: one is native a-CD and the other is
naphthalene-modified a-CD (NpCD). In the polyrotaxanes,
the rings of a-CD and NpCD are penetrated by polyethylene
glycol (PEG) (approximate molecular weight =2000) bearing
an anthracene moiety at both ends. The percentage of NpCD
over the total CD units in the polyrotaxanes is varied to
produce polyrotaxanes with 0, 20, 60, and 100.0 % NpCD units
(see Scheme 1). As there are only through-space interactions
between antenna chromophores, it is possible to analyze the
energy-transfer efficiency without considering the effect of
bond properties.' 7l Because all the components of the
dendritic light-harvesting system are connected by covalent
bonds, a fast intersystem crossing can occur to form dendrimer
triplets, which make it difficult to evaluate the relationship
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between energy-transfer efficiency and the number of the
antenna units.®! In our study, this relationship between the
energy transfer from the naphthalene chromophore to the
anthracene units and the number of naphthalenes was studied
by using steady-state emission and excitation spectra and
time-resolved fluorescence decay measurements. We attempt-
ed to interpret the intramolecular energy transfer within the
context of the Forster mechanism.'®: 1] Energy migration
between the naphthalene chromophores was also investigated
by the anisotropy data of the samples in glassy matrices.

Results and Discussion

Preparation of polypseudorotaxane: The polypseudorotax-
anes were prepared by adding a, w-diamino-polyethylene
glycol (diamino-PEG) (MW =2000) into aqueous solutions
containing different ratios of naphthalene-modified a-CD
(NpCD) and native a-CD (Scheme 1). Here, the NpCD
percentages over the total CD units are changed by 0, 20, 60,
and 100 %. In all cases, white precipitates appeared immedi-
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ately. It is known that if diamino-PEG is added to a native a-
CD aqueous solution, polypseudorotaxane, in which a-CD
rings are threaded by a diamino-PEG chain, is formed as a
white precipitate.?”! So we regarded the white precipitates
formed in our study as polypseudorotaxanes, in which the CD
rings of NpCD and a-CD were threaded by a diamino-PEG
chain. The precipitates were collected and they were desig-
nated as 1, 2, 3, and 4 corresponding to starting mixture
solutions of 0, 20, 60, and 100% NpCD, respectively. The
ratios of the NpCD in the polypseudorotaxanes were analyzed
by comparing 'H NMR peak integrals (Table 1). The ratios of

Table 1. Numbers of a-CD and NpCD and the Percentages of NpCD in
the Polypseudorotaxanes.?!

1 2 3 4
Initial NpCD [% ]! 0.0 20.0 60.0 100.0
CD,umper 24.9 19.8 17.8 11.2
NPCD pympe ! 0.0 3.6 10.7 1.2
NpCD [%]t 0.0 20.0 60.1 100.0

[a] The number of a-CD and NpCD were estimated from the '"H NMR
spectra measured at 25 °C in D, O solution, which contains a little amount of
[D¢]DMSO. [b] Initial NpCD content over total CD content when the
polyrotaxanes were synthesized. [c] Number of total CD units in the
polypseudorotaxanes. [d] Number of NpCD in the polypseudorotaxanes.
[e] NpCDnumber/CDnumber %100 (%)'

NpCD in polypseudorotaxane are roughly the same as those
in the starting mixture solutions. The polypseudorotaxanes
were formed through a transition process, in which the two
processes of threading or dethreading of the PEG chain into
the CD and NpCD cavity are in equilibrium. If there were
some selectivity for CD or NpCD, or some bias to concentrate
CD or NpCD existed in the threading process, the percentages
of NpCD over total CD units in the polyrotaxanes, which are
products from the equilibrium state, would not coincide with
those in the starting mixture solutions and those in the
reaction solvent at the equilibrium. In all cases, (0, 20, 60, and
100 %) the percentages of NpCD in the polypseudorotaxane
were the same as those of the starting solutions. From these
observations, we think that there is no selectivity for CD or
NpCD in the threading process and the NpCD dispersions are
uniform in the polypseudorotaxanes. However, the total
number of CD units decreases with increasing NpCD ratio
in the polypseudorotaxanes, showing 24.6 CD units for 1 and
11.2 CD units for 4. This result suggests that a remarkable
steric hindrance exists between the NpCD units in the
polypseudorotaxanes.

Preparation of polyrotaxane: The polypseudorotaxanes were
converted into polyrotaxanes by the reaction of the amino
groups of a diamino-PEG chain with 9-anthraldehyde for 2 h
in DMF (Scheme 1). The anthracene moiety is large and
consequently acts as a stopper to keep a-CD and NpCD in the
polyrotaxanes. The reaction products were washed with
acetone to remove unreacted 9-anthraldehyde and then
washed with water to remove the components of unreacted
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polypseudorotaxane. According to this procedure, polyrotax-
anes 5—-8 were prepared from 1-4, respectively. In the
polyrotaxanes 6 and 7 the NpCD dispersion may be uniform
with a set distance between the units, which are related with
the NpCD arrangement in the polypseudorotaxanes. All these
polyrotaxanes were soluble in DMSO, DMEF, and propylene
glycol.

'H NMR study of polyrotaxanes: 'H NMR spectra in
[Ds]DMSO of 5-8 show peaks corresponding to CD,
diamino-PEG, naphthalene units, and anthracene units. For
instance, the 'H NMR spectrum of 6 is shown in Figure 1b.

e
[ H'6 CH H
X \ N R
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Figure 1. The '"H NMR spectra of 2 (a) and 6 (b) in [D,]DMSO, and 6 (c) in
1.5 N DClI aqueous solution at 25°C. The '"H NMR spectrum of 6 in a 1.5 N
DCl aqueous solution at 25 °C was measured after 6 was dissolved in 1.5 N
NaOD aqueous solution and kept at room temperature for 1.5 h.

Other polyrotaxanes 5—8 exhibit similar spectral features,
showing that all peaks of the 'H NMR spectra are broadened,
in contrast to polypseudorotaxanes 1-4, which exhibit sharp
'H NMR peaks in [Dg]DMSO (Figure 1a). This result may
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arise from the fact that the movement of each component in
the polyrotaxanes is restricted and that NpCD and a-CD are
closely packed in the limited space between two stoppers,
while the incorporated CD units are not tightly packed in 1-4
because of the absence of any stopper. Such 'H NMR peak
broadening is consistent with the previously reported results
for the CD-based polyrotaxanes.?” The ratio of NpCD and a-
CD in the polyrotaxanes can be analyzed by comparing the
'H NMR peak area of the naphthalene moiety with the areas
of a-CD and diamino-PEG chain. However, each of these
peaks is too broad to estimate the molar ratio correctly.
Therefore, the large stoppers (anthracene) at the ends of 5-8
were removed by cleaving the bond with acid (1.5~ DCV/
[D¢]DMSO v:v=1:1 solution) at room temperature to
produce free CD units (Figure 1c). After the cleavage, the
NMR peaks became sharp. These results indicate that each
component of 5-8 is released from the supramolecular
system under the conditions. After the reaction is completed,
it is possible to compare the areas of the component 'H NMR
peaks. The results are summarized in Table 2. The percentages
of NpCD in 5-8 are nearly similar to those of pseudo-
polyrotaxanes 1-4, but during the capped reaction, about
25% of the polypseudorotaxane CD units were dethreaded.

Table 2. Numbers of CD and NpCD and the percentages of NpCD in the
Polyrotaxanes.?!

5 6 7 8
CD b 19.1 15.8 10.7 9.3
NPCD umperl 0.0 32 6.4 9.3
NpCD [% ] 0.0 20.0 60.0 100.0
MWE! 21000 18400 14050 13200

[a] The number of a-CD and NpCD were estimated from the 'H NMR
spectra measured at 25°Cin 1.5 N DCl aq./[Dg]DMSO (v:v =1:1) solution.
[b] Number of total CD units in the polyrotaxane. [c] Number of NpCD
units in the polyrotaxanes. [d] NpCDyumber/ CDxumper X 100 (%). [e] Mo-
lecular weights (MW) of the polyrotaxanes were estimated from CDyymper
and NpCDyumber, Using the following equation: 972.85 x (CDyumber —
NpCDyymber) + 1163.07 x  (NpCDyymper) + 2420.85, where 972.85,
1163.07 and 2420.85 are the molecular weights of native a-CD, NpCD
and diamino-PEG, which bear an anthracene unit at both ends, respec-
tively.

UV/Vis absorption spectra: The UV/Vis absorption spectra of
the polyrotaxane antenna series in propylene glycol are shown
in Figure2a and summarized in Table 3. There are two
distinct absorption bands between 270 and 450 nm, one is at
340440 nm, and the other is at 270 - 335 nm. The absorption
around 270-335 nm is due to the naphthalene units, having
peaks at 277, 312, and 327 nm, while the absorption around
340-440 nm is due to the anthracene units, having peaks at
350, 368, 387 nm. As can be seen in the spectra of 5-8, the
molecular coefficient around 270-335 nm increases linearly
with the increasing number of NpCDs, while the molecular
extinction coefficient around 340-440 nm remains constant
(Figure 2b). In this case, no spectral broadening or spectral
shift was observed for the samples with different concentra-
tions of NpCD. These results indicate that there is no strong
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Figure 2. UV/Vis absorption spectra (a) and absorbance (b) of polyrotax-
anes 5, 6, 7, and 8 at 25°C in propylene glycol. Absorption spectra were
measured for the polyrotaxanes (1.8 um) using a 1 cm path length cell.
Extinction coefficients of the polyrotaxanes 5, 6, 7, and 8 at 277 nm (—e—)
and 327 nm (--m--) in propylene glycol at 25 °C were presented as a function
of the NpCD number in the polyrotaxanes.

Table 3. Absorption maxima and extinction coefficients of polyrotaxanes
5,6, 7, and 8.

5 6
Amax € A

7 8

‘max € lmax € /lmax €

387.0 10300  387.0 10300 387.0 10300 387.0 10300
369.0 10700  367.0 11300 3672 11300 3672 11700
352.6 7700  350.0 8700  351.0 9000  351.2 9700
327.0 11300 327.0 18000  327.0 26000
313.0 9700  313.0 14700  313.0 20700
277.0 29000  277.0 49000  277.0 72000

[a] All parameters were recorded in propylene glycol at 25°C. A, in nm;
ein M 'em™.

electronic coupling between the naphthalene units and
between the naphthalene and anthracene units in the ground
state.[® 1]

Steady-state fluorescence spectroscopy: Figure 3a shows the
steady-state emission spectra (1., =277 nm) of 6-8 and the
mixture solutions of NpCD and 5. The concentrations of the
naphthalene and anthracene units in the mixture solutions
were adjusted to become the same as those of the solutions of
polyrotaxanes 6 —8. The naphthalene fluorescence intensities
of 6-8 are smaller than those of the mixture solutions, while
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Figure 3. Steady-state corrected fluorescence emission spectra (4., =
327 nm) of polyrotaxanes 6-8 (1.8 um) and the mixtures of 5 (1.8 um)
and NpCD (6', 7', and 8') in propylene glycol at 25°C (a), and fluorescence
quenching efficiencies (QE) obtained by excitation at 327 nm and 277 nm
as a function of the number of NpCDs in the polyrotaxanes (b). Inset shows
the fluorescence spectrum (4., =367 nm) of 5 (1.8 um). Each mixture
contains the same naphthalene unit as the corresponding polyrotaxane
(5.8 umin 6’,11.5 um in 7, and 16.7 um in 8'). QE values were calculated by
the equation, QE (%) = (1 — Lygy/1mix) x 100, where I, is the fluorescence
intensity of polyrotaxane at 347.5 nm (4., =277 nm and 327 nm) and /,;;, is
that of the corresponding mixed solution of 5 and NpCD.

the anthracene fluorescence intensities of 6 -8 in the region of
390-460 nm are enhanced compared with those of the
mixture solutions. It is noted that the anthracene fluorescence
of 5 (1, =367 nm) was observed around 380460 nm (inset)
and has three peaks at 393.5, 415, and 438.5 nm. If the
naphthalene units formed an excimer, this excimer emission
could be observed around 400 nm. However, in the polyro-
taxane that has trinitrophenyl moieties as the terminal caps
instead of the anthracene moieties, the excimer emission was
not observed under the same conditions.2!] On this basis, we
think that the longer wavelength fluorescence of 6 —8 does not
involve excimer emission. The results suggest that excited
energy transfer from the naphthalene units to the terminal
anthracene moieties in the polyrotaxanes enhanced the
anthracene fluorescence, and the energy transfer results in
the decrease in the naphthalene fluorescence. There is a large
spectral overlap between naphthalene fluorescence and
anthracene absorption, so energy transfer may occur from
the naphthalene units to the anthracene moieties by a dipole —
dipole interaction (Forster-type) mechanism.['s: 11 Compared
to the decrease in the naphthalene fluorescence intensity, the
increase in the anthracene fluorescence intensity seemed
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much smaller. Actually we obtained a very small quantum
yield for this anthracene moiety (0.017), in comparison with
that of anthracene (0.30). This result may be due to the fact
that the anthracene moiety bound to PEG chain exists as a
Schiff base. Energy transfer efficiency of the polyrotaxanes
was estimated by comparing the naphthalene fluorescence
intensity of polyrotaxanes at 347.5nm (4,=277nm and
327 nm) in propylene glycol (/,,,) with that of NpCD and 5
mixed solutions ([,,). Here we defined the fluorescence
quenching efficiency (QE) as follows: QE (%)= (1 — I,/
I..;) x 100. The QE values of the polyrotaxanes are shown in
Figure 3b. The highest quenching efficiency was observed for
6, the values being 48.2% (A.,=277 nm) and 40.3% (A=
327 nm), while the lowest quenching efficiency was observed
for 8, the values being 31.7% nm (4., =277 nm) and 25.4%
(Aex =327 nm). Devadoss et al. reported the energy transfer
from branched light-absorbing units to an acceptor core in a
dendritic system, in which the efficiency of energy transfer
decreases with increasing generation of the dendrimer. In this
case, Bar-Haim et al. explained this phenomenon by evalua-
tion of the mean time for the excitation energy transfer that
starts from the periphery to the center using a one-dimen-
sional energy migration model.” The mean time increased
linearly to the square of generation because of the increase in
the frequency of energy hopping between antenna units. In
the case of polyrotaxane antenna series, there may be energy
migration (energy hopping) among the naphthalene units, and
the fluorescence radiation may occur during this energy
migration process. This energy wandering process may result
in a less efficient antenna effect.

Figure 4a shows the steady-state fluorescence excitation
spectra of 5-8 (4., =440 nm) and the mixture solutions of
NpCD and S. Here, the concentration of the naphthalene and
anthracene units in the mixture solutions is the same as those
of the solutions of the polyrotaxanes 6-8. The shape of the
excitation spectrum of polyrotaxane 5 is the same as its
absorption spectrum. On the other hand, polyrotaxanes 6—8
not only have peaks of anthracene absorption but also have
the band of the naphthalene absorption in the region of 300 -
330 nm with a peak at 327 nm. Although there is a similar
naphthalene absorption band in the mixture solutions, the
excitation intensities of polyrotaxanes 6-8 at 327 nm are
much larger those of the corresponding mixture solutions.
This result demonstrates that the energy transfer occurs from
the naphthalene units to the anthracene units in polyrotax-
anes 6—8. The reason why the naphthalene excitation band
appears for the mixture solutions is that the tail of naphtha-
lene fluorescence still exists around 440 nm, and the fluo-
rescence quantum yield of anthracene is rather small. The
relative efficiency of the antenna effect (Figure 4b) was
evaluated as the increase in excitation intensity defined by the
equation of (E,qy — Enix)/(Es— Epi). Here, E,, is the
excitation intensity of polyrotaxane (A, =327 nm), E.; is
the excitation intensity of the corresponding mixture (4., =
327), and Eg and E ;s are the excitation intensities (4., = 327)
of 6 and the mixture solution for 6. The highest antenna effect
was observed for 8 (1.58), confirming that the antenna effect
depends on the number of NpCDs in the polyrotaxanes. The
energy transfer quantum yield can be estimated by comparing
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Figure 4. Steady-state corrected fluorescence excitation spectra (A.,=
440 nm) of polyrotaxanes 5-8 (1.8 um) and the mixtures of 5 (1.8 pum)
and NpCD (a), and the relative antenna and energy transfer efficiencies (b)
in propylene glycol at 25°C. Each of the mixtures contains the same
naphthalene unit as the corresponding polyrotaxane (5.8 uM in 6, 11.5 um
in 7', and 16.7 um in 8'). The absorbance of each sample in the recorded
wavelength range is smaller than 0.08. Relative antenna effect efficiency
was defined as follows: (Xpoy — Xmix)/(Xpotys — Xmixs)- Xpoty 1S the excitation
intensity at 327 nm of polyrotaxanes (4., =440nm) and X; is the
excitation intensity (A.,, =440 nm) of the corresponding mixture solution.
E,qy6 and E,s are the excitation intensities of 6 and the corresponding
mixture soluion at 327 nm. Relative energy transfer efficiency was defined
as follows, (Eoy — Ewix)/Npay- Epoy is the excitation intensity of polyrotax-
anes (A, =327 nm), E,; is the excitation intensity of the corresponding
mixture (A, =327), and N, is the number of NpCD units in polyrotax-
anes. The values are normalized so that the value for 6 is 1.0.

the absorption spectrum and excitation spectrum of polyro-
taxane (4., =440nm). However, in our case, when the
excitation spectra and absorption spectra were normalized
by the anthracene absorption, the excitation intensity in the
naphthalene absorption region was larger than the naphtha-
lene absorption intensity. This discrepancy was considered to
come from the existence of the fluorescence emission from
the naphthalene unit at 440 nm. Thus, it is difficult to estimate
the energy transfer efficiency by this method. Therefore, we
defined the energy transfer efficiency as follows, (E,qy — Emix)/
Nyoys Where N is the number of NpCDs in the polyrotax-
anes. After obtaining the values from this equation, the
relative energy transfer efficiency of each polyrotaxane was
calculated, normalizing the value of 6 as one. These relative
energy transfer efficiencies are shown in Figure 4b. The
results indicate that the antenna effect increases, but the
relative energy transfer efficiency decreases with the increas-
ing content of NpCD in the polyrotaxanes.
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Anisotropy measurement: To confirm this energy hopping in
the polyrotaxane, we measured the anisotropy in glassy
matrices. 1% The relative orientations of the absorption and
emission dipoles of a chromosphere are fixed in a rigid
medium, and thus the emission will retain the memory of the
excitation anisotropy. The degree of anisotropy r is defined as
r=(Iyy — Glyy)/(Iyy+ 2Glyy), where I,y and Iyy are the
fluorescence intensities observed through a polarizer oriented
parallel and perpendicular to the plane of polarization of the
excitation beam, and G is an instrumental correction factor. If
energy migration occurs, however, the chromophore that
absorbs light is different from the chromophore that emits
light and the retention of anisotropy will be lost, thereby
resulting in a value of r closer to zero. The anisotropy
measurements were undertaken at 348 nm of naphthalene
fluorescence using 277 nm as the excitation wavelength.
Under the conditions used (propylene glycol, —70°C), the
fluorophore should remain stationary during the lifetime of
the excited state, thereby effectively removing any depolari-
zation effect due to fluorophore motion. One can expect the
anisotropy value for the naphthalene of NpCD to be similar to
that of the polyrotaxanes if energy migration does not occur
between the naphthalene units. However, if energy migration
does occur within these polyrotaxanes, the anisotropy value
should become smaller. The anisotropy values of 6-8 and
NpCD are summarized in Table4. It is clear that the

Table 4. Anisotropy of polyrotaxanes 6, 7, 8, and NpCD (1.8 um).
6 7 8 NpCD

0.150 0.094 0.081 0.184

All parameters were recorded in propylene glycol at —70°C; A, =277 nm
and /., =348 nm.

em

anisotropy values of the polyrotaxanes are smaller than the
value of NpCD and that the anisotropy decreases with
increasing content of NpCD in the polyrotaxanes. This
observation suggests that energy migration occurs between
the naphthalene units in the polyrotaxanes and that the
frequency of energy hopping depends on the density of the
naphthalene units.

Time-resolved fluorescence spectroscopy: The naphthalene
fluorescence lifetimes of 6—8 and the mixture solutions of
NpCD and 5 were measured in propylene glycol using a time-
correlated single photon-counting instrument (4., =327 nm).
The fluorescence decays were well fitted by a double
exponential decay function but cannot be fitted by a single
exponential decay function. The values of the fluorescence
lifetimes are given in Table 5. The decay curve for NpCD was
found to have lifetimes of 5.2 ns (93.1%) and 15.3 ns (6.9 %).
This may suggest that the naphthyl moiety is located in two
different environments.??l In the longer lifetime species, the
naphthyl moiety may be included in the hydrophobic CD
cavity while in the shorter lifetime species, which is the
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Table 5. Fluorescence lifetime parameters.[?!
7l [ns] 72 [ns] Ve D.W.
NpCD 52(931%) 153 (6.9%) 116 1.81
6t 1.1 (75.1%) 5.6 (24.9%) 122 1.81
7l 1.2 (69.9%) 5.7 (30.1%) 1.21 1.89
8t 1.3 (65.8%) 59 (342%) 1.26 1.93
mix for 6l 51 (91.9%) 13.3 (8.1%) 1.23 1.78
mix for 7t 52(93.4%) 14.4 (6.6%) 1.14 1.89
mix for 8 49 (922%) 14.0 (7.8%) 116 2.00

[a] Fluorescence decay parameters were measured in polypropylene glycol
at 25°C. 1,,=312 nm; 4., =350 nm. [b] The concentration of polyrotax-
anes 6-8 is 1.8 uM. [c] The mixture solutions of 5 (1.8 pm) and NpCD, each
having the same naphthalene concentration as the corresponding poly-
rotaxane (5.8 puM in mix for 6, 11.5 pm in mix for 7, and 16.7 um in mix for 8).

predominant species, the naphthyl moiety may be located in
the bulk solution.”?! One can expect that the environment
around the naphthalene moiety of the polyrotaxanes is similar
to that of the shorter lifetime species of NpCD (5.2 ns),
meaning that the naphthalene moiety is located outside the
CD cavity and exists in the bulk solution. We actually
observed species with similar lifetimes (7 =5.6-5.9 ns); how-
ever, we also observed species with very short lifetimes (7 =
1.1-1.3 ns), much shorter than 5.2 ns of NpCD. We attribute
the shorter lifetime species of 6—8 to the naphthalene units
quenched by the energy transfer to the anthracene units. In
the mixture solutions, the lifetimes, and the ratio of the
shorter and longer lifetime components are almost the same
as those of NpCD. Energy transfer efficiency (E;) by the
Forster mechanism can be evaluated by the equation: E;=
1 — (¢'/t); where 7 is the lifetime without an acceptor and 7’ is
the lifetime quenched by energy transfer to an acceptor. The
average energy transfer efficiency for short lifetime species
can be estimated by the equation. Based on the fraction of the
lifetime, the percentage of naphthalene acting as the energy
transfer donor over the whole naphthalene content can be
estimated. We use 7=5.2 ns for NpCD as the lifetime without
an acceptor. The evaluated energy transfer efficiencies are
78.8,76.9, and 75.0 % for the short lifetime species of 6, 7, and
8, respectively. The interesting result from the fluorescence
decay measurements is that the ratio of the shorter lifetime
species decreases, and the ratio of the longer lifetime species
increases with the increasing number of naphthalene units. In
6, about 75 % of NpCD acts as an energy donor with an energy
transfer efficiency of about 79 %, while in 8, the content of
NpCD acting as an energy donor decreases to 66 % with an
energy transfer efficiency of 75%. These results support the
idea that increasing the number of the antenna chromophores
may not result in higher energy transfer efficiency in the
antenna system without any energy gradation to the acceptor.
It should be pointed out that the overall mechanism of energy
migration and energy transfer will be very complex and
consequently it is difficult to obtain the overall rate of energy
transfer precisely. What is more, various ranges of distances
between moieties are present in the polyrotaxane, and, in
addition, which naphthalene is initially excited cannot be
ascertained.
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Energy transfer mechanism: The mechanism for singlet—
singlet energy transfer is interpreted in terms of the Forster
mechanism, which involves the long distance dipole —dipole
interaction. The Forster radius (R,), where the energy transfer
efficiency is 50% between naphthalene and anthracene, can
be obtained from Equation 1 where k? is the molecular

R,=8.785 x 10k pn~4] (1)

orientation factor, which is 2/3 in random distribution
between the donor and acceptor, ¢ is the fluorescence
quantum yield of the donor in the absence of an acceptor
(the measured ¢ value of NpCD is 0.158 in polypropylene
glycol), n is the refractive index of the solvent (the value for
propylene glycol is 1.432), and J is the overlap integral
between fluorescence spectrum of donor and the absorption
spectrum of acceptor.

The overlap integral J is given by Equation 2 where Fj, is
the relative fluorescence intensity of the donor normalized on
the wavenumber scale (v), and e,(v) is the excitation
coefficient of the acceptor at the wavenumber.

J=Fp(v)e,(v)vidv ?2)

The R, value was calculated to be 23 A based on the above
equations. From the fluorescence decay measurement, about
75% of the singlet excited state energy of the naphthalene
units in 6 transfers to the anthracene moiety, where the energy
transfer efficiency is about 80%. The rate constant of the
energy transfer k;; in the Forster mechanism is given by
Equation (3), where N is Avogadro’s number, and R is the
distance between the centers of the two dipoles for the donor
and acceptor molecules.

9000(In10)k*4J

= 3
1287°n*NtR°® ®

ET
Based on these equations, the relationship between the
energy transfer efficiency (E;) and distance is defined by
Equation (4).
Er R)\°
5= (%) @
Using this equation, the distance between naphthalene and
anthracene was calculated to be about 19 A when the energy
transfer efficiency is 80 %. To coincide with the data for the
fluorescence decay, about 2.4 NpCD units of the 3.2 NpCD
units in 6 (75 %) should be located 19 A apart from the two
anthracene moieties. Because the length of the PEG chain is
about 150 A in its extended form, 6 may not exist as a straight
structure. Using the above equations, the Forster radius
between naphthalene units is calculated to be about 14 A,
which is twice the length of the a-CD height (7 A). Thus, the
energy migration between the naphthalene units can occur
and facilitate the energy transfer to the anthracene moiety
from the distant naphthalene units. There are fewer total CD
units in 7 and 8 than in 6. So the flexibility of 7 and 8 should be
greater than that of 6. Although energy transfer for the
polyrotaxane with the higher proportion of NpCD units may
be expected to be more easily facilitated, the observed energy
transfer efficiency actually decreased with increasing content
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of NpCD. The energy loss associated with energy transfer to
anthracene may be explained by emission from the naphtha-
lene group during energy migration between the naphthalene
units. Actually, anisotropy measurements showed that the
energy migration in 7 and 8 was more remarkable than that
of 6.

Conclusion

A polyrotaxane series as a light-harvesting antenna model was
constructed, which consists of various ratios of a-CD and
NpCD threaded by a polyethylene glycol chain bearing
anthracene moieties at each end. In this system, the naph-
thalene and anthracene moieties act as energy donor and
energy acceptor, respectively. The energy transfer from the
naphthalene units to the anthracene units was analyzed by
steady state fluorescence excitation and emission spectra and
by fluorescence decay measurements. Glass-matrix anisotro-
py measurements also suggested that energy migration
between naphthalene units occurred. These results indicate
that the antenna effect becomes more marked with increasing
number of NpCD units in the polyrotaxanes. However, the
energy transfer efficiency from naphthalene to anthracene
decreases with increasing number of NpCDs in the poly-
rotaxanes.

Experimental Section

Materials: a-CD was a kind gift from Nihon Shokuhin Kako Co., Ltd.
Poly(oxyethylene)diamine (Approximate MW =2000). (Diamino-PEG)
was purchased from Scientific Polymer Products and was used without
further purification.

Measurements: 'H NMR spectra were recorded on a Varian VXR500S
500 MHz NMR spectrometer. Chemical shifts were referenced to those of
the solvent values (0 =2.62 for DMSO and 4.7 for HOD). The UV/Vis
absorption spectra were recorded on a Shimazu model UV-3100 spec-
trometer using 1 cm quartz cells. Fluorescence spectra were taken on a
Hitachi Fluorescence Photometer F-2500. The fluorescence quantum yields
were determined using quinine sulfate solution in 0.1~ H,SO, (¢,=0.55)
as the standard. Fluorescence and excitation spectra were corrected for the
wavelength dependence of detector sensitivity and the excitation light
source output. The spectra were recorded using a 1cm quartz cell.
Fluorescence lifetimes were measured on a time-correlated single photon
counting fluorometer (Horiba NAES-550). A total of 10000 counts were
collected in the maximum channel. The absorbances of the solutions were
between 0.1 and 0.3 at the excitation wavelength. The fluorescence decay
profile was analyzed by reconvolution of the instrumental response
function and monoexponential or multiexponential decay of the emission
using an iterative nonlinear least squares method. The goodness-of-fit was
assessed using the plots of weighted residuals, reduced x? values, and
Durbin—Watson parameters. The Analytical Division of the Research
Laboratory of Resources Utilization of Tokyo Institute of Technology
performed the elemental analyses.

Synthesis of polypseudorotaxanes 1, 2, 3, and 4: The diamino-PEG (0.037 g,
1.83 x 10> mol) was added into aqueous solutions (2 ml) of A (a-CD;
0.450 g, 4.63 x 10*mol), B (a-CD; 0.360 g, 3.70 x 10*mol, NpCD;
0.107 g, 920 x 107 mol), C (a-CD; 0.180¢g, 1.85x10~*mol, NpCD;
0.322 g, 2.77 x 10~*mol), and D (NpCD; 0.450 g, 3.87 x 10~* mol). White
precipitates were formed in each solution after the addition of diamino-
PEG. The precipitates were centrifuged, collected and then dried in vacuo,
giving 1 (0.40 g, 1.53 x 107> mol, 83.1%), 2 (0.36 g, 1.66 x 107> mol, 90.4 %),
3 (0.375 g, 1.76 x 10> mol, 95.7%), and 4 (0.25 g, 1.69 x 10~> mol, 92.0% )
from solutions A, B, C, and D, respectively. 'H NMR (D,0): 6 =3.40-3.60
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(12H; H-2 and H-4 of a-CD of 1, 2, 3, and 4), 3.65 (s, 73H, 9.2H, 10.2H,
and 16.3H; CH, of Diamino-PEG of 1, 2, 3, and 4, respectively), 3.70—4.00
(18H; H-3, H-5, and H-6 of a-CD of 1, 2, 3, and 4), 4.85-5.05 (6 H; H-1 a-
CD of 1, 2, 3, and 4), 7.70-8.20 (naphthyl peaks of 2, 3, and 4), 8.54 (s,
0.15H, 0.60H, and 1.00H; H-1 of naphthalene of 2, 3, and 4, respectively).
Synthesis of polyrotaxane 5, 6, 7 and 8: 9-Anthraldehyde (15.0 mg, 7.27 x
10> mol) was merged in DMF (30 pum) and then each polypseudorotaxane
1 (0.10 g, 5.33x10°mol), 2 (0.10 g, 5.86 x 10-°mol), 3 (0.10 g, 6.62 x
10-° mol), and 4 (0.10 g, 6.96 x 10-° mol) was added into this DMF solution
individually and kneaded for a few minutes. After standing for 15 h at room
temperature, acetone was poured into each cuvette. The precipitates were
centrifuged, and the supernatant fluids were then removed. This process
was repeated by using acetone (4 x 45 mL) and then water (2 x 45 mL) for
each reactant. The products were then washed with acetone again and dried
in vacuo to obtain yellow powders (5, 6, 7, and 8 from 1, 2, 3, and 4,
respectively). Yield: 5 (40.0 mg, 1.90 x 10° mol, 49.8 %), 6 (23.2 mg, 1.26 x
10 mol, 27.5%), 7 (6.5 mg, 4.63 x 107" mol, 9.9%), 8 (4.2 mg, 3.18 x
107" mol, 4.8%). '"H NMR ([Ds]DMSO): 6=3.00-4.00 (br; H-2, H-3,
H-4, H-5, and H-6 of a-CD of 5, 6, 7, and 8), 6 =3.48-3.52 (br; CH, of
diamino-PEG of 5, 6, 7, and 8), 4.25-4.58 (br; HO-6 of a-CD of 5, 6, 7, and
8),4.60-4.82 (br; H-1 of a-CD of 5, 6, 7, and 8), 5.24-5.66 (br; HO-2, 3 of
a-CD of of §, 6, 7, and 8), 7.57-7.59 (br; anthracene peaks of 5, 6, 7, and 8),
7.68—7.92 (br; naphthalene peaks of 6, 7, and 8), 8.04 —8.26 (br; naphthalene
and anthracene peaks of 5, 6, 7, and 8), 8.56 (br; anthracene peaks of 5, 6, 7,
and 8), 8.60 (s, br; naphthalene peak of 6, 7, and 8), 8.68 (br; anthracene
peaks of 5, 6, 7, and 8); elemental analyses calcd (%) for 5 (CgysH34,0¢16N>):
C 46.25, H 4.47, N 0.13; found: C 46.14, H 6.74, N 0.26; calcd (%) for 6
(Cr18H1169205264N2S3,): C 47.11, H 6.41, N 0.15, S 0.56; found: C 46.87, H
6.70, N 0.24, S 0.53; caled (%) for 7 (Csz0,Hzgsr.403708N2S6.4 - 6 H,O): C 48.38,
H 6.39,N0.20, S 1.45; found: C 48.66, H 6.72, N 0.30, S 1.77; calcd (%) for 8
(Csas8Hg15803436N2S05 - SH,0): C 49.46, H 6.25, N 0.21, S 0.24; found: C
49.71, H 6.55, N 0.27, S 1.74.
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The Energetic and Structural Effects of Steric Crowding in Phosphate and
Dithiophosphinate Complexes of Lanthanide Cations M>*:

A Computational Study

Christian Boehme and Georges Wipff*I?l

Abstract: Metal-ligand  binding
strength and selectivity result from an-
tagonistic metal—ligand M-L attrac-
tions and ligand-ligand L-L repul-
sions. On the basis of quantum-mechan-
ical (QM) calculations on lanthanide
complexes, we show that this interplay
determines the binding affinities in the
gas phase. In the series of [ML;] com-
plexes (M =La, Eu, and Yb) with neg-
atively charged phosphoryl ligands L~ =
(MeO),PO,™ and Me,PS,, the binding
energies follow the order Yb’* > Eu’t >

(MeO),PO, > Me,PS,~ for a given cat-
ion. However, adding a neutral LH
ligand to [ML;] changes the order to
Eu’* > Yb’* > La’** for the oxygen li-
gand and La’**>Eu* >Yb3* for the
sulfur ligand, indicating that steric strain
in the first coordination sphere is largest
for the smallest cation and for sulfur

Keywords: ab initio calculations -
ion separation - lanthanides - mo-
lecular dynamics - phosphoryl li-

binding sites. We investigated the ques-
tion of additional hydration of the
[ML;LH] complexes in aqueous solution
by molecular dynamics (MD) simula-
tions, using two sets of atomic charges. It
was found that pairwise additive poten-
tials overestimate the coordination and
hydration numbers of the cations, while
adding polarization energy terms for the
ligands yields better agreement between
QM and MD results and supports the
concept of steric strain in the first
coordination sphere.

. ) gands

La** for a given ligand, and

Introduction |

—N

Organophosphorus ligands L are of great importance in the Ph BUO o R
field of liquid-liquid extraction of lanthanide and actinide Ph,“}P=o BU O"‘> P=0 \O"’llp//
ions from aqueous solutions.'! The ligands used (see PhH BuO _ o” \
Scheme 1) range from simple monodentate compounds like ) P=0 4 ©
TPPO and TBP to bidentate types like CMPO, phosphates,
and the dithiophosphinic acid Cyanex-301,*7 to complex a b ¢ d
systems like cavitands or the recently developed calixarenes,
8101 which utilize phosphoryl binding groups anchored to a Ph
lipophilic platform. While most ligands used employ oxygen Pha ph/fh{ h P &
as binding site, recently developed compounds like the - P 6P\ R O=R<Ph
aforementioned Cyanex-301 show that sulfur can be a good o
alternative. The fundamental idea is that ligands based on o) i\3 0
sulfur, which is a “soft” base compared to oxygen, HN HNpy © NH
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Scheme 1. Typical phosphoryl-containing ligands:
¢) CMPO, d) alkylphosphates, ¢) CYANEX-301, f) CMPO - calixarene.

a) TPPO, b) TBP,
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may not yield binding energies as high as oxygen-based
ligands, but may be more selective regarding cations of
different size and “hardness”.["-13]

The great number of possible candidates makes choosing
the right ligands for synthesis and testing them in the liquid —
liquid extraction of lanthanides and actinides very difficult.
Experimental results can serve as a guideline, but a more
general understanding of the different factors involved is
desirable. Quantum-mechanical (QM) and classical force-
field (molecular mechanics, MM, and molecular dynamics,
MD) calculations are an important source of information on
these factors. Our group has undertaken QM studies of
lanthanide complexes of organophosphorus ligands with both
oxygen and sulfur as binding sites.l'%?° The results show that
oxygen binding sites generally yield higher binding energies
than sulfur binding sites. One of the most interesting realiza-
tions from these studies, however, is that the effects of steric
repulsion in the first coordination shell of the metal cation on
the ligands’ cation selectivity can be stronger than all other
effects, including the electronic influence of the organic
substituents of the phosphorus atom. An important issue is
the relation between cation coordination number (CN) and
ligand binding strength and selectivity. For instance, the
[Me,PS,] " ligand interacts more strongly with Yb** than with
Eu’* in 1:1 complexes, as expected from the relative cation
sizes and hardnesses. This trend is followed up to a 1:3 [ML;]
stoichiometry. However, adding a fourth ligand is more
favorable for Eu** than for Yb**. We attributed this reversal
to steric repulsions within the first coordination sphere.'2
We notice that the resulting CN of 8 is the commonly
observed value for Yb’* (e.g. with water or acetonitrile
ligands), and lower than the usual CN of 9 for Eu*t.!
However, variations of the CN are observed for a given metal
as a function of the charge and size of its ligands or
coordinated counterions. Generally bidentate ligands yield
higher CNs than monodentate ones. Solid-state structures
with up to four bidentate R,PS,” ligands are common for
lanthanide cations (see discussion in ref. [20]), while up to five
NO;~ anions can be found around Eu®*.”?l The energetic
features of such an accumulation of negative charges around
the cation remain to be investigated.

In this study we want to compare the quantum-mechanical
(QM) binding energies and cation selectivities of the hard
phosphate ligand [(MeO),PO,]~ (denoted P~) with those of
the softer dithiophosphinate ligand [Me,PS,]|~ (denoted TP,
both ligands are referred to as L-, see Scheme 2). The per-
ligand binding energies in the [ML;] (M** =La**, Eu**, Yb**,

Nocb_se , (3. 2
M3+ PR —LL O: ~
+ 3 )/ le} 0 P\ M

o | YA

S\ 3AE /S“
M+ 3 P =5 =R M

S s7/5

(VEASE I L S Y

Scheme 2. Definition of ligand binding energies AE.
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Scheme 2) complexes are dominated by the high binding
energy of the first ligand and therefore measure the strength
of the electronic and coulombic interactions between ligand
and cation and how these interactions influence the cation
selectivity of L-. The three chosen lanthanide cations,
lanthanum(ur), europium(ii), and ytterbium(r) represent
cations of different size and hardness, La*" being the largest
and softest, Yb3* the smallest and hardest cation. One
protonated ligand LH ((MeO),POOH, denoted PH, or
Me,PSSH, denoted TPH) is added to the [ML;] complexes,
forming complexes of the type [ML;LH] (Scheme 2). The
resulting interaction energy is strongly influenced by steric
effects. Furthermore the protonated ligand has one stronger
binding site (the unprotonated oxygen or sulfur atom) and
one weaker binding site (the protonated oxygen or sulfur
atom). It is of interest whether the weaker site will also form a
bond to the metal cation, that is, whether the steric repulsion
in the first coordination sphere is weaker than the possible
bond. The choice of LH to test the steric effects relates to the
liquid-liquid extraction process of lanthanide cations by
hydrophobic LH ligands, where three of them exchange their
proton with an extracted metal, forming the [ML;] com-
plex.> 7 From a mechanistic point of view, we suggested that
LH accumulates at the “oil” —water interface where complex-
ation takes place.”?! The complex thus forms in a liquid
medium where LH is concentrated and may additionally bind
to the neutral [ML;] complex, stripping coordinated water
molecules and thus facilitating its extraction into the “oil”
phase. The binding of LH to ML; also mimics the synergistic
effects of neutral phosphorylated ligands like TBP.[")

In order to test whether the [ML;LH] complexes are
hydrophobic enough to be extracted, or whether they still
display a large affinity for water in the first coordination
sphere of the metal, it would be desirable similarly to add
water molecules and fully optimize the [ML;LH(H,O),]
“supermolecules” until saturation is reached. This super-
molecule approach requires computer means beyond our
presently available resources and is not yet sufficient to
account for solvent dynamics. We therefore address the
question of hydration of [ML;LH] using MD simulations in a
box of explicitly represented water molecules. This requires a
simplified ball-and-stick representation of the system, with
fixed atomic charges and “atom sizes”. Thus, electronic
reorganization (charge transfer and polarization effects) upon
coordination is not represented. On the other hand, the
simplified approach allows us to replace the methyl and
methoxy substituents by the more realistic substituents phenyl

P WO S a4l ™ Q"
. _0_4E __ (oo .
Mo+ //P\O O—F’\ ,M\\ ¢P\\O/
o/ o ! b0, O 0
S H’S\ AE /S“ S\_H

:M + //P/ —85 >P\ :M\\S//p\

S5 s 5/;

MLs + Ly —4E o ML;LH
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and phenoxy. From a methodological point of view, it is also
important to test whether QM and MD approaches yield the
same trends concerning water coordination to [ML;LH].
Beyond the field of ion extraction, this is crucial for
simulations related to photophysical aspects and relaxation
time of coordinated water.?*?" Thus, in the second part of the
paper, we report MD results of [ML;LH] complexes in water
with the aim of determining the number of additional water
molecules as a function of the cation size, nature of the
ligands, and resulting steric crowding in the first coordination
sphere.

Computational Methods

The quantum-mechanical studies were performed with the package
Gaussian98.8! The compounds studied were fully optimized at the
Hartree — Fock level of theory. On oxygen, sulfur, phosphorus, and carbon,
the Dunning-Huzinaga double-zeta-plus polarization basis sets were
used.l?”! A basis set of the same type without polarization function was used
on hydrogen. A quasirelativistic ECP of the Stuttgart group was used on the
lanthanides, together with the affiliated (5/4/3) valence basis,* 3!l to which
one f-function with an exponent optimized by Frenking et al. was added.*
The suitability of this approach, which does not include the effects of
electron correlation, for the studied compound types has been discussed in
our previous works.[1 18-20]

The simulations of the [ML;LH] complexes in the gas phase and in water
were performed with AMBER4.1 software.” The potential energy
function U includes bond, angle, and dihedral terms and pairwise additive
1-6-12 (electrostatic and van der Waals) interactions of the Lennard-Jones
type between non-bonded atoms [Eq. (1)].

U =Zionas Ki(r — req)2 + EangltsKg(G — geq)z
+ Zginedralszn V(1 + cosne)

+ X[/ Ry — 2R IR)® + ey(R}/IR;)"?] 1)

u
Atom types are given in Figure S1 (Supporting Information). The
corresponding parameters were taken from the AMBER force field(!
where the size of atoms and cations depends on the parameters R*, . The
cation parameters (R, =2.105; Ry, =1852; R%, =1.656 A; &,=0.06;
epa=0.05; ey, =0.04 kcalmol™!), fitted from free energies of hydration,
are from ref. [35]. Two sets of atomic charges were used for the electrostatic
interactions. The first one (MK) uses the Merz - Kollman atomic charges
derived from our QM calculations on the isolated L~ and LH ligands in
conjunction with a +3 charge on the cations (Figure S1). The second set
uses Mulliken charges on the [ML;LH] complexes, thus somewhat taking
into account the electronic redistribution in the complex. They are given in
Table S1. The water molecules were represented explicitly by means of the
TIP3P model.l The non-bonding interactions were calculated with a
residue-based cutoff of 12 A. Some
simulations (MK+pol) were repeated
including polarization effects, with the
procedure described in ref. [37] and

and at constant volume. In order to keep the complex as hydrophobic and
tight as possible, we constrained the seven M—S and M—O distances at the
average equilibrium values after minimization in water, with a restraining
potential of 10 kcalmol~'. No constraint was applied to the M—SH and
M-OH distances.

The results were analyzed with MDS and DRAW.® %l The hydration
numbers of the complexed cations were obtained by integration of the
ion— O, radial distribution functions (RDFs), skipping the first 30 ps of
the trajectories.

Results and Discussion

1. QM results for the [ML;] and [ML;LH] complexes in the
gas phase

1.1. The QM-derived geometries of the complexes: The
structures of the calculated complexes can be seen in Table 1
and Figure 1 ([ML;]-type complexes) and 2 ([ML;LH]-type
complexes). In all [ML;] complexes, the MS, and MO
moieties are of approximately D; symmetry where the
phosphorus atoms form a planar triangle around the metal
cation with the oxygen and sulfur atoms in turn above and
below this plane. Interestingly the dithiophosphinate (TP~)
complexes have identical M—S distances, while the phosphate
(P~) complexes are less regular, with M—O bond-length
differences of up to 0.032 A, related to the asymmetrical
arrangement of the O—methyl groups and induced stereo-
electronic effects.*] We did not systematically explore the
different orientations of these groups, but the corresponding
energy changes are expected to be small compared with the
metal —ligand binding energies AE.

The addition of a protonated LH ligand leads to different
structure types. In all cases most of the bonds of the ligands L~
are elongated because the new ligand LH competes with them
as a donor, and enhances repulsions in the first coordination
shell. In the case of the LaP;PH complex only, the PH ligand is
bidentate and forms two comparatively long coordinate bonds
to the metal. As the protonated oxygen is only a weak donor,
the binding energy of PH to the LaP; complex should be low
(vide infra). Nevertheless, the repulsion between the oxygen
atoms in the first coordination sphere of the lanthanum cation
is still not high enough to compete with the metal-ligand
attractions. This contrasts with all other complexes studied, in

Table 1. QM-optimized [ML;] and [ML,LH] complexes: M- X distances in A (M = La, Eu, Yb; X = O, S binding

the Applequist atomic polarizabilities sites).
(ac=088, ay=013, ap=046, as=  Complex"! M-Xl1 M-X1' M-X2 M-X2' M-X3 M-X3 M-X4 M-X4'
170, ap = 1.90 A%).5%)
Euch complex was energy-minimized 2P 2483 2.491 2513 2.508 2,510 2518
e i e [EUP 2376 2383 2,407 2.400 2.406 2.408

: S [YbP,] 2279 2284 2311 2302 2309 2309
center of a cubic box of about 30A 7, p ppy) 2.603 2521 2.563 2.545 2512 2587 2.699 2.891
length, containing about 1000 water g, p pyy) 2432 2438 2.458 2.429 2431 2.561 2371 4092
molecules, simulated with 3D periodic vy p pyy) 2393 2310 2356 2435 2331 2350 2082 4022
boundary conditions. After 10000 |y ,p 3.024 3.024 3.024 3.024 3.024 3.024
steps of energy minimization, S0ps of | 1p 2.914 2914 2914 2.914 2914 2914
MD  were performed, keeping the  \yypp 2818 2818 2818 2818 2818 2818
complex frozen (BELLY option of 1y 1ppy 3099 3.029 3.078 3.046 3.054 3112 3.226 5037
AMBER). Then a free MD was run g 1p 1py) 3011 2.909 2.983 2.948 2.959 3.022 3121 4.965
for 250 ps (calculations without polar- v rp rpp] 2946 2.808 2.906 2.868 2.880 2.944 3.020 4.864

ization) or 150ps (calculations
MK-+pol with polarization) at 300 K

1400

[a] P~ = (CH,0),POO-, TP~ = (CH,),PSS .
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Figure 1. QM-optimized structures of the [ML;] complexes, with M =La
(top), Eu (middle), and Yb (bottom) and L~ =P~ (left) and TP~ (right).

which the LH ligand is monodentate, bound by the unpro-
tonated oxygen or sulfur atom, because of enhanced ligand —
ligand repulsions. These repulsions are higher with the smaller
cations or/and the larger binding atoms. One should note that
the one M—O, ;; bond formed is shorter than the other M—O
bonds in the case of the phosphate [EuP;PH] and [YbP;PH]
complexes where PH is monodentate, but longer in [LaP;PH]
where LH is bidentate. In the three dithiophosphinate
[MTP,;TPH] complexes, where TPH is also monodentate,
the M—S;  bond is longer than the M—S; bonds. There is thus
no simple relationship between the charge of the coordinated
ligand and the corresponding distances to the metal.

In the phosphate complexes [EuP;PH] and [YbP;PH], the
proton attached to the oxygen atom in the ligand PH forms a
weak hydrogen bond to a coordinated oxygen of a neighbor-
ing ligand P~. That a noticeable interaction does indeed occur
can be seen firstly from the O---H distances (1.751 A and
1.784 A, respectively). Secondly, the M—O bonds formed by
the proton-acceptor oxygen atoms are elongated by about
0.1 A in EuP;PH and by about 0.04 A in YbP;PH compared
with the non-hydrogen-bonded M—O bond. No such inter-
action can be found in the corresponding dithiophosphinate
complexes, probably owing to the poorer ability of sulfur
atoms to form hydrogen bonds and less favorable arrange-
ment of the ligands.

Chem. Eur. J. 2001, 7, No. 7
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Figure 2. QM-optimized structures of the [ML;LH] complexes, with M =
La (top), Eu (middle), and Yb (bottom) and L= =P~ (left) and TP~ (right).

1.2. The QM-derived binding energies of the complexes: The
relevant energy data for the complexes studied can be found
in Table 2. Definitions for AE can be found in Scheme 2. The
high AE values per ligand (>300 kcalmol™') of the [ML;]
complexes are dominated by the coulombic attraction be-
tween the positively charged metal cation and the negatively
charged ligand. The further influences are size and hardness
of the metal cations and the ligands’ binding sites. Both the
dithiophosphinate ligand TP~ and the phosphate ligand P~
“prefer” the smaller and harder cations; in other words, the
binding energies rise in the order La*" < Eu** < Yb**. This
Yb/La preference is somewhat higher in the case of the hard
phosphate ligand (—32.9 vs —29.5 kcalmol™"), but the differ-
ence from the presumably soft sulfur ligand is small.

The picture gets much more complicated for the addition of
the neutral LH ligand. In the case of the phosphate ligand PH
the binding energy rises from La3* to Eu** but then falls for
Yb** (see AAE,, Table2), making the order of cation
selectivity La’* < Yb** < Eu**. This change may be ascribed
to steric crowding, that is, to the repulsion between the
binding sites in the first coordination sphere of the metal
cations. If we assume that the La/Yb cation selectivity is
comparable for the PH and P~ ligands (as is the La/Eu
selectivity), the difference AAE in per-ligand binding energies

0947-6539/01/0707-1401 $ 17.50+.50/0 1401
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Table 2. Reaction energies AE [kcalmol™'] in the gas phase from QM
calculations (see definitions in Scheme 2). AAE; are the differences
between AE’s as a function of M for a given ligand. AAE,, are the
differences between sulfur- and oxygen-containing ligands for a given
metal.

Complexesl? AE AAE, AAE,,
[LaP;] ~320.0 0.0 0.0
[EuPs] ~336.4 ~16.4 0.0
[YbP,] ~352.9 -329 0.0
[LaP,PH] 218 0.0 0.0
[EuP,PH] ~35.0 132 0.0
[YbP.PH] ~306 -88 0.0
[LaTP;] ~306.3 0.0 +137
[EuTP;] 3214 —151 +15.0
[YOTP;] ~3358 ~295 1171
[LaTP,TPH] —49 0.0 +16.9
[EuTP,TPH] ~1.0 +3.9 +340
[YbTP,TPH] +4.0 +89 +346
[a] See Table 1.

AE between LaP;PH and YbP;PH should be about the same
as between LaP; and YbP;, about 30 kcal mol~. It is, however,
only about 10 kcal mol~!; this means that steric repulsions are
roughly 20 kcalmol~! larger in YbP;PH than in LaP;PH.

In the dithiophosphinate complexes the same effect leads to
a reversal of the metal cation selectivity; the binding energies
of the TPH ligand rise from the smallest to the largest cation,
Yb** < Eu** < La’*. By the same argument as in the case of
the phosphate complexes, the strength of the steric effect can
be estimated to be about 20 kcalmol~! in [EuTP;TPH] and
about 40 kcalmol~! in [YbTP;TPH], much higher than in the
corresponding phosphate complexes. In [YbTP,;TPH] it is
high enough to make the TPH-Yb bond endothermic. The
estimated strength of steric effects of 20 kcalmol! for
[EuTP;TPH] is also obtained if one assumes that the energy
gain AAE from [LaTP;TPH] to [EuTP,;TPH] is about the
same as from [LaP;PH] to [EuP;PH] (as is true for the
corresponding [ML;] complexes), about 15 kcalmol~. Instead
there is a binding energy loss of about 5 kcalmol~!, which
again hints at an approximate steric repulsion of about
20 kcalmol~%

2. Molecular dynamics investigations of the 1:4 complexes in
the gas phase and in aqueous solution: In order to obtain more
information on the role of the steric strain in the first shell of
the lanthanide ions, we tried to determine the number of
additional water molecules that can coordinate to the neutral

1:4 ML;LH complexes in aqueous solution. Here, the ligands
are modeled with phenyl substituents—as used in the more
hydrophobic ligands of Modolo et al.’l—instead of methyl
substituents. Simulations were performed with three different
representations of the electrostatic interactions. The first two
(?) and (ii) are standard and use coulombic interactions only
(1-6-12 potentials), while the third (iif) includes an additional
polarization energy contribution. Model (i) uses the Merz—
Kollman (MK) charges on the ligands, in conjunction with a
+3 charge on the cation. This simple model, which assumes
the transferability of atomic charges from one cation to the
other, and from uncomplexed ligands to complexed ones, is
widely used to simulate ion complexation in solution.
Simulations (if) use the Mulliken atomic charges, derived
from the QM optimizations on the [ML;LH] complexes. They
thus vary from one system to the other, and to some extent
reflect the electronic reorganization that takes place upon
complexation: electron transfer from the ligands to the cation,
and polarization of the ligand by other species (mostly the
cation). The set (iii) of simulations (MK+pol), performed on
selected systems, uses the MK charges on the ligands and a +3
cation, plus a polarization energy term for the atoms of the
ligands. As shown in a recent study in acetonitrile solution,
such a polarization correction leads to lower coordination
numbers compared with those obtained with the 1-6-12
potentials only, and is also in better agreement with experi-
ment.[*]

We started with a molecular mechanics (MM) optimization
of the [ML;LH] complexes. The MK and Mulliken charges led
to nearly identical structures where all L~ and LH ligands are
bound to the metal. Table 3 shows that the M —L distances are
shorter than in the QM structures, indicating that some
van der Waals R* are somewhat too small, and/or that metal —
ligand attractions are exaggerated with AMBER. The differ-
ences are larger than 0.2 A in some cases, but considering the
simplicity of the potentials used and that the ligands in the
MD simulations are phenyl-substituted, while they are
methyl-substituted in the QM calculations, the quality of the
AMBER results is satisfactory. We notice that the cation size,
fitted in an aqueous environment,! may be less appropriate
for ligands other than water.[*?]

During the MD simulations in the gas phase, the neutral LH
ligands remained coordinated to the metal. One exception
concerns the MK+pol results for the [EuTP,TPH] and
[YObTP,;TPH] systems, in which TPH spontaneously dissoci-
ated. Such dissociation is consistent with the QM results
according to which the binding energy of LH is nearly zero or

Table 3. M—X distances in A (M =La, Eu, Yb; X =0, S binding sites) from the unconstrained AMBER MM optimizations with MK charges in the gas

phase. Number of coordinated water molecules (CN,,) from the MD simulations in water, with MK (CN, ) and Mulliken (CNj,;,) charges.

Complex! M-X1 M-X1' M-X2 M-X2' M-X3 M-X3 M-X4 M-X4' CN,ik CN,
[LaP,PH] 2.53 2.54 2.53 2.55 251 2.66 2.52 413 3.1 25
[EuP,PH] 233 232 232 233 232 236 231 439 3.0 18
[YbP,PH] 2.15 2.16 2.16 217 2.17 220 2.15 427 2.0 1.0
[LaTP,TPH] 2.82 278 2.83 2.83 2.81 2.80 2.97 332 29 2.0
[EuTP,TPH] 2.65 2.59 2.66 2.67 2.64 2.64 2.79 3.55 24 L5
[YbTP,TPH] 2.52 249 245 2.50 246 2.52 2.83 535 2.0 1.0

[a] See Table 1.
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Figure 3. [ML,;LH] complexes, MD simulated in water (using MK charges and constrained M—S or M—O binding distances). Snapshots with selected water
molecules, with M =La (left), Eu (middle), and Yb (right) and L~ =P~ (top) and TP~ (bottom). Note that the ligands bear phenyl rather than methyl

substituents.

positive in these complexes, but negative in all others. It also
supports the thesis of the greatest steric crowding with the
smallest cation and with the sulfur-containing ligands. The
absence of ligand dissociation in the standard simulations (i)
and (if) is also indicative of exaggerated metal—ligand
attractions and/or underestimated ligand —ligand repulsions
compared with the QM or MK+pol results.

The gas-phase minimized structures were immersed in
water and energy-minimized with the MK and Mulliken
charges. All L~ ligands remained bidentate, while all proton-
ated LH ligands remained monodentate. The M— O and M-S
distances were similar to those obtained in the gas phase
(Table 3). However, during a free MD simulation, some of
them dissociated or became monodentate. Thus, in order to
retain the original coordination of the four ligands, MD in
water (vide infra) was carried out, unless otherwise specified,
constraining the seven cation-ligand bond distances to their
average MM minimized ones.

2.1. MD simulations with Merz—Kollman charges and +3
cation: During the dynamics simulations in water, all com-

Chem. Eur. J. 2001, 7, No. 7
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plexes coordinated additional water molecules. Selected
snapshots are shown in Figure 3. It is seen that the water
molecules coordinating to the cations stay close together and
two microphases of water and partially hydrophobic ligands
are formed around the cation, thereby building an asymmetric
environment around it. Without rearrangement of the ligands,
no water coordination takes place, as is revealed by the MD
simulations with a frozen solute (BELLY option in AMBER).

No internal hydrogen bonds between the ligand proton and
the remaining ligand binding sites are formed, in contrast to
the gas-phase QM results. Instead of this, second-shell water
molecules form hydrogen bonds to these sites (also visible in
the snapshots).*l As we see from the RDF results (Table 3
and Figure 4), the steric crowding found in the QM calcu-
lations is not strong enough to completely hinder water
coordination in the molecules studied, including
[YOTP,TPH], for which the QM binding energies already
indicated oversaturation. The reason for this may be the
compact size and high polarity of the water molecule, as well
as the inadequacy of pairwise additive 1-6-12 potentials used.
However, some of the results still support the thesis of the
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Figure 4. M—O,,.. RDFs (unbroken line) and its integral, the coordination
number CN (dotted line; the ordinate gives the CN) of the [ML;LH]
complexes. Simulations in water with the MK charges (left) and MK+pol
model (right). Top: La complexes; bottom: Yb complexes.

importance of steric strain for the lanthanide cation coordi-
nation. With the dithiophosphinate ligand, the number of
coordinated water molecules gradually falls from
[LaTP;TPH] to [YbTP;TPH]. With the phosphate ligand,
on the other hand, the water coordination number in
[LaP;PH] and [EuP;PH] is about the same, but it gets smaller
in [YbP;PH]. This supports our analysis of the QM energies,
which show that steric strain with the dithiophosphinate
ligand starts to become important in the Eu** complex, while
for the phosphate ligand only the complex with the small Yb3*
cation shows this effect. Yet it is still surprising that both Yb**
complexes coordinate two water molecules, while the QM
energies indicated much more steric strain in [YbTP;TPH]
than in [YbP;PH].

2.2 MD simulations with Mulliken charges as mimics of
charge transfer and polarization effects: The reported discrep-
ancies led us to test another set of atomic charges. It would
indeed be desirable to use atomic charges that take into
account charge transfer and polarization effects, as accounted

for by the QM calculations on the [ML;LH] complexes. As
explained, this can be partially achieved by the use of charges
derived independently for each complex. As charges fitted
from electrostatic potentials using different fitting procedures
may lead to chemically meaningless results,*’! we decided to
use the Mulliken charges as in ref. [15, 46]. As seen in
Table S1, the metal charge ranges from 1.51 to 1.76¢ in the
[MP;PH] complexes, and from 128 to 1.34e in the
[MTP;TPH] complexes, the charge transfer from the ligands
being generally most pronounced with the hardest cation,
Yb**. The polarizations of the coordinated O°—P%+ and
So~—P%+ bonds also differ markedly (about O~**—P*!8 and
S-05—P%5) and vary with the metal.

The results for the RDF of water oxygen atoms around the
lanthanide cations can be found in Table 3 and Figure 4. The
most important outcome is that the problem of water addition
to the complexes, which are sterically saturated according to
the QM calculations, is still unresolved. While the water
coordination numbers CN,, ranging from 2.5 to 1.0, are
somewhat smaller with the Mulliken charges, there still is at
least one water molecule coordinated to all complexes,
including [YbTP;TPH], which is already oversaturated in
the QM calculations. Furthermore, as with the MK charges, no
difference is found for the water coordination of [YbTP;TPH]
and [YbP,;PH]. Therefore, one has to conclude that this
approximate representation of electron reorganization effects
in the MD simulations does not lead to a better agreement
with the QM results.

2.3 MD simulations with MK charges and an explicit polar-
ization energy contribution: The other effect not yet consid-
ered that may influence the coordination numbers of the
lanthanide cations is the ligand polarization. The high cationic
charge is expected to markedly polarize the coordinated
ligands. This increases the ligand —ligand repulsions, thereby
lowering the coordination numbers compared with unpolar-
ized models.*) Therefore, polarization of the solute ligand
atoms has been included in some MD simulations. With the
MK+pol model, the tendency of the ligands to become
monodentate or to totally to dissociate is found to be smaller
than in the simulations without polarization. Such a trend has
been observed with perchlorate or triflate counterions in
solution.[*l Because of this, we have listed the results of both
unconstrained and constrained calculations in Table 4. The
most important outcome is that no water coordination occurs
in the [YbP;PH] and [YbTP;TPH] complexes (Figure 4). On
the other hand, water does add to the lanthanum complexes;

Table 4. Complexes simulated by MD in water (MK+pol model). Unconstrained M—X distances in A (M =La, Eu, Yb; X =0, S binding sites). Number of
coordinated water molecules (CN,,) from the unconstrained simulations (CN,,y¢) and from the simulations with distance constraints (CN,,¢).

Complexl?! M-X1 M-X1' M-X2 M-X2' M-X3 M-X3 M-X4 M-X4 CNyue CN,c
[LaPs] 2.66 2.54 2.49 3.71 2.47 423 5.1 3.8
[LaP;PH] 2.54 2.54 2.49 4.69 2.44 4.46 2.54 4.76 45 2.0
[YbP;PH] 213 213 212 2.14 213 2.14 2.16 4.11 0.1

[LaTP;] 2.85 2.84 2.82 2.84 2.84 2.85 3.0 3.0
[YbTP;] 2.36 2.36 2.36 2.36 2.36 2.36 0.0

[YbTP;TPH] 2.36 2.35 2.36 2.36 2.36 2.36 10.48 12.34 0.0 0.0

[a] See Table 1.

1404

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

0947-6539/01/0707-1404 $ 17.50+.50/0

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





Phosphates and Dithiophosphinates

1398-1407

this confirms the trend of increasing steric strain in the first
shell from lanthanum to ytterbium found in the QM
calculations. The resulting coordination number is 9 (MK+pol
model), instead of 10 with MK charges. As is the case for
simulations without polarization, the water addition to
lanthanum does lead to the formation of an asymmetric
environment around the metal (Figure 5).

Figure 5. [LaP;PH] (top) and [YbTP;TPH] (bottom) complexes simulated
in water using the MK+pol model and constrained M—S or M—O binding
distances.

In the QM calculations, the impact of the different binding-
site sizes of the PH and TPH ligands is clearly visible. The MD
calculations in water with included polarization show the
importance of this difference as well. The best example for
this is again the difference between the [YbP;PH] and
[YbTP;TPH] complexes. In the free MD simulations of these
complexes the neutral ligand does dissociate in the case of
[YOTP;TPH], where the QM calculation showed that this
dissociation is exothermic. On the other hand, in the case of
[YbP,PH], the neutral ligand remains bonded to the metal,
also in agreement with the QM result. This confirms the
importance of the first-shell steric strain caused by the larger

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

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

sulfur binding sites of the TP~ and TPH ligands compared
with oxygen in P~ and PH for the coordination numbers of the
lanthanides.

Conclusion

Two bidentate ligands, one, phosphate, with oxygen atoms as
binding sites, the other, dithiophosphinate, with sulfur atoms
as binding sites, were compared regarding their ability to form
complexes with lanthanide(i11) cations, their selectivity for the
different cations, and the influence they have on the
coordination number in these complexes. In order to study
complementary aspects of this problem, we chose to use two
different approaches, quantum-mechanical (QM) calculations
for model compounds in the gas phase, and simulations with
known ligands in the gas phase and in water using molecular
dynamics (MD) based on a force-field (FF) energy potential.

As expected from previous studies by our group!’®2% the
QM calculations show that the hard phosphate ligand
generally forms stronger complexes than the softer dithio-
phosphinate ligand, independent of the hardness of the
lanthanide cation. Furthermore, as long as there is still
enough space left around the cation, both ligands prefer the
smaller harder cations over the larger ones, that is, the order
of selectivity is La’* < Eu*" < Yb**. This means that in [ML;]
complexes hard-soft effects do not seem to be of great
importance for the lanthanide ion selectivity of the two
ligands studied. Nevertheless, additional neutral ligands,
which coordinate to the cation, display different affinities:
La’** < Yb* < Eu®* for the phosphate complexes and Yb** <
Eu** < La3* for the dithiophosphinate complexes. The QM
results indicate that this is a consequence of steric strain in the
first coordination shell of the cations, a very basic concept
which is still almost always neglected in the process of
choosing ligands for lanthanide(it1) or actinide(i) cations. An
analysis of the QM energies suggests that the effect of this
steric strain could be as high as 40 kcalmol .

It is conceivable that one could use the steric strain in the
first shell to avoid unwanted water coordination in solution. In
order to test this we carried out MD simulations of the 1:4
complexes in water. However, while the influence of the
different binding sites and cation sizes is perceivable in the
standard MD calculations as well, it seems to be smaller than
in the QM calculations. In particular, in no case was complete
hindrance of water coordination achieved. It appears that the
steric strain in the first shell cannot be reproduced in MD
simulations without the inclusion of polarization effects. An
approximate inclusion of electronic rearrangements by means
of QM Mulliken charges derived for the full complex only
leads to a marginal improvement of the MD vs QM agree-
ment. However, if polarization is included in the MD
simulations, the agreement is significantly improved and
[YbPsPH] and [YbTP;TPH] do indeed show no more water
coordination (whether or not the ligands are constrained),
which makes them good candidates for extraction to an
organic phase. In the simulations with polarization the impact
of steric strain is also visible in the different coordination
numbers found for the oxygen- and the sulfur-based ligands, a
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result that confirms the different behavior of the binding
energies for these two ligand types found in the QM
calculations of the complexes with neutral ligands.

Generally, steric effects are thought of as resulting from the
size of the atoms or groups of atoms. It is noteworthy that in
the MD simulations (i) to (iif), the size of a given ion and of a
given ligand, as determined by the R* and & van der Waals
parameters, remains constant. The contrasting results ob-
tained with the different electrostatic models point to the
electrostatic origin of the steric strain in the first coordination
shell containing negatively charged ligands or atoms. Of
course, in the QM approach, electrostatic and steric effects
cannot be separated, as the electron cloud is generally larger
for anionic binding sites than for neutral analogues, and larger
for sulfur than for oxygen atoms.

Further studies will show whether the effect of blocking
water from coordination sites at the metal can be enhanced by
combining the first-shell steric strain discussed here with
stronger second-shell hydrophobicity, for example by adding
additional TBP ligands or large hydrophobic anions, such as
are often successfully used in lanthanide/actinide extraction.
A related important facet is the alteration of ion extraction
efficiency and selectivity by synergistic neutral ligands (e.g.
replacing LH by TBP or related derivatives).

From a methodological point of view, our comparison of
coordination numbers in vacuo and in an aqueous environ-
ment shows that pairwise additive potentials may overesti-
mate the water coordination to complexes with highly
charged cations and that addition of polarization energy
terms leads to more satisfactory hydration numbers.*’] This is
of particular relevance in the modeling of MRI contrast
reagents?! and of luminescent complexes.”! We also notice
that steric strain may be modeled by force-field methods
based on a covalent representation of M—L bonds, in
conjunction with non-bonded repulsions between the ligand
binding sites.[*s-52]
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Structural Effects on the OH -Promoted Fragmentation of
Methoxy-Substituted 1-Arylalkanol Radical Cations in Aqueous Solution:
The Role of Oxygen Acidity

Enrico Baciocchi,*!*! Massimo Bietti,*["! Maria Francesca Gerini,'‘! Laura Manduchi,!!
Michela Salamone,”! and Steen Steenken*!4!

Abstract: A kinetic and product study
of the OH -induced decay in H,O of the
radical cations generated from some di-
and tri-methoxy-substituted 1-arylalka-
nols (ArCH(OH)R ") and 2- and 3-(3,4-
dimethoxyphenyl)alkanols has been car-
ried out by using pulse- and y-radiolysis
techniques. In the 1-arylalkanol system,
the radical cation 3,4-(MeO),C,H;CH,-
OH"* decay at a rate more than two
orders of magnitude higher than that of
its methyl ether; this indicates the key
role of the side-chain OH group in the
decay process (oxygen acidity). How-
ever, quite a large deuterium kinetic
isotope effect (3.7) is present for this
radical cation compared with its a-
dideuterated counterpart. A mechanism
is suggested in which a fast OH depro-
tonation leads to a radical zwitterion
which then undergoes a rate-determin-
ing 1,2-H shift, coupled to a side-chain-
to-ring intramolecular electron transfer
(ET) step. This concept also attributes
an important role to the energy barrier

for this ET, which should depend on the
stability of the positive charge in the ring
and, hence, on the number and position
of methoxy groups. On a similar exper-
imental basis, the same mechanism is
suggested for 2,5-(MeO),C,H;CH,OH*
as for 3,4-(MeO),CH;CH,OH'*, in
which some contribution from direct
C—H deprotonation (carbon acidity) is
possible. In fact, the latter process
dominates the decay of the trimethoxyl-
ated system 24,5-(MeO),C,H,CH,-
OH"*, which, accordingly, reacts with
OH~ at the same rate as that of its
methyl ether. Thus, a shift from oxygen
to carbon acidity is observed as the
positive charge is increasingly stabilized
in the ring; this is attributed to a
corresponding increase in the energy
barrier for the intramolecular ET. When

alcohols
pulse

Keywords:
electron
radiolysis -

acidity
transfer
radical ions
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R =1Bu, the OH -promoted decay of
the radical cation ArCH(OH)R* leads
to products of C—C bond cleavage. With
both Ar=3,4- and 2,5-dimethoxyphenyl
the reactivity is three orders of magni-
tude higher than that of the correspond-
ing cumyl alcohol radical cations; this
suggests a mechanism in which a key
role is played by the oxygen acidity as
well as by the strength of the scissile
C—C bond: a radical zwitterion is
formed which undergoes a rate-deter-
mining C—C bond cleavage, coupled
with the intramolecular ET. Finally,
oxygen acidity also determines the re-
activity of the radical cations of 2-(3,4-
dimethoxyphenyl)ethanol and 3-(3,4-di-
methoxyphenyl)propanol. In the former
the decay involves C—C bond cleavage,
in the latter it leads to 3-(3,4-dimethoxy-
phenyl)propanal. In both cases no prod-
ucts of C—H deprotonation were ob-
served. Possible mechanisms, again in-
volving the initial formation of a radical
zwitterion, are discussed.
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Recently, we found convincing evidence that the OH™-
promoted decay of the 4-methoxybenzyl alcohol radical
cation to the a-hydroxy-4-methoxybenzyl radical does not
involve the expected C,—H deprotonation (carbon acidity),
but is initiated by deprotonation at the alcoholic OH group
(oxygen acidity).[" 2 The mechanism reported in Scheme 1
(R=H) was suggested, in which the radical cation and the
OH-~ first form an encounter complex, which is then O—H
deprotonated to produce a benzyloxyl radical, presumably
through a radical zwitterion (paths b and c).

The benzyloxyl radical undergoes a formal 1,2-H atom shift
(from here on indicated as 1,2-H shift) to form the a-hydroxy
carbon radical (path d).>4 The same mechanism holds for
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(l)HOH CHOH---"OH
-H,O
Q) o — @
a b
OCH; OCH3
CHO
- e
+ R" «—
OCHs

Scheme 1. Proposed mechanism for the OH -promoted decay of 1-(4-methoxyphenyl)alkan-1-ol radical cations.

R =Me, whereas when R=Et, iPr or rBu, the benzyloxyl
radical can also undergo a (-fragmentation reaction produc-
ing 4-methoxybenzaldehyde and an alkyl radical (path e).
The evidence supporting the main features of this mecha-
nism, and particularly the role of the OH group, is as follows:
a) the reaction of both the 4-methoxybenzyl alcohol and the
1-(4-methoxyphenyl)-2,2-dimethylpropan-1-ol radical cations
(1" and 2", respectively) with OH~ takes place at a diffusion-

X
|
R1+—C—R2 CH2(CH2)nOH
OCH3 OCH3
1:R1=R2 =H, X=OH S:n=1
2:R1=H,R2=1Bu, X=0H 6:n=2

3:R1=R2=H, X=O0Me
4: R1=R2 = Me, X=OH

controlled rate (k=12x10m"1s™"),? as expected for a
process that involves an oxygen acid; b) a significant lowering
of reactivity (k=2.5 x 103m~'s ") is observed on going from
1" to the corresponding methyl ether radical cation (3°)
which can only undergo direct C,—H bond cleavage and
¢) formation of the 4-methoxycumyloxyl radical is observed
when the 4-methoxycumyl alcohol radical cation (4'F) is
reacted with OH~.l More im-

portantly, the reaction of 4'* H

!
CHO thoxyphenyl)ethanol

I
CHO* *C-OH

mote position with respect to
the ring.l®! Thus, the 2-(4-me-

radical

cation (5'") reacted with OH~-

at an almost diffusion-control-

led rate and formed products

OCH3; of [-C—C bond cleavage,

whereas 3-(4-methoxyphenyl)-
propanol (6°*) was converted
into 3-(4-methoxyphenyl)pro-
panal. In the former case, in-
tramolecular electron transfer
R (ET) coupled to C—C bond
cleavage either in the encoun-
ter complex or in the radical

L» zwitterion was considered as a
possible mechanism. In the
OCHj; OCH3 second case, formation of an

alkoxyl radical,l’! which then
undergoes a 1,2-H atom shift,
was suggested.

In order to extend our investigation to systems other than
monomethoxylated ones, we also studied the OH -induced
decay of 3,4-dimethoxybenzyl alcohol (veratryl alcohol) and
1-(3,4-dimethoxyphenyl)-2,2-dimethylpropan-1-ol radical cat-
ions (7" and 8°*, respectively, see below) in aqueous solution.
This study produced results quite similar to those obtained
with the monomethoxylated systems and led us to suggest that
the mechanism reported in Scheme 1 also holds true for the
more stable radical cations.”) An intriguing result was,
however, that the reactivity of 7't was significantly smaller
than that of 8" and, hence, below the diffusion limit. This
contrasts with the situation observed in the monomethoxyl-
ated systems, where the reactions of both 1'* and 2" were
diffusion controlled.?!

Oxygen acidity represents a really novel aspect of the side-
chain reactivity of arylalkanol radical cations and the
definition of its scope and mechanism is certainly worth
further investigation. Thus, it seemed appropriate to get a
deeper mechanistic insight into the OH~-promoted reactions
of ring-substituted di- and trimethoxybenzyl alcohol radical
cations with the aim of determining if and how oxygen acidity
is influenced by the number and position of ring methoxy
groups. An additional motive of interest is that dimethox-
ylated benzyl alcohol radical cations (particularly the 3.4-
dimethoxy systems) are structurally very closely related to the
radical cations supposed to be key intermediates in the
oxidative degradation of lignin,”® which is indeed triggered

(@] CHs
. L e . i | |
with OH is diffusion control HyC—C—CH, HyC—C—CH, ¢=o
led as is that of 1'* and 2°*. The K= 1010y
cumyloxyl radical then under- @ +"OH —— » _— + °CH,
goes a B-fragmentation reaction
leading to 4-methoxyacetophe- OCH, OCH; OCH,

none by loss of Me* (Scheme 2).

The oxygen acidity was even at
found to play a role when the
OH group was in a more re-

Chem. Eur. J. 2001, 7, No. 7
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Scheme 2. Formation of an intermediate cumyloxyl radical in the reaction of the 4-methoxycumyl alcohol radical
cation with OH™ leading to 4-methoxyacetophenone.
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by the simple fragmentation reactions of these species. Thus,
this study could also have a bearing on lignin degradation, a
process of enormous practical importance.

In this paper we report on a pulse- and y-radiolysis study of
the reactions of a number of radical cations generated from
1-arylalkanols and some of the corresponding methyl ethers
(compounds 7-18), 2-(3,4-dimethoxyphenyl)ethanol (19) and

£ 1
R1+—C—R2 R+—C—R2
OCH;
OCH; CH30
OCH;

7:R1=R2=H, X=OH
8:R1=H, R2={Bu, X=OH
9:R1=R2=H, X= OMe
10:R1=R2=X=H

11: R1= R2= Me, X= OH

12:R1=R2=H, X=OH
13: R17=H,R2={Bu, X= OH
14:R1=R2=H, X= OMe
15:R1=R2=X=H

16: R1=R2=Me, X=OH

CHoX CHy(CH2)nOH
OCH3
CH30 OCHj;
OCH; OCHg3
17: X = OH 19:n=1
18: X = OMe 20:Z=2

3-(3,4-dimethoxyphenyl)propanol (20). For comparison pur-
poses, the reactivity of 3,4- and 2,5-dimethoxytoluene radical
cations (10** and 15+, respectively) under the same reaction
conditions was also investigated.

Results

Generation of the radical cations: Radical cations of sub-
strates 7—20 were generated in aqueous solution either by
pulse radiolysis or steady state y-radiolysis, with a sulfate
radical anion (SO,'") as the oxidant [Egs. (1)-(4)].

H,0 7 H',"OH + e 1)
OH' + CH,C(CH;),0H — H,0 + ‘CH,C(CH,),0H )
g + S04 —S02 + SO, ®)
SO, + ArCH(OH)R — SO + **ArCH(OH)R @

Radiolysis of water leads to the formation of the hydroxyl
radical ("OH) and the hydrated electron (e(,q) [Eq. (1)]. The
former is scavenged by 2-methylpropan-2-ol [Eq. (2); k=6 X
108m~'s~']¥ while e, reacts with the peroxydisulfate anion;
this leads to the formation of SO,~ [Eq.(3); k=1.2x
10"M~'s~1].1 SO,*~ then reacts with aromatic compounds!'’!
to form the corresponding radical cations [Eq. (4); k=5 x
10°m~'s~! with anisole and derivatives'" 2],

Product analysis: Product analysis of the oxidation reactions
of 1-arylalkanols was carried out after steady-state y-radiol-
ysis of Ar-saturated aqueous solutions (pH~10) of 1.0-

1410
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2.0mM substrate, 0.5-2.0mm K,S,05 and 0.2m 2-methyl-2-
propanol at room temperature for the time necessary to
obtain a 40-60 % conversion with respect to peroxydisulfate.
In order to minimize overoxidation of the first-formed
products, most experiments were carried out with a sub-
strate/oxidant ratio >2:1.

Product distributions of the oxidation reactions of the
4-methoxyphenyl derivatives 1-4 and the 3,4-dimethoxy-
phenyl derivatives 7-9, under analogous experimental con-
ditions, have been described previously.? 37

The reaction of 11 led to 3,4-dimethoxyacetophenone (yield
5%, with respect to SO, ") as the exclusive product; whereas,
under the same reaction conditions, 16 was practically
unreactive.

Compounds 12, 13, and 14 gave 2,5-dimethoxybenzalde-
hyde as the exclusive product, with the yields (52 %, 85 %, and
4%, respectively) reflecting the different reactivities of the
substrates (see later).?l Compounds 17 and 18 led to 2,4,5-
trimethoxybenzaldheyde.

The reaction of 19 led to 3,3',4,4'-tetramethoxybibenzyl and
2-methyl-4-(3,4-dimethoxyphenyl)-2-butanol as the main
products. Traces of 3,4-dimethoxybenzaldehyde were also
formed. These products clearly indicate that the radical cation
undergoes C—C bond cleavage that leads to the 3,4-dimeth-
oxybenzyl radical. Compound 20 gave 3-(3,4-dimethoxyphe-
nyl)propanal as the exclusive product (yield 10%, with
respect to SO, 7).

Pulse-radiolysis studies: The radical cations were produced
according to Equations (1) — (4). In all cases they exhibited the
characteristic UV and visible absorption bands of methoxy-
benzene-type radical cations,'"'? at around 290-310 and
425-455 nm depending on the substitution pattern.

As an example, the time-resolved spectra obtained by
oxidation of 13 at pH 10.4 are given in Figure 1. The spectra

4 a |t b | a
@ <| 4 < 3
< <Al T Vemrvasn
| | - 1 H 11
4 40us/ div 40us/ div
c d wgpriord
<| / < ¥ 4
< f <l ¢ 2
<<(] o IR ‘”‘ 111
40us/ div 40us/ div
0 -
G)
T T T M L — 1
300 400 500 600 700

Alnm

Figure 1. Time-resolved absorption spectra observed on reaction of SO,
with 13 (0.1 mM) and recorded by pulse radiolysis of an argon-saturated
aqueous solution (pH 10.4) containing 2-methylpropan-2-ol (0.1m) and
K,S,04 (10mm), at 4 (@), 15 (0), 30 (o) and 140 ps (e) after the 300 ns,
3 MeV electron pulse. Insets: a) First-order decay of 13** monitored at
455 nm. b) First-order decay of 13*" monitored at 310 nm (the residual
absorption is due to the formation of 2,5-dimethoxybenzaldehyde).
¢) Buildup of absorption at 360 nm due to formation of 2,5-dimethoxy-
benzaldehyde (Ar), which is unchanged in the presence of O, (inset d).

0947-6539/01/0707-1410 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 7





Fragmentation of Radical Cations

1408-1416

show the characteristic absorptions due to 13**: the bands
being centered at 310 and 455 nm. These absorptions reach a
maximum at 4 us after the pulse due to completion of radical
cation formation [Eq. (4)] and then decrease (see Figure 1
insets a and b) as a consequence of the first-order decay of the
radical cation. This decay is accompanied (inset c) by a
corresponding build up of optical density centered at 360 nm;
this indicates that a product is formed that has a higher
absorption at this wavelength than the radical cation itself
(two isosbestic points are visible at 2330 and 390 nm). Inset d
shows that the absorption build up at 360 nm is unaffected by
O,; this suggests that the species responsible is not a radical. It
was identified as 2,5-dimethoxybenzaldehyde, formed after
C—C bond cleavage in 13" (Scheme 1), in agreement with
product studies (see above).

The rates of decay of the radical cations were measured
spectrophotometrically by monitoring the decrease in optical
density at the visible absorption maximum of the radical
cations. The rates significantly increased upon addition of
OH-. Clean first-order decays were observed and linear
dependencies were obtained of the observed rates (k) on
the concentrations of added OH~. From the slopes of these
plots, the second-order rate constants for reaction of OH~
with the radical cations (koy ) were obtained. The data are
listed in Tables 1 and 2 in which previously determined kinetic
constants for the monomethoxylated systems and for some
3,4-dimethoxy substituted compounds are also displayed.

The second order rate constants for reaction of 19" and
20" with OH~ were measured analogously and are listed in
Table 3.

Discussion

Benzyl alcohol radical cations: In Table 1, the kinetic data for
the dimethoxy- and trimethoxy-substituted benzyl alcohol
radical cations, whose decay ultimately involves the cleavage

Table 1. Second-order rate constants (koy- [M~'s™!]) for the OH -promoted decay of ring methoxylated radical
cations ArR**, generated by pulse radiolysis of the parent substrate in aqueous solution, measured at 7= (25 +

Table 3. Second-order rate constants (ko [M~'s™']) for the OH~-promot-
ed decay of 2- and 3-arylalkanol radical cations generated by pulse
radiolysis of the parent substrate in aqueous solution, measured at 7=
(25+0.1)°C.

substrate kon [M71s71]
4-MeOC,H,CH,CH,0HR (5*) 8.3 x 10°
4-MeOC,H,CH,CH,CH,OH (6") 1.7 x 10°
3,4-(Me0),CH,CH,CH,0H 19+) 34 x 108
3,4-(Me0),CH,CH,CH,CH,0H (20+) 2.1 % 108

[a] From ref. [6].

of the C—H bond, can be compared with those of their methyl
ethers as well as with those of the previously investigated
4-methoxy-substituted system.?l Considering the results for
the 3,4-dimethoxybenzyl alcohol radical cation (7*), one very
striking observation is that a significant kinetic deuterium
isotope effect (KDIE, ky/kp=3.7) is found when 7% is
compared with its a-dideuterated counterpart. This indicates
that substantial cleavage of the -C—H bond occurs in the
rate-determining step of the reaction. This conclusion is not
consistent with our previous suggestion that the mechanism
proposed for 1, formation of a base/radical-cation encounter
complex in the rate-determining step (Scheme 1), can be
extended to 7°". In the case of 1'*, the reaction was diffusion
controlled and, evidently, no KDIE was observed.

The most simple explanation would be that 7°*, which is a
more stable radical cation and therefore a somewhat weaker
acid than 1", no longer exhibits a kinetic oxygen acidity. Thus,
the reaction with OH™~ might occur by direct C—H deproton-
ation. However, this conclusion contrasts sharply with the
observation that the corresponding methyl ether radical
cation (9°") reacts with OH~ by C—H deprotonation with a
rate constant more than two orders of magnitude smaller than
that measured for 7+ (7.9 x 10° versus 1 x 10°mM~'s7"); this
clearly indicates that the OH
group also plays a crucial role in
the dimethoxylated system. Ac-

0.1)°C. cordingly, in acidic solution
Ar/R CH, CH,OH CD,0H CH,OMe CcD,0Me  (pH<5), where C—H deproto-
4-MeOCH, 5.5 x 107 1.2 % 10101 1.1 x 10100 2.5 x 1080 14x 1w hationis taking place exclusive-
Kk = 1.1 Kk —1.8 ly, 7* and 9°* exhibit a very
3,4-(MeO),C¢H; 2.1 x 106 1.0 x 10%€ 2.7 x 108 7.9 x 1060 5.8 x 106 similar reactivity.”l A different
kw/kp=3.7 kw/kp=1.4 mechanism for the OH -pro-
S5 6 S5 5 S5 .
2,5-(MeO),CsH, 12 %10 2.9 x 10 9.3 x 10 45%10 2.8 x 10 moted decay of 7+ and 9+ is
k/kp =32 kykp=1.6 . .
245-(McO),CH, _ 73 % 10* 7 6.7 x 10* ~ also indicated by the substantial

difference in the KDIE values:

[a] From ref. [6]. [b] From ref. [3]. [c] From ref. [7].

Table 2. Second-order rate constants (koy- [M~'s~!]) for the OH~-promot-
ed decay of methoxy-substituted 1-aryl-2,2-dimethylpropan-1-ol and cumyl
alcohol radical cations, generated by pulse radiolysis of the parent substrate
in aqueous solution, measured at 7= (25+0.1)°C.

Ar/R CH(OH)/Bu C(CH,),0H
4-MeOCH, @ 1.3 x 1010 @ 1.2 x 101001
3,4-(MeO),CsH, 8 83 x 10° arh 5.6x 10°
2,5-(MeO),CsH, 13+ 1.5 x 108 161 1.6 x 10°

[a] From ref. [2]. [b] From ref. [5]. [c] From ref. [7].

Chem. Eur. J. 2001, 7, No. 7
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3.7 for 7'+ and 1.4 for 9**. Thus

it is possible to suggest that the

OH -promoted decay of 7" is
also initiated by OH deprotonation even though the observed
KDIE tells us that substantial C—H bond cleavage has
occurred in the transition state of the rate-determining step
of the overall deprotonation process.

The simplest way to deal with this apparently contradictory
situation is by saying that, with 7°*, the benzyloxyl radical is
formed in a fast step followed by a rate-determining 1,2-H
shift (Scheme 1, path d), a completely reversed situation from
that observed for 1'*. However, this possibility appears
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unlikely as it would have allowed us to observe the buildup of
the intermediate benzyloxyl radical, which was not the case.
Thus, the most reasonable hypothesis that would accommodate
both the observed C—H KDIE and a mechanism involving
oxygen acidity is that a radical zwitterion is first formed in a
fast step and is then converted to the carbon-centered radical
by a rate-determining process in which intramolecular ET is
coupled to a 1,2-H shift (Scheme 3).

CH40 CH30

Scheme 3. Proposed mechanism for the OH -promoted decay of the veratryl alcohol radical cation.

The difference in the mechanistic behavior of the two
radical cations 1't and 7" may be attributed to the greater
energy barrier for the intramolecular side-chain-to-ring
electron transfer, which has to accompany the OH deproton-
ation in order to produce the benzyloxyl radical, in the
dimethoxylated system than in the monomethoxylated one—
the ring-localized positive charge being more efficiently
stabilized in the former system than in the latter.'3] Thus, in
the radical zwitterion formed from 7t the energetic cost for
this intramolecular ET is likely to be so high as to require
assistance from the 1,2-H shift. With the coupled intra-
molecular ET-1,2-H shift the (stabilized) benzyl radical is
formed directly, bypassing the less-stable benzyloxyl radical.
In other words, while 1" undergoes stepwise intramolecular
ETand 1,2-H shift, in 7°* the two processes are coupled, due to
the higher barrier for the intramolecular ET.['"]

In this respect, it is interesting to note that the role of the
energy associated with the intramolecular ET in determining
the reaction paths of radical zwitterions has already been
recognized in a study concerning the conversion of aromatic
carboxylate radical zwitterions into the corresponding acyl-
oxyl radicals.l') Tt was observed that this process is much more
efficient with the benzoate radical zwitterion than with the
4-methoxybenzoate one. In that case too, the difference was
attributed to an energetically more costly intramolecular ET
in the methoxylated system.

The 1,2-H shift suggested to occur in the radical zwitterion
formed from 7" is unprecedented. However, it has features
similar to those of the well-established 1,2-H shift in alkoxyl
radicals® * "l being favored by the solvent water as illustrated
in Scheme 4.

As a matter of fact, the proposed mechanism (Scheme 3)
differs from the mechanism in Scheme 1 in that it incorporates
the electronic and structural reorganization necessary to

H H

| _,} |
CH30O @ L(I:_O — CH30 (.:—OH

H p/H H

CH3O (l) CH3O \o
H N

Scheme 4. Water-assisted 1,2-H shift in the radical zwitterion of veratryl

alcohol.
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convert the radical zwitterion into the carbon-centered radical
in only one step . Therefore, if the above hypothesis is correct,
the value (3.7) of the KDIE measured for 7+ would pertain to
the 1,2-H shift in the zwitterion, a process which reasonably
should exhibit features different from those of a direct OH -
induced C—H deprotonation.[* 20!

Passing on to examine the results obtained with 2,5-
dimethoxybenzyl alcohol (12), we first noted that the decay
of 12** is much slower (about
300 times) than that of 7.
However, the reaction exhibits
a KDIE value (ky/kp=32,
from the comparison of 12°*
CH3O with its a-dideuterated counter-
part) which is very close to that
observed for 7*. In this case
too, the value is significantly
different from that found for the corresponding methyl ether
14" (1.6), which can only undergo direct C—H deprotonation.
As expected, the latter value is very similar to that observed
for 9+, the methyl ether of 7-*. It is also found that 12" is
more reactive than 147, however the difference is much
smaller than that observed between 7" and 9°*.

Thus, we also suggest that the OH -promoted decay of 12+
involves initial OH deprotonation, the mechanism being the
same as that proposed for 7. The lower reactivity with
respect to 7" is probably due to the larger stabilization of the
positive charge in the 2,5-dimethoxy system as compared with
the 3,4-dimethoxy one.’> % In other words, the intramolec-
ular ET coupled to the 1,2-H shift should require more energy
in the radical zwitterion derived from 12** than in that derived
from 7. Even though OH deprotonation seems to remain the
main reaction channel for the decay of 12°*, the possibility
that direct C—H deprotonation begins to compete with this
system cannot be excluded. As already noted, this possibility
is suggested by the relatively small difference in reactivity
between 12 and its methyl ether 14°*. If this is actually the
case, it would indicate that the stabilization of the positive
charge in the ring depresses the oxygen acidity more than the
C—H acidity. Also in line with this conclusion is the
observation that 12°* is about 300 times less reactive than
7", whereas when direct C—H deprotonation occurs (methyl
ethers and toluenes), the difference in reactivity between the
3,4- and the 2,5-dimethoxy system is less than 20. (Compare
9+ with 14+ and 10" with 15°*.)

The results obtained with the 2,4,5-trimethoxybenzyl alco-
hol radical cation (17°") are also consistent. With this
substrate, no difference in reactivity between 17°* and its
methyl ether (18'") is observed (Table 1); this indicates that
both species react by direct C—H deprotonation, with no role
played by the OH group. Practically, in 17°" the positive
charge is so efficiently stabilized by the three methoxy
groups?* that intramolecular ET in the radical zwitterion is
very unfavorable. It is possible that the OH group is still
involved in a side process, but the progress of the reaction is
predominantly determined by C—H deprotonation.

The observation that the stabilization of the positive charge
in the ring affects oxygen more than carbon acidity can
reasonably be explained by the fact that, in the latter case,

L
CHOH
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there is a direct overlap between the C—H bond and the
aromatic m-system. This might significantly lower the ener-
getic barrier for the intramolecular ET and make it fairly
insensitive to the effect of electron-donating substituents in
the ring. In the radical zwitterion, on the other hand, the
negatively charged oxygen and the positively charged aro-
matic ring are separated by a methylene group and a higher
energy barrier for the intramolecular ET is expected.

We have already discussed the competition between oxygen
and carbon acidity in 1-(4-methoxyphenyl)alkanol radical
cations.”! Our conclusion was that with relatively weak bases,
the largely thermodynamically favored C—H deprotonation
prevails; with strong bases, however, the driving force is no
longer a problem and the route involving OH deprotonation
takes over, due to the lower intrinsic barrier of this process
with respect to that of C—H deprotonation.?% In the light of
the present results this view has to be somewhat modified, the
main effect of the base being that of promoting the formation
of the radical zwitterion in a process with a low intrinsic
barrier. Hence, the follow-up of the reaction seems to depend
upon the energetics of the intramolecular side-chain-to-ring
electron transfer in the radical zwitterion. When the energy
barrier for the intramolecular ET is relatively low, the
reaction proceeds via the radical zwitterion, as suggested for
mono- and dimethoxy-substituted benzyl alcohol radical
cations, and the reaction is controlled by oxygen acidity.
However, when this barrier becomes high (2,4,5-trimethoxy
substituted system), the radical zwitterion is still formed but it
is no longer a productive reaction intermediate and direct
C—H deprotonation in the radical cation takes over.

Oxygen acidity and C—C bond cleavage: The effects discussed
above also have a significant bearing on the OH -promoted
C—C bond cleavage reaction of 1-arylalkanol radical cations
illustrated in Schemes 1 (paths e) and 2. Accordingly, for this
process as well, the introduction of a second methoxy group
induces a change in mechanism. This can be clearly seen by
the fact that in the cumyl alcohol series, 11** and 16" are
converted into the corresponding acetophenones at a much
lower rate (more than three orders of magnitude) than the
monomethoxylated 4+ (Table 2). The latter reacts with OH~
at a diffusion-controlled rate,’® whereas the rate constants for
11" and 16" are as low as 5.6 x 10° and 1.6 x 10°M s~
respectively. Moreover, while formation of the intermediate
benzyloxyl radical was clearly observed in the reaction of 4°*,
no such evidence was obtained for either 11'* or 16°*. This
indicates that with the last two radical cations an intermediate
benzyloxyl radical is either not formed at all or it decomposes
at a rate much faster than that of its formation. If the latter
possibility is true, the much smaller reactivity of 11** and 16"+
compared with 4" can be explained by an increase in the rate
of f-fragmentation of the intermediate benzyloxyl radical as

R1
a
CH;0 éll—OH + OH
R2
o

CH,

well as by a decrease in the OH-deprotonation rate of the
radical cations themselves. However, both hypotheses are
unlikely. An increase in the rate of f-cleavage of the
intermediate benzyloxyl radical as we move from 4 to 11+
and 16°" can be excluded since the rates of S-cleavage of some
ring-substituted cumyloxyl radicals have been found to be
practically unaffected by the nature and number of substitu-
ents.’ Likewise, a significantly lower rate of OH deprotona-
tion with 11" and 16°* than with 4** is made unlikely by the
results obtained with the a-tert-butyl derivatives 8+ and 13+
which were found to react with OH™ at rates three orders of
magnitude higher than those measured for 11** and 16°*,
respectively (Table 2). This large difference in rate is incom-
patible with a slow OH-deprotonation step as very similar
oxygen acidities can be assumed for 8+ and 11'* as well as for
13t and 16°*.

Thus, it seems reasonable to suggest a mechanism resem-
bling that proposed for 7 and 12°*. As illustrated in
Scheme 5 for the 3,4-dimethoxy derivatives, OH deprotona-
tion leads to a radical zwitterion that undergoes intramolec-
ular ET coupled with C—C bond cleavage in the slow step and
forms the carbonyl product directly. Through this concerted
process the energy of the transition state can be lowered by
partial formation of a ring-conjugated C=O double bond. As
observed for 4", no benzyloxyl radical is formed, probably
due to the higher energy barrier for intramolecular ET in
dimethoxylated radical zwitterions already discussed. Since
C—C bond cleavage has progressed to some extent in the
transition state of the rate-determining step, the observation
that the radical cations undergoing C—Bu cleavage (8* and
13°*) are much more reactive than those undergoing C—Me
cleavage (11" and 16°") is easily accounted for on the basis of
the much higher stability of fBu* as compared with Me".

The higher reactivity of 11'* relative to 16" is also
consistent with the above proposal since, as already discussed,
the intramolecular ET should be energetically more costly in
the radical zwitterion from the latter than in that from the
former. In this respect, it is noteworthy that practically the
same difference in reactivity is also observed for 8-"/13*.

Reactivity of 2- and 3-(3,4-dimethoxyphenyl)alkanol radical
cations: The data displayed in Table 3 clearly show that the
OH group continues to play a key role in the OH -induced
decay of 3,4-dimethoxy-substituted phenylalkanol radical
cations even when two or three methylene groups are
interposed between the OH group and the ring. Accordingly,
both 19" and 20" are about 100 times more reactive than the
3,4-dimethoxytoluene radical cation (10°") which decays by
C—H deprotonation. Further strong support for the hypoth-
esis of OH deprotonation comes from the nature of the
reaction products—with 19" products derived from C—C
bond cleavage in the radical cation are observed, whereas the

o}

R1

L . b T .
CH3OC|:—O LIS CH3O—©CR1+ R2

R2

CHzO

CH,O

Scheme 5. Proposed mechanism for the OH -promoted decay of the 3,4-dimethoxycumyl alcohol radical cation.
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decay of 20" leads to 3-(3,4-dimethoxyphenyl)propanal. No
product coming from a-C—H deprotonation was observed
with either radical cation.

A very similar outcome has been observed for the reactions
of the corresponding 4-methoxy derivatives 5°" and 6°; this
suggests that the main features of the mechanisms proposed
for these compounds should also hold true when a second
methoxy group is added to the aromatic ring.l®! For 19**,
formation of a radical zwitterion, which then undergoes a
rate-determining C—C bond cleavage coupled with intra-
molecular ET, can be suggested (Scheme 6).

CHoCH0H CHoCH,0" CH,

+ oH L. - + CHO
OCH; OCH3 OCH3

OCHs OCHs OCH3

19+

Scheme 6. Proposed mechanism for the OH -promoted decay of the
2-(3,4-dimethoxyphenyl)ethanol radical cation.

With 5°*, the rate of reaction with OH~- is diffusion
controlled, probably owing to the lower energetic cost of
the intramolecular ET in the radical zwitterion formed from
the monomethoxylated system. The possible mechanism for
20+ is illustrated in Scheme 7.

CH,CH,CH;0H CH,CH,CH,0™

OCHs OCH,
OCHs OCHj
20+ l

° o
CH,CH,CHOH CHoCH,CH,0
-—

OCH3 OCH,

OCH3 OCHg;

Scheme 7. Proposed mechanism for the OH -promoted decay of the
3-(3,4-dimethoxyphenyl)propan-1-ol radical cation.

A radical zwitterion is formed, from which an alkoxyl
radical is produced; this then undergoes a 1,2-H shift leading
to an a-hydroxy carbon radical, the precursor of the final
3-arylpropanal.l’! However, in view of the previous discussion,
it is difficult to imagine that the radical zwitterion is converted
into an alkoxyl radical by a side-chain-to-ring intramolecular
ET. In line with this, such a possibility was excluded for the
zwitterions formed from 1-(3,4-dimethoxyphenyl)alkanol
radical cations and a fortiori it should be excluded when the
negatively charged oxygen is further removed from the
aromatic ring. Thus, as already suggested, the sequence of
ring-closing/ring-opening equilibria illustrated in Scheme 8

1414
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CH,CH,CH,0™ Y CH,CH,CH0°*
— —
OCH3; OCH3 OCH3

Scheme 8. Proposed ring-closing/ring-opening mechanism for the conver-
sion of the 3-(4-dimethoxyphenyl)propan-1-ol radical zwitterion into the
alkoxyl radical.

appears to be a more likely possibility for the conversion of
the zwitterion from 20 (and perhaps also that from 6°") into
the alkoxyl radical.[> 3! 32

Conclusion

From the results reported in this paper it is evident that
oxygen acidity plays an important role in the OH -promoted
decay of dimethoxy-substituted 1-arylalkanol radical cations
[ArCH(OH)R"*], a reaction which is also likely to play an
important role in the oxidative degradation of lignin in
alkaline aqueous solution.

More importantly, these results have provided a more
complete mechanistic picture for the fragmentation of
1-arylalkanol radical cations in alkaline aqueous solution in
which, as illustrated in Scheme 9, a key role is played by the

v I 11

Scheme 9. General mechanistic Scheme for the fragmentation of 1-aryl-
alkanol radical cations in alkaline aqueous solution.

radical zwitterion intermediate I, as well as by the energy
barrier for the side-chain-to-ring intramolecular ET in the
zwitterion itself. Such a barrier, the height of which should
depend upon the degree of stabilization of the positive charge
on the aromatic ring, appears to determine the concerted or
stepwise (via the oxyl radical IT) nature of the conversion of I
into a carbon radical (IIT) or a carbonyl compound (IV). On
this basis, when the energy barrier for the intramolecular ET is
relatively small (Ar=4-MeOC:H,), conversion of Iinto III or
IV occurs via II (path a), which then undergoes a 1,2-H shift
and/or S-fragmentation (paths b or ¢, respectively).

When Ar=3,4- or 2,5-(MeO),C¢Hj;, the energy barrier for
the conversion of Iinto Il is higher, and the reaction proceeds
through paths e and d, in which the intramolecular ET is
concerted with bond breaking. Finally, when Ar=24,5-
(MeO);C¢H,, the energy barrier for the intramolecular ET
becomes so high that carbon acidity (direct C — H deproton-
ation) takes over, the radical zwitterion being formed only in
an unproductive side-equilibrium, if at all.
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Oxygen acidity appears to also play a major role in the
reactivity of 2- and 3-arylalkanol radical cations, in which the
OH group is separated from the ring by two or three
methylene groups, respectively. With these substrates, the
same reaction mechanism is suggested for both 4-methoxy-
and 3,4-dimethoxy-substituted systems.

Experimental Section

Reagents: Potassium peroxydisulfate, sodium hydroxide, disodium tetra-
borate decahydrate, potassium thiocyanate, and 2-methyl-2-propanol were
of the highest commercial quality available. Milli-Q-filtered (Millipore)
water was used for all solutions.

3,4-Dimethoxytoluene (10), 2,5-dimethoxybenzyl alcohol (12), 2,5-di-
methoxytoluene (15), 2,4,5-trimethoxybenzyl alcohol (17), 2-(3,4-dimethoxy-
phenyl)ethanol (19) and 3-(3,4-dimethoxyphenyl)propanol (20) (Aldrich)
were used as received. 3,4-Dimethoxybenzyl alcohol (7) was purified by
distillation. 1-(3,4-Dimethoxyphenyl)-2,2-dimethylpropan-1-ol (8) was
available from previous work.[’]

3,4-Dimethoxycumyl alcohol (11) and 2,5-dimethoxycumyl alcohol (16)
were prepared by reaction of the pertinent arylmagnesium bromide with
acetone in anhydrous tetrahydrofuran, purified by column chromatography
(silica gel, eluent hexane/ethyl acetate 3:1) and identified by GC-MS and
'H NMR.

1-(2,5-Dimethoxyphenyl)-2,2-dimethylpropan-1-ol (13) was prepared by
reduction of 2,5-dimethoxyphenyl fert-butyl ketone with NaBH,*, puri-
fied by column chromatography (silica gel, eluent hexane/ethyl acetate in
gradient), and identified by GC-MS. 'H NMR (CDCl;): 6=0.93 (s, 9H;
3CH;), 3.77 (s, 6H; 20CHj;), 6.77-6.88 (m, 3H; 2,5-MeOCHs;). 2,5-
Dimethoxyphenyl tert-butyl ketone was synthesized by a literature
procedure.?

a,a-[D,]-3,4-Dimethoxybenzyl alcohol and a,a-[D,]-2,5-dimethoxybenzyl
alcohol were synthesized by reduction of the pertinent benzoic acid with
LiAID,.? The corresponding methyl ethers were prepared by reaction of
these alcohols with methyl iodide and sodium hydride in anhydrous
tetrahydrofuran.

The same procedure was used for the synthesis of methyl ethers 9, 14, and
18 from the corresponding alcohols (7, 12, and 17, respectively). All methyl
ethers showed the expected GC-MS and '"H NMR spectra.

Product analysis: y-Irradiations were carried out with a panorama *Co y-
source (Nuclear Engineering) at dose rates of ~0.5 Gys™. In a typical
experiment, SmL of an argon-saturated aqueous solution (pH = 10)
containing the substrate (1.0-2.0mm), potassium peroxydisulfate (0.5-
2.0mm), disodium tetraborate decahydrate (1.0mwm) and 2-methylpropan-
2-ol (0.2m) was irradiated at room temperature for the time necessary to
obtain a 40-60% conversion of peroxydisulfate. Reaction products were
identified and quantitatively determined by GC-MS and HPLC (compar-
ison with authentic samples). Blank experiments were performed under
every condition and showed the presence of only negligible amounts of
products.

Pulse Radiolysis: The pulse-radiolysis experiments were performed by
using a 3-M eV van de Graaff accelerator which supplied 300 ns pulses with
doses such that 1-3pum radicals were produced. A thermostatable
continuous-flow cell was employed in all experiments. The pulse-radiolysis
setup and the methods of data handling have been described elsewhere. ]
Dosimetry was performed with N,O-saturated KSCN aqueous solutions
(10mm) by taking G(*OH)=6.0x 10" molJ~! and & ((SCN),")=
7600M ' cm~! at 480 nm.*l Experiments were performed by using argon-
saturated aqueous solutions containing the substrate (0.2 —1.0mm), peroxy-
disulfate (10mm), and 2-methylpropan-2-ol (0.1m). The pH of the solutions
was adjusted with NaOH or HCIO, and sodium tetraborate (1mm) was
added to avoid undesired pH variations upon irradiation. The temperature
of the solutions was kept constant at 25 +0.1°C. The observed rates (k)
were obtained by averaging eight to 14 values, each consisting of an average
of ten to 30 shots, and were reproducible to within 3 %.

The second order rate constants for reaction of the radical cations with
OH™ (kop ) were obtained from the slopes of the plots of k., versus the
concentration of NaOH.
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Abstract: Organolithium compounds
play the leading role among the organo-
metallic reagents in synthesis and in
industrial processes. Up to date indus-
trial application of methyllithium is
limited because it is only soluble in
diethyl ether, which amplifies various
hazards in large-scale processes. How-
ever, most reactions require polar sol-
vents like diethyl ether or THF to
disassemble  parent  organolithium
oligomers. If classical bidentate donor
solvents like TMEDA (TMEDA =
N,N,N',N'tetramethyl-1,2-ethanedi-

amine) or DME (DME =1,2-dime-

paper we present two different ap-
proaches to tune methyllithium aggre-
gation. In [{(MeLi),(dem),s}..] (1;
DEM =EtOCH,0OEt, diethoxymeth-
ane) a polymeric architecture is main-
tained that forms microporous soluble
aggregates as a result of the rigid bite of
the methylene-bridged bidentate donor
base DEM. Wide channels of 720 pm in
diameter in the structure maintain full
solubility as they are coated with lip-
ophilic ethyl groups and filled with
solvent. In compound 1 the long-range
Li;CH;--- Li interactions found in solid
[{(MeLi),}..] are maintained. A different

approach was successful in the disas-
sembly of the tetrameric architecture of
[{(MeLi),}.]. In the reaction of dilithi-
um triazasulfite both the parent [(Me-
Li),] tetramer and the [{Li,[(N/Bu);S]},]
dimer disintegrate and recombine to
give an MeLi monomer stabilized in
the adduct complex [(thf);Li;Me-
{(NrBu);S}] (2). One side of the Li,
triangle, often found in organolithium
chemistry, is shielded by the tripodal
triazasulfite, while the other face is
us-capped by the methanide anion. This
Li; structural motif is also present in
organolithium tetramers and hexamers.

thoxyethane) are added to methyllithi-
um, tetrameric units are linked to form
polymeric arrays that suffer from re-
duced reactivity and/or solubility. In this

Introduction

Unequivocally organolithium compounds play the leading
role among the organometallic reagents in synthesis!!! and
industrial processes.'™ Industrial production of n-butyllithi-
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All single-crystal structures have been
confirmed through solid-state NMR ex-
periments to be the same as in the bulk
powder material.

lithium -

um, the most applied organolithium compound, is 2000 -
3000 tons of parent nBuLi per year. However, demand for
others like methyllithium is increasing.? Up to date industrial
application of methyllithium is limited because it is only
soluble in diethyl ether (ca. 5%), which amplifies various
hazards in large-scale processes. In general, the reactivity,
basicity, and regio- and stereoselectivity of organolithium
compounds can easily be modified by additives (transition
metals, halides, alkoxides, amides, etc.) or donor bases
(monodentate/chelating ethers/amines, cryptands, etc.) and
make them immaculate reagents in metalations. It is one of
the paradigms in organolithium chemistry that neutral donor
bases lower the aggregation in solution and enhance the
reactivity, because in general the rate-determining species
seems to be the monomer.’! Hence, most reactions require
polar solvents like diethyl ether or THF to disassemle parent
organolithium oligomers. This is always a borderline approach
between solvent attack (e.g., ether cleavage leads to lithium
alkoxides) and sufficient solubility.
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The dominant aggregation polyhedron in parent organo-
lithium solid-state structures*l is the tetrahedron in [(Me-
Li),],®! [(EtLi),].,[ and [(¢BuLi),]! and the octahedron in
[(nBuLi)].  [GPrLi)]® [(CyLi)]® (Cy=cylohexyl),
[{(Me,C),CHCH,Li}¢],l' and [(Me;SiCH,Li)|!'! made up
of four or six lithium atoms, respectively, with the a-carbon
capping an Li; face of the deltahedron. As the [{MeLi},]
tetramer persists in the known solvated MeLi structures, the
tetrahedron seems to be the favorite aggregate of solvated
lithium organics like [{MeLi(thf)},],'? [{nBuLi(thf)},],["*!
[{BuCH,CH,Li(thf)},],'" and [{fBuC=CLi(thf)},].'"1 This
structural motif is maintained when the donating group is
intramolecular provided in a side arm donation like in
[{MeO(CH,),(Me)CHLI},]," [{MeO(CH,),CH,Li},],'" and
[ (H,,CsNCH,Li)4(thf),].8 Only two dimeric structures, [{{Bu-
Li(OEty)},]" and [{nBuLi(tmeda)},]*¥ (TMEDA =N,N,N’,
N'-tetramethyl-1,2-ethanediamine, Me,NCH,CH,NMe,) are
known. If bidentate donor solvents are added tetrameric units

Abstract in German: Lithiumorganische Verbindungen spie-
len sowohl in der Laborsynthese als auch in industriellen
Prozessen unter den metallorganischen Verbindungen die
Hauptrolle. Jedoch ist bis heute die Anwendung von Methyl-
lithium beschrinkt, da es nur in Diethylether loslich ist. Gerade
dieses leicht entziindliche Losungsmittel vergroflert die Ge-
fahren des ohnehin schon pyrophoren Methyllithiums. Den-
noch sind in den meisten Reaktionen polare Losungsmittel wie
Diethylether oder Tetrahydrofuran notwendig, um die Orga-
nolithium-Oligomere aufzubrechen. Klassische chelatisierende
Donorbasen wie TMEDA oder DME helfen hier nicht, da sie
zur Aggregation von tetrameren [(MelLi),]-Einheiten fiihren
und die Reaktivitit und/oder Loslichkeit herabsetzen. In dieser
Arbeit stellen wir zwei Strategien vor, um die Aggregation von
Methyllithium zu steuern. In [{(MeLi) (dem),s}.] (1, DEM =
EtOCH,OEt, Diethoxymethan) wird eine polymere Architek-
tur aus loslichen mikroporosen Kandlen aufgebaut. Die starre
Verankerung der Methylenbriicke in Diethoxymethan fiihrt zu
einer weitmaschigen Verkniipfung von [{(MeLi),}..]-Stibchen.
Die gebildeten Kandle mit einem lichten Durchmesser von
720 pm gewdhrleisten die volle Loslichkeit, da sie mit lipo-
philen Ethylgruppen ausgekleidet sind und Losungsmittel-
molekiile aufnehmen konnen. Die weitreichenden Li;CH; -+ Li
Wechselwirkungen, wie man sie aus der Festkorperstruktur von
[{(MelLi),} . ] bereits kennt, bleiben in [{(MeLi) ,(dem), s} ] (1)
erhalten. Ein anderer Ansatz war bei der Deaggregation von
[(MeLi),J-Tetrameren erfolgreich. In der Reaktion von Dili-
thiumtriazasulfit mit Methyllithium wird sowohl die dimere
Struktur des [{Li,[(NtBu);S]},] als auch die tetramere des
[(MeLi),] aufgegeben. Durch Adduktbildung wird monome-
res MeLi in [(thf);Li;Me{(NtBu);S}] (2) stabilisiert. In der
Struktur ist die eine Seite des in der lithiumorganischen Chemie
weit verbreiteten Liz-Dreiecks vom tripodalen S(NtBu);: -
Dianion besetzt, wihrend die andere u; von der Methanid-
Gruppe iiberdacht wird. Dieses Strukturmotiv findet man auch
in lithiumorganischen Tetrameren oder Hexameren. Durch
Festkorper-NMR-Spektroskopie haben wir gezeigt, dass die
Einkristallstrukturen auch die Bauprinzipien des mikrokris-
tallinen Pulvers wiedergeben.
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are linked to form polymeric arrays as in [{(MeLi),
(tmeda),}. ], [{(nBuLi),(tmeda)}.],'*?? and [{(nBuLi),-
(dme)}..]J'¥! (DME = 1,2-dimethoxyethane, MeOCH,CH,O-
Me). From a synthetic point of view the most striking
disadvantages of this solvated aggregates are their reduced
reactivity (e.g., [{MeLi(thf)},]'?) and/or solubility (e.g.,
[{(MeLi),(tmeda),}..] 1) [{(1BuLi),(tmeda)}..]0% ).

Results and Discussion

In this paper we present the polymeric aggregate
[{(MeLi),(dem);s}..] (1; DEM =diethoxymethane, EtO-
CH,OEt), which does not suffer from the drawbacks of
reduced reactivity or solubility. Apart from the low flame and
boiling point of diethyl ether, commercially available solu-
tions of MeLi in diethyl ether turn milky white and precipitate
a white solid in medium- to long-term storage. This decreases
the concentration of the solution. Hence repeated titration is
required prior to stoichiometric reactions. Addition of the
frequently used TMEDA or DME lowers the solubility even
further. The answer to the challenge was the employment of
DEM.P DEM provides higher solubility (8% in commer-
cially available solution) and requires lower explosion pro-
tection than diethyl ether (T3 instead of T4).

In the solid-state structure of [{(MeLi),(dem);s}.] (1)
straight polymeric rods of Li, tetrahedra are formed by
face-to-vertex-bridging methyl groups along a threefold axis.
This basic polymeric arrangement emulates the solid-state
structure of parent [{(MeLi),},,] along the body diagonal of
the cubic body centered cell (Figure 1, top).

In contrast to [{(MeLi),}.] only one methyl group in
[{(MeLi)4(dem), 5},.] is exposed to intertetrameric long-range
Li--- Cinteractions. The remaining three methyl groups cap a
single Li; face each without further coordination (Figure 1,
bottom). Each of the three lithium atoms of the Li; face
orthogonal to the threefold axis are coordinated to a single
oxygen atom of the DEM donor. The second oxygen atom of
the DEM donor provides a link to another [{(MeLi),}.] rod
(Figure 1, bottom).

An hexagonal channel, made up from six rods, with an inner
diameter greater than 700 pm is generated from the space-
group symmetry. These channels can easily accommodate
various solvents as the lipophilic ethyl groups of the DEM
molecules coat the inner walls. In the presented structure the
channels are filled with cyclopentane molecules (ca. 370 pm in
diameter). The oxygen donor atoms are so close to each other
in diethoxymethane that the bite is not suitable to coor-
dinate the same lithium atom (like TMEDA in [{nBuLi-
(tmeda)},]¥)). It is also inappropriate to achieve closest
sphere packing of [(RLi),] by linking two units as in
[{(MeLi),(tmeda),}..],0"  [{(nBuLi),(tmeda)}. ],l*?)  and
[{(nBuLi),(dme)},].['¥ The donor bases in these structures
are so flexible that they tolerate the most dense arrangement
of the organolithium units in the lattice without any space for
additional solvent; this encourages precipitation. DEM yields
the microporous structure of [{(MeLi),(dem),s}.] with sol-
vent-filled channels, reminiscent of the structure of ice, that
improves solubility (Figure 2).
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Figure 1. Top: Solid-state structure of [{(D;CLi),}.] at 1.5 K.l Li—C
225.6(6), Li---C 235.6(6), Li---Li 259.1(9) pm. Bottom: Section of the
solid-state structure of [{(MeLi),(dem);s}..]. The (MeLi), units are located
at a crystallographic threefold axis, emulating the body diagonal arrange-
ment of parent [{(MeLi),}..]. Three lithium atoms of the Li, tetrahedra are
coordinated to one oxygen atom of the diethoxymethane donor base. The
second oxygen atom provides the link to a second Li, unit each. The forth
lithium atom supplies long-range Li;CHj;--- Li interaction of 243.5(8) pm.
Selected bond lengths [pm]: C1-Lil 224.0(6), C1-Li2 227.1(4), C2—Lil
227.3(5), Lil---Li2 252.0(8), Lil---LilA 255.1(8), Lil—O1 197.8(16),
0O2-LilC 199.5(15).

As far as the activation of the methanide group is
concerned the long-range Li;—CHj;--- Li interactions seem to

be vital. In the R;C,Li; moiety in organolithium deltahedra

Chem. Eur. J. 2001, 7, No. 7
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Figure 2. Space-filling diagram depicting the channels orthogonal to the
paper plane, which can accommodate solvent. The inner diameter of the
channels is 720 pm.

the oa-carbon atom is hexacoordinate. In the base-free
structures C;—Li contacts are vital to provide electron density
to the metal core. They range from the same distance as the
long C,—Li bonds to the Li; triangle ([{PrLi]s,® [nBuLi],"") to
about 18 pm longer ([CyLi]s, [(Me,C),CHCH,Li] '%). If no
pB-carbon atoms are available, long-range Li--- C interactions
between tetrameric units are employed (Li;CDj;---Li in
[{(D5sCLi),}..]JP 235.6(6) in comparison to 225.6(6) pm for
Li—C,, 250.1 and 228.1 pm in [{EtLi},]® and 227.1(4) and
243.5(4) pm in [{(MeLi),(dem); s},.]). These long-range inter-
actions increase the basicity of the C, atom as the related
lithium atom coordinates the methyl group from the Hj; face.
In contrast to other known monomeric or polymeric donor-
stabilized organolithium compounds, in [{(MeLi),(dem); s}.]
the additional Li--- C long-range interactions are maintained.

In the triple quantum "Li MAS NMR spectroscopic experi-
ment,??l we observed two signals in the ratio 3:1 of which the
first (0;,=2.1) is assigned to the three lithium atoms
orthogonal to the threefold axis along the rods of the Li,
tetrahedra and the second (J;, =1.0) to the lithium atom on
the crystallographic threefold axis (Figure 3). The signal at
0io=1.2 is due to some lithium halide impurities. In the 3C
CP MAS NMR spectrum the magnetically different methyl
groups could not be resolved and gave rise to a broad singlet
at 0 = — 14.2 relative to external TMS. In DEM four different
sites could be resolved in the ’Li NMR experiment upon
cooling the sample. At room temperature the singlet at d =3.5
broadens and gives signals at 6 =3.8, 3.1, 2.8, and 2.3 at
—80°C (relative to external 1M LiCl in D,0). This indicates a
monomer/oligomer/polymer equilibrium in DEM.

The next challenge was to break up the tetrameric
aggregation of [(MeLi),]. An obvious choice was to employ
the cap-shaped triazasulfite dianion.! The lone pair at the
sulfur atom in the tripodal ligand S(NBu);*~ in [{Li,-
[(NBu);S]},]?4 is stereochemically active, and the negative
charge is delocalized over the three nitrogen atoms. Formally
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Figure 3. Sheared, ,-rotor-synchronized and z-filtered 3Q MQMAS "Li NMR spectrum of [{(MeLi),(dem); s}..] (1) showing three sites for 'Li. On the left is
the projection onto F; along F, as obtained after shearing FT. Top spectrum is the standard single pulse "Li MAS spectrum. Additional axes are included for
interpretation: A is the anisotropic axis lying parallel to the F, axis, Qis is the quadrupolar induced shift axis, and CS is the chemical shift axis.

coordination of three lithium atoms to the dianionic cap
converts it to a monocationic cap, which can be regarded as an
inverted crown ether or cryptand. The three lithium atoms
prearrange to form an Li; triangle, often found in organo-
lithium structures. Hence, coordination of a single methanide
anion seems feasible (Scheme 1).

From our work we know that the dilithium triazasulfite is
capable of co-coordination of various salts like LiX
(X=halide) in [{(thf);Li,I-
[(NBu),S]},]*! and [{(thf);Li;Br-
[(N7Bu);S]},],! LiN; in
[{(thf)sLi;Ns[(NrBu);S]}. ],
or KOrBu in [{(thf),Li,K(O-
Bu)[(NrBu);S]},].?" The Li---
Li distances in this cap-shaped

_RR—IZ—

S\
\N/ :l/\N/

l+3Li+

R s .

R

S.R g Li;(NsBu);S* cation (Scheme 1,
SNTVAYT middle) are quite variable and
:‘ depend on the radius of the
Li” Li coordinated anion (275 (§*7),2%
A 285 (N3),121 293 (Br~),*! and
l 300 pm (I7)®)). Similarly, the
dilithium triazaselenite [{Li,-
R S_R Rr [(NBu),Se]},]?! also co-coor-
\N/ ):‘/ \N/ dinates to lithium halides.® In
LG general the Li---Li distances
H i /Li are larger than those found in
A

parent tetrameric organolithi-
SCheI;‘e 1'dCS(E;V;rSI)°;1 d‘?f the  ym complexes (241 [(tBu-
cap-shape tBu 3“7 dlanion . 71 . 6]

to a cationic Li;(N/Bu);S* li- Li)], ,253[51[(EtL1)4].’ .259 pm
gand capable of anion solva- [(MeLi),]),P), but similar dis-
tion. tances can be found in the
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hexameric aggregates (294 in [(nBuLi)e]” or 296 pm in
[(iPrLi)g] ).

With this in mind the dilithium triazasulfite [{Li,[(NBu);-
S]},] should be a suitable synthon to achieve disintegration of
the parent [(MeLi),] tetramer and stabilization of a MeLi
monomer in a [(thf);Li;Me{(NtBu);S}] complex, similar to the
species mentioned above. [(MeLi),] reacts smoothly with a
triazasulfite solution when warmed to slightly above room
temperature for a couple of minutes. Both the [(MeLi),]
tetramer and the [{Li,[(NtBu);S]},] dimer disintegrate and
recombine to give [(thf);Li;Me{(NtBu);S}] (2), [Eq. (1)].

[(MeLi),] + 2[{Li,[(NtBu),S]},] -2, + 4[(thf);Li;Me{(NtBu);S}]] (1)

Compound 2 is a white solid which instantaneously turns
blue when it is air exposed. It is as pyrophoric as parent
[{(MeLi),}..]. The compound is readily soluble in THF and
also in hexane once THF is coordinated. Equation (1) shows
that recombination of one tetrameric methyllithium and two
dimeric triazasulfites gives four methanidetrilithium triaza-
sulfite monomers. Compound 2 was crystallized from hexane
solution at —36°C. The colorless crystals were of sufficient
quality for X-ray crystallographic studies.

The crystal structure of 2 (Figure 4) shows a triazasulfite
coordinated to three lithium atoms in a u, arrangement at
every SN, bisection so that a Li; triangle, known from
organolithium comopunds, is formed. The upper triangle face
is shielded by the triazasulfite, while the lower face is capped
by the methanide anion.P! The Li—C bond lengths in 2 range
from 224.0(7) to 232.5(8) pm and match those found in
organolithium compounds (224.6(14) in [(BuLi),],l" 225.6(6)
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Figure 4. Solid-state structure of [(thf);Li;Me{(NsBu);S}] (2); selected
bond lengths [pm] and angles [°]: SI-N1 166.7(3), SI-N2 167.1(3), S1-N3
163.2(3), N1-Lil 205.9(7), N1-Li2 202.8(7), N2—-Li2 212.4(7), N2—Li3
197.5(7), N3—Li3 215.4(7), N3—Lil 199.2(7), Lil --- Li2 263.5(8), Li2 --- Li3
267.0(9), Li3---Lil 257.4(8), C100-Lil 232.5(8), C100-Li2 224.0(7),
C100—-Li3 230.6(8), N1-S1-N2 96.84(15), N2-S1-N3 101.03(14), N3-S1-N1
104.26(15).

in [(MeLi),],P1 228.1 pm in [(EtLi),]®). The Li--- Li distances
in 2 range from 257.4(8) to 267.0(9) pm and the shortest is
almost identical to the related distance in [(MeLi),]. The
three THF molecules coordinated to the lithium atoms form a
suitable cavity and provide sufficient shielding to the meth-
anide anion. At first sight one anticipates a C; axis in the
molecule along the S1---C100 vector, but besides the non-
isosceles Lij triangle, the S—N bonds of the triazasulfite are
not equal. The S1-N3 bond (163.2(3) pm) is 3.6 pm shorter
than the other two (av. 166.8(3) pm). N3 is coordinated to the
shorter Lil --- Li3 side of the Li; triangle (257.4(8) pm; 6.5 pm
shorter than the two others). To counterbalance this N3 shift
the methanide C100 is more shifted towards Li2. The
C100—-Li2 bond length (224.0(7) pm) is 7.6 pm shorter than
the C100—Lil,3 bond lengths (av. 231.6(8) pm) (Scheme 2).

6.1° smaller
/ b2 7.6 hort
/ ,’/;/ .6 pm shorter
/N1QN2 e
S LN
[~ Lit=--—--- Li3
N3 3.6 pm shorter

6.5 pm shorter

Scheme 2. Bonding in the triazasulfite moiety: N3 is coordinated to the
shorter Lil ---Li3 side of the Li; triangle, while the methanide C is more
shifted towards Li2.

The unsheared two-dimesional ’Li MQMAS NMR spec-
trum of 2 has a sharp and a broad signal at isotropic shifts of
0o = 2.75 and 1.55, respectively, with the area ratio 2:1.52 The
shape of the contour plot in Figure 5 indicates that the site at
of d;,, =2.75 is well defined because the signal shows neither a
distribution of chemical shifts nor of quadrupolar couplings.
This peak can be assigned to the two sites Lil and Li3, because
they have the same distance to the methanide anion. Hence
the broad signal of the two-dimensional MQMAS has to be
assigned to the Li2 site and shows a small distribution of
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Figure 5. The unsheared 3Q MQMAS 7Li solid-state NMR spectrum of 2
shows two 7Li sites with an intensity ratio of the two signals nearly 2:1.
Additional axes are included for interpretation: A is the anisotropic axis
with the slope of —7/27, Qis is the quadrupolar induced shift axis, and CS is
the chemical shift axis.

chemical shifts. The result of the 'Li MQMAS is consistent
with the single-pulse high-power decoupled °Li MAS NMR
experiment, which also exhibits two sites for 2 in the ratio 2:1.

Conclusion

The rigid bite of the methylene-bridged bidentate donor base
DEM in [{(MeLi),(dem),s}..] (1) generates soluble micro-
porous aggregates, while the more flexible ethylene-bridged
donor bases like DME and TMEDA create insoluble
polymers. In compound 1 the long-range Li;CH;---Li inter-
actions found in solid [{(MeLi),}.] are maintained. All solid-
state structural features of [(thf);Li;Me{(NsBu),S}] (2) indi-
cate that the molecule can be interpreted as a [Li,{(NtBu);S}]
moiety that stabilizes a monomeric unit of MeLi by forming a
Li; triangle, which has one face shielded by the tripodal
S(NfBu);?>~ dianion. We currently investigating the reactivity
of this species. The planned experiments will elucidate
whether the reactivity of [{(MeLi),(dem);s}.] is enhanced
relative to that of MeLi in diethyl ether and whether it is
possible to transfer methanide groups with [(thf);Li;Me-
{(N7Bu);S}] without participation of the triazasulfite in the
reaction.

Experimental Section

General: All experiments were performed under a nitrogen atmosphere
either by using modified Schlenk techniques or in a drybox. Solvents were
freshly distilled from sodium-potassium alloy prior to use. 'H, ’Li, and
3C NMR spectra were recorded in C,Ds ("H C(HDs: 6 =7.15; 3C CiDy:
0 =128.0) with a JEOL Lambda 300 and a Bruker AMX 400 spectrometer.
The solid-state °Li MAS and "“C CP/MAS NMR experiments were
performed by using a Bruker DSX400 spectrometer, while the two-
dimensional 'Li MQMAS was recorded on a Bruker MSL400 spectro-
meter. Melting (decomposition) points were determined by using a
MEL TEMPII melting point apparatus. Elemental analysis were per-
formed by the analytical laboratory of the Department of Inorganic
Chemistry at Wiirzburg.
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Crystallization of [{(MeLi),(dem),s}..] (1): A clear commercially available
solution of methyllithium in diethoxy methane (8%, CHEMETALL,
Frankfurt) in a Schlenk flask under argon atmosphere was connected to a
second Schlenk flask containing cyclopentane. The pressure in both flasks
was reduced to 0.1 bar and the cyclopentane is allowed to diffuse into the
MeLi/DEM solution. Overnight colorless crystals started to grow, which
could be enlarged to about 5 x 5 x 5 mm in size within a week. They should
be handled with care as the material is as pyrophoric as parent MeLi.

Syntheses of [(thf);Li;Me{(NsBu),S}] (2): [{(thf)Li,[(N/Bu);S]},] was
obtained as described previously in ref. [24]. Methyllithium (3™, 3.4 mL,
10.14 mmol) were slowly added to a solution of [{(thf)Li,[(N7Bu);S]},]
(3.0 g, 5.07 mmol) in THF (20 mL) at —78°C and stirred for 1h. The
solution was stirred for two hours at room temperature. THF was removed
in vacuum and the white precipitate was redissolved in warm hexane.
Storage of the solution at —36°C for three days affords colorless crystals
which were suitable for X-ray structure determination, (2.6 g, 78%).
'"H NMR (300.4 MHz, CsDy): 6 = —1.41 (s, 3H, CH3;), 1.34 (m, 12H, THF),
1.55 (s, 27H, C(CH,)), 3.70 (m, 12H, THF); B¥C NMR (100 MHz, C,Dy):
0=25.54, 68.46 (THF), 34.61 (C(CH,);), 53.24 (C(CH;);); 'Li NMR
(155.5 MHz, external saturated LiCl solution) 6 =2.16, (brs, 2Li), 2.67
(brs, 1Li); °Li MAS NMR (58.9 MHz, external solid LiCl): d =2.1 (brs,
1Li), 2.8 (brs, 2Li); *C CP/MAS NMR (100.6 MHz, external TMS): 6 =
—13.9 (Li;CH3), 25.8, 26.0, 26.2, 68.6, 69.0 (THF), 34.4, 34.8 (C(CH;)s),
52.5, 52.8, 53.0 (C(CHj;)3); elemental analysis caled (%) for C,sHsyLi;N;-
0;S: C60.34, H 10.94, N 8.45, S 6.44; found C 59.67, H 9.89, N 9.04, S 6.08.

X-ray crystal structure determinations of 1 and 2: Relevant crystallographic
data are presented in Table 1. Data of both structures were collected on a
Stoe IPDS diffractometer at 153(2) K on a shock-cooled pyrophoric crystal

Table 1. Crystal data and structure refinement for 1 and 2.

1 2
formula C4HisLi, 0, C,sH;,LisN;05S
M, 279.18 497.59
crystal size [mm] 0.6x05%x05 02x0.2x0.1
space group P3cl P2,/c
a [pm] 1386.47(11) 1574.7(3)
b [pm] 1386.47(11) 1376.1(3)
¢ [pm] 1242.25(12) 1449.9(3)
A1 90 92.40(3)
V [nm?] 2068.0(3) 3139.1(11)
V4 4 4
Peatcd [Mgm™3] 0.897 1.053
u [mm™1] 0.056 0.130
F(000) 620 1096
O range [°] 2.94-20.81 2.39-26.46
reflections measured 9137 4520
unique reflections 733 4523
data/restraints/parameters 733/51/107 4520/369/384
goodness-of-fit on F? 1.069 1.079
R1E [1>20(1)] 0.0620 0.0621
wR2M! (all data) 0.1752 0.1888
largest difference peak/hole [enm=] 405/ — 167 315/-272

(a] R1=Z||F)| — |F|l/Z|F,|. [b] wR2=[Ew(F — F2Zw(F3)]"*; w=
1/0(F2) + (g,P)* + g,P; P=[max(F20)+2F?]/3.

in an oil drop.?® The structures were solved by direct methods (SHELXS-
97)* and refined on F2.I¥l A single uncoordinated disordered cyclo-
pentane molecule in 1 was located in the threefold channel. The DME
molecules suffered from disorder, which was successfully modeled by
employment of 51 ADP and distance restraints. Both disorders caused the
intensities only to reach up to slightly higher than 20° in 6.

All non-hydrogen atoms in 2 were refined with anisotropic displacement
parameters. Hydrogen atoms bonded to the methanide atom were located
by difference Fourier syntheses and refined freely. All other hydrogen
atoms of the molecule were refined by using a riding model. One THF
molecule (O3T-C34T) was disordered and refined to a split occupancy of
0.48/0.52 by using distance and similarity restraints. The structure was
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successfully refined as a twin by assigning the data to two different
orientation matrices.

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-153452 (1)
and CCDC-153453 (2). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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A New Class of Dianionic Sulfur-Ylides: Alkylenediazasulfites

Bernhard Walfort, Riidiger Bertermann, and Dietmar Stalke*!?]

Abstract: The compounds [{(thf)Li,-
[H,CS(NtBu),]},] (1) and [{(thf) Li,[ (E0)-
(Me)CS(NrBu),]},] (2) can be synthe-
sized in a two-step reaction. Firstly
addition of an alkyllithium to sulfur
diimide gives the diazaalkylsulfinate
[RS(N7Bu),]- (R=Me, sBu). In a sec-
ond step the a-carbon atom in R is
metalated with one equivalent of meth-
yllithium to give the S-ylides. This new

group. Similar to Corey’s S-ylides
(Ry(0)ST—CR,) and Wittig’s phospho-
nium ylides (R;PT—CR,), these mole-
cules contain a positively charged sulfur
atom next to a carbanionic center.
Therefore nucleophilic addition reac-
tions of the carbon atom are feasible.
The reaction of a sulfur diimide with the
anionic carbon center in [H,CS-
(NtBu),]*~ gives the intermediate alkyl-

bis(diazasulfinate) [(rBuN),SCH,S-
(N#Bu),]*~. The acidity of the hydrogen
atoms at the bridging CH, group is high
enough to give, upon deprotonation, the
[(zBuN),SCHS(NrBu),]*~ trianion in
[{(thf)Li;[ (rBuN),SCHS(N7Bu),]},] (3).
In [(Et)(Me)CS(N7Bu),]*~ the nucleo-
philic carbon atom is sterically hindered
and transimidation instead of deproto-
nation is observed. In a complex redox

class of compounds can be rationalized
as sulfite analogues, in which two oxygen
atoms are each isoelectronically re-
placed by a N7Bu group and the remain-

! > ylides
ing oxygen atom is replaced by a CR,

Introduction

During the last years we were interested in the syntheses and
coordination chemistry of polyimido sulfur anions like
S(NR);>~,1 S(NR),2~,2 RS(NR), B or RS(NR);~,¥ the aza
analogues of the well-established oxo anions SO*~, SO,*,
RSO,~, and RSO;". The extensive interest in polyimido
anions of the p-block elements is evident from the syntheses
of most E(NR),”™ anions during the last five to six years (E =
8,14 Se. 5] Te, 9l PI7T As® Sb, €191 Si11), Snl12); x, n=1-4)
and is still fuelled by various applications. Here we present the
syntheses and structures of [{(thf)Li,[H,CS(N7Bu),]},] (1) and
[{(thf)Li,[(Et)(Me)CS(NrBu),]},] (2), the first carb/diaza
analogues of SO5?-, in which two oxygen atoms are isoelec-
tronically replaced by a NtBu group each and the third oxygen
atom is substituted by a CR, group. The resulting alkylene
diazasulfite dianions can be envisaged in three different
resonance forms (A -C).

As visualized in structures A —C, there is a close relation-
ship between Corey’s sulfur ylides and the alkylene diazasul-
fites dianions reported in this paper. As in sulfur ylides there is
a positively charged sulfur atom in compounds 1 and 2

[a] Prof. Dr. D. Stalke, Dipl.-Chem. B. Walfort, Dr. R. Bertermann
Institut fiir Anorganische Chemie der Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
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process [(thf)sLiS{(NBu);S},] is recov-
ered. The two new classes of compounds
broaden the rich coordination chemistry

sulfur - sulfur . . ; A
of the triazasulfites by the introduction
of a hard carbon center.

/tBu o 5 /tBu o 5 /tBu
Bu-N N Bu-N. N Bu-N. N
; b ;
Cc\© c\© c
7N\ /N
R R R R R
A B c

delocalised ylidic ylenic

adjacent to a carbanionic center. Therefore we expect a
similar reactivity for the alkylene diazasulfites and the S-
ylides. A nucleophilic addition reaction of the deprotonated
carbon atom seems feasible. Addition of an equivalent sulfur
diimide to 1 gives the intermediate alkylbis(diazasulfinate)
[(BuN),SCH,S(NtBu),]*>~. Deprotonation of this intermedi-
ate gives dimeric [{(thf)Li;[(rfBuN),SCHS(NzBu),]},] (3),
which contains the [(RN),SCHS(NR),]*~ trianion.

Results and Discussion

Synthesis of S-methylene-N,V'-di(tert-butyl)diazasulfite
[H,CS(NR),]*" in 1 and S-sec-butylene-N,N'-di(tert-butyl)-
diazasulfite [(H;C,)(H;C)CS(NR),]** in 2: Compounds
[{(thf)Li,[H,CS(NsBu),]},] (1) and [{(thf)Li,[(Et)(Me)CS-
(N1Bu),]},] (2) can be synthesized in a two-step reaction: first
the alkyl diazasulfinate is generated in an addition reaction of
the corresponding organolithium to N,N'-di-(tert-butyl)sulfur
diimide [Eq.(1)]. In a second step the a-carbon atom is
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deprotonated by one equivalent of methyllithium to give the
sulfite analogues in good yields (60-80%) [Eq. (2)].
Deprotonation reactions of an a-carbon atom next to a
sulfur atom in general are well established. Most widespread
is the synthesis of sulfur ylides,['3 but also they are employed
in the synthesis of sulfines and sulfenes by HCI elimination
from RCH,S(O)CI' or more recently in asymmetric C—C

Abstract in German: Die Verbindungen [{(thf)Li,[H,CS-
(NtBu),]},] (1) und [{(thf) Li,[ (Et)(Me) CS(NtBu),[},] (2) sind
leicht in einer zweistufigen Synthese zugdnglich. Im ersten
Schritt erhiilt man Diazaalkylsulfinate [RS(NtBu),]~ (R= Me,
sBu) durch Addition eines Lithiumalkyls an ein Schwefeldi-
imid. Im zweiten Syntheseschritt wird das a-Kohlenstoffatom
in R mit einem Aquivalent Methyllithium metalliert und ergibt
die neuartigen S-Ylide. Diese neuen Verbindungen kionnen
ebenfalls als Sulfitanaloga beschrieben werden, wobei zwei
Sauerstoffatome isoelektronisch durch eine NtBu Gruppe
ersetzt werden und das verbleibende Sauerstoffatom durch
eine CR, Gruppe ersetzt wird. Analog zu Corey’s S-Yliden
(R,(0)S™CR,) und Wittig’s Phosphor-Yliden (R;P™—CR,)
besitzten diese Molekiile ein positiv geladenes Schwefelatom in
direkter Nachbarschaft zu einem carbanionischen Zentrum.
Folglich sind nucleophilen Additionsreaktionen mit dem Koh-
lenstoffatom moglich. Die Reaktion eines Schwefeldiimids mit
dem anionischen Kohlenstoffatom in [H,CS(NtBu),]*~ ergibt
intermediir Alkylbis(diazasulfinat) [(tBuN),SCH,S(NtBu),]*~.
Die Aziditit der Wasserstoffatome der verbriickenden CH,
Gruppe ist groff genug, so daf3 nach Deprotonierung das
Trianion [(tBuN),SCHS(NtBu),]>~ als [{(thf)Li;/(tBuN),-
SCHS(NtBu),]},] (3) erhalten wird. In [(Et)(Me)CS-
(NtBu),J?~ ist das carbanionische Zentrum sterisch gehindert,
und man beobachtet Transimidierung statt einer Addition des
Kohlenstoffatoms an ein Schwefeldiimid. Im anschlieflenden
Redoxprozess erhdlt man das bekannte Triazasulfit-Adukt des
Lithiumsulfids [(thf)sLisS{(NtBu);S},]. Die beiden neu ge-
wonnenen Verbindungsklassen erweitern die bereits reichhal-
tige Koordinationschemie der Triazasulfite durch das einge-
fiihrte harte Kohlenstoffzentrum.

Chem. Eur. J. 2001, 7, No. 7
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Li(thf),

coupling reactions with sulfox-
imines.'™! In all these known
compounds the sulfur atom is
neutral or positively charged.
The alkyl diazasulfinates dis-
cussed in this paper are the first
examples of anions capable of
generating S-ylides. Unlike in
the carboxylates with «-CH
functions, in which the negative
charge prevents the formation
of enolates, the negative alkyl
diazasulfinates can be depro-
tonated with the strong base
MelLi to give the S-methylene-
N,N'-di(tert-butyl)diazasulfite
[H,CS(NR),]* in 1 and the S-
sec-butylene-N,N'-di(tert-bu-
tyl)diazasulfite in 2. Attempts
to deprotonate the alkyl diazasulfinates with metal amides or
metal alkoxides failed. This seems to be more a kinetic effect
than the lack of basicity.

m

Lig(thf); + 2 CHy @

Crystal structures of [{(thf)Li,[H,CS(N#Bu),]},] (1) and
[{(thf)Li,[ (Et)(Me)CS(N7Bu),]},] (2): By isoelectronic re-
placement of an imide group from the triazasulfite [Li,-
{(NBu);ShL]M by a CH, group in [{(thf)Li,[H,CS(N7Bu),]},]
(1) the degree of aggregation is maintained in the solid state
(Figures 1 and 2). Both structures are dimers. The additional

Figure 1. Solid-state structure of [{(thf)Li,[H,CS(NrBu),]},] (1) (thermal
elipsoids drawn at 50 % probability, left) and the coordinating features of
the ligand (right); selected bond lengths [pm] and angles [°]: S1-N1
165.9(2), S1-N2 165.6(2) S1-C3 178.6(3), N1-Lil 203.4(5), N1-Li2A
202.6(6), N2—Lil 210.1(6), N2—Li2 198.4(6), C3—LilA 230.5(6), C3—Li2
237.2(6), C3—Li2A 235.1(6); N1-S1-N2 103.0(1), N1-S1-C3 100.7(1), N2-S1-
C399.2(2), N2-Li2-N1A 177.8(3).

charge does not appear to affect the S—N bond lengths in 1, on
average 165.8(2) pm and which are in the same range as those
in S(NR);>~ 1 (~167 pm) or RS(NR),™ Bl (~165 pm), or the
S—C bond length. The S—C bond length of 178.6(3) pm in 1 is
as long as a S—C single bond found in alkyl diazasulfinates?!
(~181 pm) or alkyl triazasulfonates (~179 pm). No bond
shortening, anticipated from a Lewis diagram with a S=C
double bond is detected. This findings favour the ylidic B-type
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Figure 2. Solid-state structure of [{(thf)Li,[(Et)(Me)CS(NrBu),]},] (2)
(thermal elipsoids drawn at 50% probability); selected bond lengths
[pm] and angles [?]: SI-N1 165.2(2), SI-N2 164.9(2), S1-C10 181.7(3),
N1-Lil 201.2(5), N1-Li2 209.4(5), N2—Li2 207.5(5), N2—LilA 201.9(5),
C10-Lil 2372(5), C10-LilA 241.0(6), C10-Li2A 236.8(5); N1-S1-N2
104.48(11), N1-S1-C10 99.88(11), N2-S1-C10 99.64(12), NI1-Lil-N2A
178.8(3).

resonance formula. The S—N and S—C bond lengths indicate
that one negative charge is delocalized over the SN, back-
bone, while one negative charge is localized at the carbon
atom. The contribution of the ylenic form C is insignificant.

The carbanion C3 is coordinated at the center of a triangle
made up by three lithium atoms, a structural motif well known
in lithium alkylides (Figure 1, right).l”l All lithium atoms are
coordinated by four atoms. Lil and LilA are coordinated
tetrahedrally by two nitrogen atoms, one carbon atom, and
one THF donor molecule. Li2 and Li2A are located at the
apical position of a distorted square pyramid with two
nitrogen atoms and two carbon atoms in the basal positions.

The structure of [{(thf)Li,[(Et)(Me)CS(NtBu),]},] (2) is
isomorphous, but not isostructural to 1. The main structural
features of both are the same. The average S—N bond length
of 165.0(2) pm is almost identical to that found in 1
(165.8(2) pm). The replacement of the methylene group in 1
by the much bulkier sec-butylene group in 2 induces a 3 pm
longer S—C bond length (S—C 181.7(3) in 2 vs. 178.6(3) pm in
1). The Li;LCR, structural motif from organolithium com-
plexes is present, and the mesomeric form B describes the
bonding best. One negative charge is delocalized over the SN,
backbone and one is localized at the a-carbon atom.

Similar to [Li,{(NtBu);S},] both crystal structures of 1 and 2
are dimeric. The first adopts a distorted hexagonal prismatic
arrangement, made up from two stacked SN;Li, six-mem-
bered rings (Scheme 1, left).['l Replacement of a NR group by
a CR, (bolt) group causes two additional Li—C bonds across
the six-membered rings to be formed. Hence the hexagonal
prismatic structure changes to two distorted SN,C,Li; cubes
with a common C,Li, face (Scheme 1, right).

Chivers et al. recently reported the syntheses and structure
of the heteroleptic oxodiazasulfite [Li,{(N#Bu),SO}].['l The
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Scheme 1. The replacement of a single NR group in S(NR);>~ by a CR,
group in S(NR),(CR,)?>" causes the hexagonal prismatic dimer to change
into two face connected cubes (R groups on N and C are omitted).

replacement of one NR group by a single oxygen atom results
in complete structural rearrangement. The hexagonal pris-
matic structure from the triazasulfite is opened and trimeri-
zation to a hexameric array is detected. All oxygen atoms in
this aggregate are coordinated to three lithium atoms.

A comparison of the structures of the aza/oxo/carba sulfites
reveals that the structures are determined by the preferred
coordination mode of the corresponding heteroatom. Nitro-
gen prefers a tetrahedral coordination mode with two lithium
atoms. Oxygen also prefers a tetrahedral environment; this
results in the coordination of three lithium atoms. By contrast,
the carbon atom prefers a distorted octahedral coordination
sphere. As in the organolithium compounds reported here
one triangular face of the octahedron is formed by three
lithium atoms (Scheme 2).

R
S R S Li N
SN SNo” S\i;/
EAN A\ L/\ Li
Li Li Li Li I !

Li
Scheme 2. Different coordination modes of the aza/oxo/carba analogues
of the sulfites.

The two-dimensional 'Li MQMAS NMR spectrum of 1
clearly shows two well-resolved peaks at isotropic shifts of
Oiso = 2.4 and 3.1.8] The shape of the contour plot in Figure 3

ppm

6 5 4 3 2 1 0 -1 ppm
Figure 3. Unsheared 3Q MQMAS Li solid-state NMR spectrum of 1
showing two 7Li sites with an intensity ratio of approximately 1:1.
Additional axes are included for interpretation: A is the anisotropic axis
with the slope of — 7/27, Qis is the quadrupolar induced shift axis, and CS is
the chemical shift axis.
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indicates that the sites are well defined because the signals
show neither a distribution of chemical shifts nor of quad-
rupolar couplings. The result of the 'Li MQMAS is consistent
with the single-pulse high-power decoupled °Li MAS experi-
ment, which also exhibits two well-defined sites for sample 1
in the ratio 1:1.

Addition reactions of [{(thf)Li,[H,CS(N#Bu),l},] (1) and
[{(thf) Li,[ (Et)(Me)CS(N7Bu),l},] (2) to a sulfur diimide: To
elucidate the reactivity of 1 and 2 we tried to add the
nucleophilic carbanionic center to the electrophilic sulfur
atom in sulfur diimide. With 1 this addition works. In a first
step the addition gives the intermediate [(thf),Li,{((NfBu),-
S),CH,}] [Eq. (3)]. The acidity of the hydrogen atoms of the
bridging CH, group is so high that this product is deproton-

1424-1430
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Scheme 3. Transfer of an imido group in 2 to the sulfur diimide and
formation of a lithium sulfide adduct of triazasulfite, [(thf)sLi,S-
{(NrBu);S},].

reaction mixture.? In the structure one equivalent of LiCl is
co-coordinated to the dimer (Figure 4). In the structure the
two [(fBuN),SCHS(N7Bu),]*~
trianions face each other with

- 2- - 2- . . .
Bu 2 Bu Bu, their diconcave sites accommo-
/
N B s & N N dating the six lithium cations
Hchs\'\N Lig(th + 2 Bl =Se B THE 2 ,}S\CHz/S\;\ Liz(thf)s @ between them (Scheme 4). The
N
By’ 5 “tBu By
. S..
) T N/ \C/ \ i
. . Lo
Bu tBu\ tBu\ 2
S/
N N /!\l Scheme 4. Coordinating mode of the
\;\S\ S/ Lix(thf)y + H,C—S ;/ Ligthf)y ——— metallated bis-diazasulfinate.
T CHy N oo
N\ /N /N
Bu Bu Bu > ligand coordinates as two tripo-
“ dal caps coupled through C100
3- _ i i -
Bu Bu Bu 1- to give a pentacoordinate sys
N/\ \N \N tem.
:;/s\ S N Ligthfy, + 2 H3Cr3< Li(thf) The lithium coordination in
NS N N the two SN,C tripods of the
Bu Bu ) Bu corner-shared caps is quite dif-
s ferent. While three lithium cat-

ated by 1 before the addition of 1 to the sulfur diimide
is completed. As a result [{(thf)Li;[(BuN),SCHS(NBu),]},]
(3), which contains the [(rBuN),SCHS(NBu),]*~ trianion and
the known methyl diazasulfinate [(thf),Li{(NtBu),SCH,}], is
obtained [Eq. (4)].

In compound 2 the nucleophilic carbon atom is sterically
hindered and the addition reaction is prevented. Instead a
sterically less crowded, but also negatively charged, nitrogen
atom adds in a first step to the electrophilic sulfur atom of the
sulfur diimide. In the subsequent step the imido group is
completely transferred to the sulfur diimide and the triaza-
sulfite is formed. The sulfur carbylenimine initially present
then decomposes in a complex redox process to give sulfide
anions and other unidentified products. However, the lithium
sulfide adduct of the triazasulfite [(thf);Li,S{(NfBu),;S},], as
described earlier,!'”) crystallizes from solution at —20° C in
35% yield (Scheme 3).

Crystal structure of [{(thf)Li;[(rBuN),SCHS(N7Bu),l},]1 (3):
The complex [{(thf)Li;[(fBuN),SCHS(NrBu),]},] (3) could
only be crystallized by the addition of lithium chloride to the

Chem. Eur. J. 2001, 7, No. 7
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ions are in almost ideal stag-

gered arrangement relative to
the two nitrogen atoms and the CH function (relative to S1 in
Figure 4, bottom), they are much more distorted in the second
cap (relative to S2 in Figure 4, bottom). All the nitrogen
atoms as well as the two carbanionic-bridging CH groups are
coordinated to two lithium atoms each. While Lil, Li4, Li5,
and Li6 are coordinated tetrahedrally, Li2 and Li3 have a
trigonal pyramidal coordination environment. The chlorine
atom is coordinated by Li4 and Li5 from the complex and by
Li7 from a pendant Li(thf); fragment. The average S—N bond
length of 165.0(3) pm in 3 is identical to that in complex 2. The
S—C bond of 179.1(3) pm (on average) again is fairly long, an
indication of insignificant double bond character. This ligand
along with the recently prepared azadisulfite?] dianion
[0,S(u-NPh)SO,J*> is of potential interest as a multidentate
ligand.?!

Conclusion

[H,CS(NR),]*>~ and [(Et)(Me)CS(NR),]*~ can be synthesized
through deprotonation of the related alkyl diazasulfinates.
They can be rationalized as sulfite analogues, in which two

0947-6539/01/0707-1427 $ 17.50+.50/0 1427





FULL PAPER

D. Stalke et al.

Figure 4. Solid-state structure of [{(thf)Li;[(rBuN),SCHS(N/Bu),]},]"
LiCl(thf);, (3-LiCl(thf);, top) and coordination mode of one ligand
(bottom). Carbon atoms of the coordinated THF molecules and primary
carbon atoms of the rBu groups are omitted for clarity; selected bond
lengths [pm] and angles [?]: S1I-N1 163.8(3), S1-N2 165.4(3), S2—N3
163.8(3), S2—N4 166.9(3), S1-C100 179.4(3), S2—C100 178.7(3), C100—Li2
230.1(6), C100—Li4 223.2(6), Li—C1 247.4(5), S1-C100-S2 121.20(18), N1-S1-
N2 105.74(14), N3-S2-N4 109.48(13), N1-S1-C100 100.77(15), N2-S1-C100
95.59, N3-S2-C100 99.84(15), N4-S2-C100 100.44(14).

oxygen atoms are isoelectronically replaced by N/Bu groups
and one oxygen is replaced by a CR, group. Like in sulfur
ylides there is a positively charged sulfur atom next to a
carbanionic center. The ylidic or ionic form describes the S—C
bonding best. The ylenic form does not seem to contribute.
Nucleophilic addition reactions of the carbon atom are
possible. The dialkyl diazasulfinates [(RN),SCH,S(NR),]*~
can be synthesized in an addition reaction of sulfur diimide
to the anionic carbon center of [H,CS(NR),]>~. [{(thf)Lis-
{{(N#Bu),S],CH}},], which contains the [(fBuN),SCHS-
(N7Bu),J*~ trianion, can be generated. This ligand coordinates
as two tripodal caps coupled through a CH group to give a
pentacoordinate system. The two new classes of compounds
broaden the varied coordination chemistry of the triazasul-
fites by inclusion of a hard carbon center. The latter with five
coordination centers may be a useful ligand in mixed-metal
complexes and in catalytic reactions.

Experimental Section

All experiments were performed under a nitrogen atmosphere either by
using modified Schlenk techniques or in a drybox. Solvents were freshly
distilled from sodium-potassium alloy prior to use. 'H, 7Li, and *C NMR
spectra were recorded in C,Dy ("H, C;HD5: 6 =7.15; 3C, C;Dy: 0 =128.0)
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with a JEOL Lambda 300 and a Bruker AMX 400 spectrometer. The solid-
state °Li MAS and *C CP/MAS NMR experiments were performed with a
Bruker DSX400 spectrometer, while the two-dimensional 'Li MQMAS
was recorded on a Bruker MSL 400 spectrometer. Melting (decomposition)
points were determined by using a MEL TEMP II melting point apparatus.
Elemental analysis were performed by the analytical laboratory of the
Department of Inorganic Chemistry at Wiirzburg. The complex
[(thf),Li{(NtBu),SMe}] was prepared by the literature procedure.?

Compound 1: MeLi (1.6M, 5.5 mL, 8.82 mmol) was added slowly to a
solution of [(thf),Li{(NtBu),SMe}] (3.0 g, 8.82 mmol) in THF (20 mL) at
—78°C. Immediately evolution of methane gas started. The solution was
stirred for another two hours at room temperature. The solvent was
removed in vacuum, and the white precipitate was dissolved in warm
hexane. Storage of the solution for several days at — 5 °C afforded colorless
crystals suitable for X-ray crystallography, (2.1 g, 86%). M.p. 114°C
(decomp); 'H NMR (300 MHz, C;D¢): 0 =0.97 (s, 4H; S-CH,), 1.22 (m,
8H; THF), 1.44 (s, 36H; C(CH,;);), 3.48 (m, 8H; THF); “C NMR
(100 MHz, C4Dg): 6=25.42, 68.70 (THF), 33.85 (C(CH;);), 52.58
(C(CHj;)3); 'Li NMR (116.7 MHz, external saturated LiCl solution): 6 =
1.67,2.73 (25,4 Li); °Li MAS NMR (58.9 MHz, external solid LiCl): 6 = 1.9,
2.9 (2s, 1:1; 4Li); ¥C CP/MAS NMR (100.6 MHz, external TMS): d =
—13.9 (S-CH,), 25.8, 26.0, 26.2, 69.0 (THF), 34.2, 34.3, 34.8 (4(C(CHs);),
52.8, 53.2 (C(CH,);); elemental analysis caled (%) for C,HssLi,N,O,S,
(548.63): C56.92, H10.29,N 10.21, S 11.69; found C 54.67, H 9.89, N 10.43, S
10.70.

Compound 2: MeLi (1.6M, 35.5 mL, 57.37 mmol) was added slowly to a
solution of [(thf),Li{(NtBu),SCH(CHj;)(C,Hs)}] (22 g, 57.37 mmol) in THF
(35 mL) at —78°C. Immediately evolution of methane gas started. The
solution was stirred for another two hours at room temperature. The
solvent was removed in vacuum, and the white precipitate was dissolved in
warm hexane. Storage of the solution for several days at —36°C afforded
colorless crystals suitable for X-ray crystallography, (12.7 g, 71 %). M.p.
132°C (decomp); '"H NMR (300 MHz, CsDy): 6 =1.43 (4H; S-CCH,CHj;),
1.46 (6 H; S-CCH,CHj;), 1.60 (s, 3H; S-CCH3), 1.33 (m, 8H; THF), 1.48 (s,
36H; C(CHjs);), 3.60 (m, 8H; THF); *C NMR (100 MHz, C¢Dy): 6 =25.52,
68.29 (THF), 33.11, 33.44, 34.27 (S-CCH,CHj; or S-CCH,CHj; or S-CCH3),
34.51 (C(CHs;);), 53.56, 53.63 (C(CHj;);); 'Li NMR (116.7 MHz, external
saturated LiCl solution) 6 =1.92 (s, 4Li); elemental analysis calcd (%) for
C3,HgLi,N,O,S, (632.78) C 56.92, H 10.29, N 10.21, S11.69; found C 54.67,
H 9.89, N 10.43, S 10.70.

Compound 3: N,N'-Di-tert-butyl sulfur diimide (0.38 g, 2.2 mmol) was
added slowly to a solution of 1 (1.05 g, 2.2 mmol) in THF (10 mL) at room
temperature. At first the color of the solution turned from yellow to red. At
the end of the addition the color had returned to yellow. After stirring the
solution for two hours at room temperature, the THF was removed in
vacuum, and the white precipitate was solved in warm hexane. Storage of
the solution for several days at —36°C afforded colorless crystals suitable
for X-ray crystallography (0.9 g, 67%). M.p. 68°C (decomp); 'H NMR
(300 MHz, C;Dg): 6 =1.33 (m, 8H; THF), 1.34 (s, 36 H; C(CHy)5), 3.57 (m,
8H; THF), 1.54 (s, 2H; SCH,S); *C NMR (100 MHz, C¢Dy): 6 =25.34,
68.67 (THF), 34.22 (C(CHj;)5), 52.63 (C(CHjs);) 64.00 (S-CH,-S); 'Li NMR
(116.7 MHz, external satuarated LiCl solution) 6 = 1.58, 2.06.

Crystallographic measurements: Crystal data for the structures 1, 2, and 3
are presented in Table 1. Data for the structures 1 and 2 were collected at
low temperature (173(2) K) on oil-coated shock-cooled crystals®! on a
Stoe IPDS diffractometer with monochromated Moy, radiation (1=
71.073 pm). The data for structure 3 was collected on a Enraf-Nonius
CAD4 diffractometer with k geometry in w/20 scan mode. The structures
were solved by Patterson or direct methods with SHELXS-NT 97.24 All
structures were refined by full-matrix least-squares procedures on F? with
SHELXL-NT 972 All non-hydrogen atoms were refined anisotropically,
and a riding model was employed in the refinement of the hydrogen atom
positions. The positions of the important hydrogen atoms at the metalated
carbon atoms in 1, 2, and 3 were taken from the difference Fourier map and
refined freely. The disordered THF molecule in 2 was refined to split
occupancy of 0.57/0.43 (O1-C28). In 3 one tert-butyl group and eight THF
molecules (five coordinated to the complex and three additional lattice
solvents) were disordered and were refined to split occupancies: 0.48/0.52
(C71-C73), 0.48/0.52 (O1t-C14t), 0.39/0.61 (O2t - C24t), 0.65/0.35 (O3t -
C34t), 0.31/0.69 (O4t—C44t), 0.6/0.4 (O5t—C54t), 0.53/0.47 (O6t—Co4t),
0.5/0.5 (O7t-C74t), 0.64/0.36 (O8t—C84t). All disordered groups were
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Table 1. Crystal data and structure refinement for 1, 2, and 3.

1 2 3
formula CysHs6Li,N,O,S, Cy,HgLi,N,O,S, CisH35CILI;NgOgS,
M, 548.63 632.78 1384.11
crystal size [mm] 0.2x02x0.1 0.4x0.3x%x0.2 0.3x0.3%x0.2
space group P2,/c Pl Pl
a [pm] 960.89(19) 1057.3(2) 1521.27(10)
b [pm] 1884.0(4) 1216.0(2) 1537.61(10)
¢ [pm] 1008.0(2) 1612.7(3) 1934.79(10)
a [ 90 97.99(3) 83.588(10)
AN 111.06(3) 91.47(3) 79.912(10)
v [°] 90 106.92(3) 68.434(10)
V [nm?] 1702.9(6) 1959.7(7) 4.1383(4)
Z 2 2 2
Pealed [Mgm 3] 1.070 1.072 1.111
u [mm~1] 0.182 0.166 0.197
F(000) 600 696 1512
© range [] 2.42-24775 2.34-2471 3.04-22.48
reflections measured 11032 12756 11685
unique reflections 2909 6274 10751
R(int) 0.0994 0.0675 0.0258
data/restraints/parameters 2909/77/186 6274/30/459 10751/1690/1278
goodness-of-fit on F? 0.879 0.933 1.020
R1E [I>20(D)] 0.0442 0.0567 0.0480
wR2M! (all data) 0.0971 0.1582 0.1226
g/g 0.0376/0.0000 0.1004/0.0000 0.0541/2.2189
largest difference peak/hole [enm™3] 198/ —254 1182/ —434 254/ —213

[a] RU=X||F, — |F/E|F, . [b] wR2 = [Sw(F3— F2 PIEw(F3V]2. [e] w=1/0(F3) + (81PY + g:P: P=[max(F30) + 2 F2)3.

refined with distance and similarity restraints. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-151664 (1), CCDC-151663 (2) and
CCDC-151662 (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).

Acknowledgement

The authors thank the Deutsche Forschungsgemeinschaft and the Fonds
der Chemischen Industrie for financial support. Support of Bruker axs
systems, Karlsruhe, and CHEMETALL, Frankfurt/Main, is kindly ac-
knowledged.

(1]
(2]
3]

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

R. Fleischer, S. Freitag, F. Pauer, D. Stalke, Angew. Chem. 1996, 108,
208; Angew. Chem. Int. Ed. Engl. 1996, 35, 204.

R. Fleischer, A. Rothenberger. D. Stalke, Angew. Chem. 1997, 109,
1140; Angew. Chem. Int. Ed. Engl. 1997, 36, 1105.

a) D. Hinssgen, R. Steffens, J. Organomet. Chem. 1982, 236, 53, b) D.
Hinssgen, R. Steffens, Z. Naturforsch. Teil B 1985, 40,919, c) F. Pauer,
D. Stalke, J. Organomet. Chem. 1991, 416, 127; d) F. Pauer, J. Rocha,
D. Stalke, J. Chem. Soc. Chem. Commun. 1991, 1477; ¢)FE.T.
Edelmann, F. Knosel, F. Pauer, D. Stalke, W. Bauer, J. Organomet.
Chem. 1992, 438, 1; f) S. Freitag, W. Kolodziejski, F. Pauer, D. Stalke, J.
Chem. Soc. Dalton Trans. 1993, 3779.

a) R. Appel, J. Kohnke, Chem. Ber. 1971, 104, 3875-83; b) R.
Fleischer, B. Walfort, A. Gburek, P. Scholz, W. Kiefer, D. Stalke,
Chem. Eur. J. 1998, 4, 2266.

a) F. Fockenberg, A. Haas, Z. Naturforsch. Teil B 1986, 41, 413;b) T.
Chivers, M. Parvez, G. Schatte, Inorg. Chem. 1996, 35, 4094.

a) T. Chivers, X. Gao, M. Parvez, Angew. Chem. 1995, 107, 2756;
Angew. Chem. Int. Ed. Engl. 1995, 34,2549; b) T. Chivers, X. Gao, M.
Parvez, Inorg. Chem. 1996, 35, 553; ¢) T. Chivers, X. Gao, M. Parvez,
Inorg. Chem. 1996, 35, 4336.

[

(8]

]

(10]

(11]

(12]

(13]

[14]

[15]

[16]

(17]

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

a) A. Steiner, D.S. Wright, Chem. Commun. 1997, 283; b) P.R.
Raithby, C. A. Russell, A. Steiner, D. S. Wright, Angew. Chem. 1997,
109, 685; Angew. Chem. Int. Ed. Engl. 1997, 36, 649; c) J. K. Brask, T.
Chivers, M. L. Krahn, M. Parvez, Inorg. Chem. 1999, 38, 290.

a) J. Weiss, E. Eisenhuth, Z. Anorg. Allg. Chem. 1967, 350, 9; b) A.
Bashall, M. A. Beswick, E. A. Harron, A. D. Hopkins, S.J. Kidd, M.
Mc Partlin, P. R. Raithby, A. Steiner, D. S. Wright, Chem. Commun.
1999, 1145; c) M. A. Beswick, E. A. Harron, A.D. Hopkins, P. R.
Raithby, D. S. Wright, J. Chem. Soc. Dalton Trans. 1999, 107.

M. A. Beswick, J. M. Goodman, C. N. Harmer, A. D. Hopkins, M. A.
Paver, P. R. Raithby, A. E. H. Wheatley, D. S. Wright, Chem. Com-
mun. 1997, 1879.

a) W. Weith, Ber. Dtsch. Chem. Ges. 1873, 6, 1389; b) E. A. Ebswoth,
M. J. Mays, J. Am. Chem. Soc. 1961, 4879; For general overview see:
¢) Methoden Org. Chem. (Houben—Weyl), Vol. E11, 4th ed. 1952—,
Vol. E11, 1985.

J. K. Brask, T. Chivers, M. Parvez, Inorg. Chem. 2000, 39, 2505.
R.E. Allan, M. A. Beswick, N. L. Cromhout, M. A. Paver, P.R.
Raithby, A. Steiner, M. Trevithick, D. S. Wright, Chem. Commun.
1996, 1501.

For general overview see: Methoden Org. Chem. (Houben—Weyl) 4th
ed. 1952—, Vol. E11, 1985, p. 1344 {f.

See for example: a) G. Opitz, Angew. Chem. 1967, 4, 161; Angew.
Chem. Int. Ed. Engl. 1967, 107, b)J.F. King, R. Rathore, The
Chemistry of Sulphonic Acids, Esters and their Derivatives (Eds.: S.
Patai, Z. Rappoport), Wiley, Chichester, 1991, p. 697.

a) G. Boche, K. Marsch, K. Harms, G. M. Sheldrick, Angew. Chem.
1985, 97,577, Angew. Chem. Int. Ed. Engl. 1985, 24, 573; b) H. J. Gais,
U. Dingerdissen, C. Kriiger, K. Angermund, J. Am. Chem. Soc. 1987,
109, 3775; ¢) M. Zehnder, J. F. Miiller, M. Neuburger, Acta Crystal-
logr. Sect. C 1997, 53, 419; d)J. F. K. Miiller, M. Neuburger, M.
Zehnder, Helv. Chim. Acta 1997, 80, 2182.

J. K. Brask, T. Chivers, M. Parvez, G. Schatte, Angew. Chem. 1997, 109,
2075; Angew. Chem. Int. Ed. Engl. 1997, 36, 1986.

a) R. Zerger, W. Rhine, G. Stucky, J. Am. Chem. Soc. 1974, 96, 6048
b) B. Schubert, E. Weiss, Angew. Chem. 1983, 22, 532; Angew. Chem.
Int. Ed. Engl. 1983, 22, 496; c) H. Hope, P. P. Power, J. Am. Chem. Soc.
1983, 105, 5320; d) M. Geissler, J. Kopf, B. Schubert, E. Weiss, W.
Neugebauer, P. von R. Schleyer, Angew. Chem. 1987, 99, 569; Angew.

1429

0947-6539/01/0707-1429 $ 17.50+.50/0





FULL PAPER

[18

[19

]

1430 —

D. Stalke et al.

Chem. Int. Ed. Engl. 1987, 26, 587; e¢) C. A. Ogle, B. K. Huckabee,
H. C. Johnson IV, P. F. Sims, S. D. Winslow, A. A. Pinkerton, Organo-
metallics 1993, 12, 1960; f) E. Weis, Angew. Chem. 1993, 105, 1565;
Angew. Chem. Int. Ed. Engl. 1993, 32, 1501; g) T. Kottke, D. Stalke,
Angew. Chem. 1993, 105, 619; Angew. Chem. Int. Ed. Engl. 1993, 32,
580; h) U. Siemeling, T. Redecker, B. Neumann, H. G. Stammler, J.
Am. Chem. Soc. 1994, 116, 5507.

The two-dimensional ’Li solid-state NMR spectrum of 1 was recorded
on a Bruker MSL400 spectrometer with a two-pulse sequence by
using time-proportional phase incrementation (TPPI). The experi-
ment was performed with a 4 mm double bearing CP/MAS probe at
155.5 MHz and the sample was spun at MAS speed of 10 kHz. The 90°
degree nonselective pulse length was 3.8 us measured on saturated
aqueous LiCl solution. The experiment was performed by using a
calculated pulse length of 10.1 ps for the first pulse and 2.3 ps for the
second pulse. 600 scans were accumulated for each F; increment, for
128 increments were measured. In F, a time domain of 2048 points was
used. The recycle delay was 1s, and the depicted spectrum is not
sheared.

R. Fleischer, Ph.D. Dissertation 1997, Universitit Wiirzburg; direct
synthesis of [(thf),Li,S{(N7Bu);S},]: N,N'-di-tert-butyl sulfur diimide
(8.72 g, 50 mmol) was added to freshly cut lithium (0.347 g, 50 mmol)
in THF (10 mL). After 3 h stirring, the lithium was completely
dissolved. Crystallization from the deep red THF solution at room

[20]

(21]

[22]

[23]
[24]
[25]

temperature gave colorless crystals. After the reaction solution was
decanted, the volume was reduced by half, and an additional batch of
crystals was obtained. M =997.36; yield: 7.3 g (88%); m.p. 111°C
(135°C decomp.); '"H NMR (200 MHz, CDy): d =1.38 (m, 4H; THF),
1.40 (s, 9H; C(CHs,)5), 3.56 (m, 4H; THF); ’Li NMR (100 MHz, C4Dy):
0=2.83 (s); crystal data: rhombohedral, space group R3, a=
1791.0(3), ¢ =2350.8(5) pm, V=6.530(2) nm?, Z=3.

The deliberate addition of LiCl to promote crystallization is a widely
used technique. Recent examples: a) J. K. Brask, T. Chivers, G. P. A.
Yap, Inorg. Chem. 1999, 38, 5588; b) J. Storre, C. Schnitter, H. W.
Roesky, H.-G. Schmidt, M. Noltemeyer, R. Fleischer, D. Stalke J. Am.
Chem. Soc. 1997, 119, 7505.

J. K. Brask, T. Chivers, M. Parvez, Angew. Chem. 2000, 112, 988;
Angew. Chem. Int. Ed. 2000, 39, 958.

Note added in proof (February 6th, 2001): While this paper was in the
production process the structure of 1 was published: D. Hinssgen, H.
Hupfer, M. Nieger, M. Pfendtner, R. Steffens, Z. Anorg. Allg. Chem.
2001, 627, 17.

D. Stalke, Chem. Soc. Rev. 1998, 27, 171.

G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467.

G. M. Sheldrick, SHELXL-NT 97, Program for Crystal Structure
Refinement, Universitdt Gottingen, 1997.

Received: August 21, 2000 [F2686]

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

0947-6539/01/0707-1430 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 7






FULL PAPER

Remote Dipole Effects as a Means to Accelerate [Ru(amino alcohol) |-
Catalyzed Transfer Hydrogenation of Ketones

Sofia J. M. Nordin,*! Peter Roth,[*! Tibor Tarnai,'*! Diego A. Alonso,"!
Peter Brandt,'! and Pher G. Andersson*!?!

Abstract: A new generation of 2-aza-
norbornyl amino alcohol ligands for the
catalytic transfer hydrogenation reac-
tion of aromatic ketones was synthe-
sized. Extremely active catalysts were
formed by introducing a ketal function-

gen donor. It was found that the dioxo-
lane substituent in the ligand increased
the turnover frequency, TOFs,, from
1050 h—! to 3000 h~! at an S/C ratio of
1000. Introduction of a methyl group at
the carbinol carbon resulted in TOFj, as

high as 8500 h~'. Transfer hydrogenation
of a range of aromatic ketones was
evaluated and found to reach comple-
tion within 30 minutes at room temper-
ature, and excellent enantioselectivity,
up to 99 % ee, was obtained. A possible

ality at the rear end of the ligand.
Acetophenone was reduced in 96 % ee
at low catalyst loading, substrate to
catalyst ratio, S/C 5000, within 90 min-
utes with isopropyl alcohol as the hydro-

metric catalysis
nium

Introduction

Asymmetric transfer hydrogenation of multiple bonds has
received great attention during the last two decades because it
is an important complement to asymmetric hydrogenation. A
number of Ru-, Ir-, Rh-, and Sm-based catalysts have been
reported!! and high asymmetric inductions have been ob-
tained by using chiral N, O, and P ligands!!! with isopropyl
alcohol or formic acid/triethylamine as the hydrogen source.?
However, there is still room for improvement when it comes
to reaction rate and catalyst loading. The activity of the
catalyst is often just as important as high enantioselectivity,
especially for industrial applications.’! Many of the previously
published catalysts for transfer hydrogenation that reduce
aromatic ketones at high rates are associated with elevated
reaction temperatures and high catalyst loading or low
enantioselectivity.
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explanation for the enhanced activity
was provided by density functional cal-
culations, which showed that the pres-
ence of a remote dipole in the ligand
lowered the transition state energy.

asym-

We reported earlier on the use of (15,3R,4R)-2-azanor-
bornyl methanol and some analogues (1a—c¢, Figure 1) in the
Ru-catalyzed transfer hydrogenation of aromatic ketones.!

R1
NHRL, Rl g JVO
R
LE_( 5 \b‘i Q NH
OH OH OH

2a:R'=R%Z=CHjy4

2b:R' = R? = CyHg 5
2¢: R' = CHg, R? = Ph
2d:R'=R%?=H

ia: R'=RZ=H
1b: R'=CHy, RZ2=H
1c: R'=H, R®=CHj,

Figure 1. Amino alcohol ligands evaluated in transfer hydrogenation.

The mechanism of the asymmetric transfer hydrogenation
with [Ru(arene)(aminoalcohol)] as catalyst has been inves-
tigated by others and us.’>¢ We now report on further
improvements concerning the activity and selectivity of
[Ru(p-cymene)(azanorbornyl methanol)]-based catalysts
with isopropyl alcohol as the hydrogen donor. To the best of
our knowledge, this is the first catalyst to effect highly
enantioselective transfer hydrogenation at low catalyst load-
ing and high rate. This was accomplished by a modification of
the azanorbornyl ligand backbone in a position remote from
the catalyst active site. By employing DFT, density functional
theory, we have been able to present a possible explanation
for the increased activity of the new catalysts.
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Results and Discussion
Synthesis of ligand 2a—d. The bicyclic structure of ligand 1a

can be easily modified, making this ligand well suited for
optimization. The synthesis of ligand 2a—d (Scheme 1) starts

Aoz HﬁiL f
CO,Me CO,Me

3 a-d
R
R+O
iii, iv o) NH

OH
2a-d
Scheme 1. Synthesis of ligands 2a—d: i) 1 mol% OsO,, NMO, rBuOH/
H,O, RT, 12 h; ii) p-TsOH, 4a: (CH;0),C(CHj;),, MeOH, 50°C, 12 h, 89 %
(stepsiand ii), 4b: (C,H;),CO, MeOH, 50°C, 20 h, 68 % (steps i and ii), 4¢:
PhCOCH;, Dean - Stark trap, benzene, reflux, 12 h, 70 % (steps i and ii),
4d: (CH;0),CH,, P,0Os, CH,Cl,, 50°C, 12 h, 51 % (steps i and ii); iii) 30
wt % [Pd(OH),], H, (1 atm), MeOH, 50°C; iv) LiAlH,, THF, 0°C then RT,
67-90% (steps iii and iv).

with a highly exo- and diastereoselective aza-Diels— Alder
reaction between cyclopentadiene and the imine formed from
methyl glyoxylate and (S)-1-phenylethylamine, affording the
Diels — Alder adduct 3.1 This intermediate, which contains a
double bond, was dihydroxylated by using OsO, and NMO in
a tBuOH/H,O mixture.®! Protection of the diol with a ketone,
or a corresponding dimethyl ketal, in the presence of p-TsOH
afforded dioxolanes 4a—d. Debenzylation with [Pd(OH),]
under atmospheric hydrogen pressure and subsequent reduc-
tion of the ester with LiAIH, afforded the corresponding f-
amino alcohols, 2a—d, in 46—80 % overall yield from 3.

Transfer hydrogenation with ligands 1a and 2a-d: The
reduction of acetophenone with [Ru(p-cymene)(2a)] as
catalyst showed a threefold increase in reaction rate com-
bined with an increase in enantioselectivity relative to [Ru(p-
cymene)(1a)] (Table 1, entries 1 and 2). To determine how
different substituents on the ketal affect the activity of the

Table 1. Asymmetric transfer hydrogenation of acetophenone.?)

~Lon L
CO,Me

catalyst, ligands 2b—d were synthesized by protecting the
hydroxyl groups with diethyl ketone, acetophenone and
dimethoxy methane, respectively. The enantioselectivity in
the transfer hydrogenations with ligands 2b—d was almost
identical to that found with 2a, whereas the activity of the
catalyst was slightly lower for 2b and 2d (Table 1, entries
2-5).

Synthesis of ligand 5: We showed earlier that a (R)-methyl
substituent at the carbinol carbon on 2-azanorbornyl meth-
anol causes a significant increase in the activity of the
catalyst.P><l If the positive effect of this modification was
transferable to a ligand with a remote dimethyl dioxolane
structure, we would obtain an extremely efficient catalyst.
The synthesis of ligand 5 (Scheme 2) starts with the
reduction of the ester 4a with LiAlH, followed by Swern
oxidation to afford aldehyde 6 in 84 % yield. Grignard

i, i \éo /L i, iv
O\Zb "
CHO

4a

Tobadp ORIy

COMe
7
Scheme 2. Synthesis of ligand 5: i) LiAlH,, THF, 0°C, 1 h; ii) DMSO,
oxalyl chloride, TEA, CH,Cl,, —78°C, 84 % (steps i and ii); iii) MeMgBr,
CeCl;, THF, —78°C, 89%; iv) DMSO, oxalyl chloride, TEA, CH,Cl,,
—78°C, 86%; v) LiAlH,, THF, 0°C, 1h, and separation of the diaste-
reomers; vi) 30 wt% [Pd(OH),], H, (1 atm), MeOH, 50°C, 12 h, 38%
(steps v and vi).

reaction with MeMgBr and CeCl; affords the two diastereo-
meric alcohols in 95:5 mixture with the desired isomer 5 as the
minor product. Therefore, it was necessary to oxidize the
diastereomeric mixture to the corresponding ketone 7 and
then reduce it back to a 1:1
mixture of diastereomers, by

0 OH using LiAIH, as the reducing
KRUCl(p-cymene)},], L*, PrOK agent. This route allows recy-
cling of the undesired diaste-
ProH reomer. Debenzylation of the
Product alcohols affords ligand 5§ in

Entry Chiral ligand (L*) t[h]  Conv. [%]P)  TOF [h']l  ee [%] 38% yield.
1 M 1a 3 90 1050 94 Transfer hydrogenation with li-

OH . :

2 Rl 2a:R1—R’—CH, 1 ” 3000 9% gand 5: When reducing acet(.)-
3 Rz\‘vo 2b: R'=R2=C,H, 1 7 1900 95 phenone with 5 at an S/C ratio
4 \ZM 2¢:R!'=CH;, R?=Ph 1 90 2800 96 of 200 (Ru/ligand/base/sub-
5 2d:R'=R’=H 1 73 1500 96 strate 1:4:5:200), the reaction
\F was completed within six mi-
’ \XJX\\//L 025 97 8500 % nutes (Table2, entry1) with

96 % ee. This result encouraged

[a] S/C =1000. [b] Determined by 'H NMR spectroscopy. [c] Turnover frequencies [(mol product/mol catalyst)/h]
were calculated at 50 % conversion. [d] Determined by chiral HPLC analysis.
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us to decrease the catalyst load-
ing and it was found that at an
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Table 2. Catalyst-loading study of asymmetric transfer hydrogenation of
acetophenone with [Ru(p-cymene)(5)].1%

Table 3. Asymmetric transfer hydrogenation of aromatic ketones cata-
lyzed by [Ru(p-cymene)(5)].[2

Product Product

Entry S/IC ¢ [min] Conv. [% ]! ee [%]¢ Entry Ketone S/C ¢ [min] Conv. [%]®! ee [%]
1 200 6 96 96 1 isobutyrophenone 200 30 93 90
2 1000 15 97 96 2 a,a,a-trimethyl acetophenone 200 30 83 85
3 3000 45 96 96 3 2-methyl acetophenone 1000 15 100 94
4 4000 70 95 96 4 2-bromo acetophenone 1000 10 98 95
5 5000 90 96 96 5 3-methyl acetophenone 200 4 100 96
6 7000 110 85 96 6 3-methyl acetophenone 1000 15 90 96
- - - 7 3-methoxy acetophenone 200 4 100 98
[a] See Exgenmentzlil Section for the transfer hydroge'natlon prqcedure. 3 3-amino acetophenone 200 4 08 99
[b] De.termlned by 'H NMR spectroscopy. [c] Determined by chiral GC 9 3-nitro acetophenone 200 4 100 9
analysis. 10 3-nitro acetophenone 1000 15 100 90
11 4-bromo acetophenone 200 3 98 91
12 4-chloro acetophenone 1000 15 90 92
S/C ratio of 1000 the reaction was finished in less than 13 l-acetonaphthone 200 4 100 >99
15 minutes, with a TOFs, as high as 8500 h~! (Table 1, entry 6). 14 l-acetonaphthone 100015 98 >9
. . 15 4-methyl acetophenone 200 6 92 93
Even at an S/C ratio of 5000 the reaction proceeded to full 16 2-acetyl pyridine 200 15 90 91
conversion after 90 minutes, but at an S/C ratio of 7000 the 17 3-acetyl pyridine 200 4 98 89
reaction stopped at 85% conversion. The enantioselectivity 18 4-acetyl pyridine 200 3 97 91

was unaffected by lowering the amount of catalyst, and no de-
crease in ee was detected as a result of prolonged reaction times.
Increasing the substrate concentration to 0.4M solution,
however, resulted in 3 % lower ee (93 %) and only 85% con-
version after one hour reaction time at an S/C ratio of 1000.

The reason for the apparent deactivation of the catalyst is
not fully understood, but formation of styrene as a side
reaction has been detected when reducing acetophenone, an
indication of the possible formation of water. To remove any
water formed, different drying agents such as molecular sieves
and MgSO,, were added to the reaction. However, the
presence of drying agents caused the reaction to stop at lower
conversion, probably due to interactions between the catalyst
and the drying agent. To find out whether styrene itself was
deactivating the catalyst, styrene was initially added to the
reaction, which continued unaffected. One possible explan-
ation for the low yields is dissociation of the [Ru(ligand)-
(arene)] complex. This could be excluded, since stirring the
catalyst in isopropyl alcohol for two hours before adding the
substrate gave the same conversion as when the reaction is
carried out according to the normal procedure. The possibility
of product inhibition was investigated by adding (R)- and (S)-
1-phenylethanol to two separate reaction mixtures prior to the
catalyst. The enantiomerically pure alcohols did not affect the
reaction. Since the reaction is known to be both moisture and
air sensitive it is possible that water is the cause of catalyst
deactivation, but deactivation by other by-products formed in
the catalytic cycle can not be excluded.

The substrate study (Table 3) shows that it is possible to
perform transfer hydrogenation on a range of different
aromatic ketones with a catalyst loading as low as S/C=
1000 (Table 3, entries 1, 2, 4, 8, 10, and 12). Lowering the
amount of catalyst does not affect the enantioselectivity and
the reaction rates are still high. This system is capable of
reducing aromatic ketones that contain both electron-donat-
ing and -withdrawing substituents in ortho, meta, and para
positions with excellent enantioselectivity.

Density functional calculations: Enzyme catalysis partly relies
on the stabilization of transition states and high-energy

Chem. Eur. J. 2001, 7, No. 7
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[a] See Experimental Section for the transfer hydrogenation procedure.
[b] Determined by 'H NMR spectroscopy. [c] Determined by chiral GC
analysis.

intermediates by fixed pre-oriented dipoles. In ligand 2a we
replaced two remote C—H bonds in 1la with oppositely
polarized C—O bonds, by introducing a dioxolane structure in
the ligand. This functionalization does not change the
geometry of the Ru-hydride complex! and there is no
van der Waals contact between the dioxolane and the sub-
strate in the transition state (TS). Nevertheless, catalyst 2a
proved to be about three times faster than the parent
compound la. Possible explanations for the rate enhance-
ment include through-bond electronic effects, changes in
long-range electrostatics, or solvent effects. To distinguish
between these factors, we did a series of calculations.

The size of the system forced us to devise a scheme where
we started from B3PW91/LANL2DZ structures of the non-
functionalized system (la) and optimized the dioxolane
structure using PM3(tm) with frozen co-ordinates of other
atoms (part C in Figure 2).1'% This generated a set of reactant

Figure 2. Computational scheme used in the evaluation of the dioxolane
effects.
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and TS structures suitable for an analysis of the cause of the
increased rate. By using these structures, single-point calcu-
lations at B3PW91['l gave an almost perfect fit to the
expected reaction barrier difference between the two catalysts
(0.8 kcalmol™" vs. the experimental estimate of 0.7 kcal
mol~!). This suggests that the effect of the dioxolane
substituent is described well by the computational method
employed. To differentiate between through-bond effects and
electrostatic effects, we calculated the interaction energy
between the truncated subsystems A and B (Figure 2). In this
case, system A was end-capped with hydrogens. Single-point
calculations at the B3BLYP/6-311 4+ G** level for the separated
systems and for the interacting systems of the TS geometry
indicated a repulsion of 0.4 kcalmol~! in the TS of catalyst 1a
and an attraction of 0.9 kcalmol~! in the TS of catalyst 2a.
Adding these effects, a contribution to the net lowering of the
TS energy of catalyst 2a could be estimated at
1.3 kcal mol~ L2l Therefore, it is most likely that the observed
rate enhancement is caused by the interaction of the new bond
dipoles, introduced at the rear end of the azanorbornyl
skeleton, with the substrate dipole.'¥ By presenting this
analysis, we would like to encourage the use of van der Waals
attractions in the design of new catalysts.

Conclusion

In conclusion, we have shown that the introduction of a
dioxolane ring in the amino alcohol ligand lowers the energy
in the transition state owing to van der Waals attractions
between the dipole in the dioxolane ring and the dipole in the
substrate. This results in a transfer hydrogenation catalyst that
can be used at low catalyst loading with high TOFy, and which
induces excellent enantioselectivity. To the best of our
knowledge, no other asymmetric catalyst for transfer hydro-
genation is capable of reducing acetophenone in a S/C ratio
exceeding 5000.

Experimental Section

For general experimental information see reference [14]. ;iPrOH was dried
over CaH, and freshly distilled under nitrogen prior to use. Acetophenone
was distilled and stored over activated molecular sieves. iPrOK (1m) was
prepared prior to use from freshly distilled iPrOH and potassium. Flash
chromatography was performed on silica gel (Matrex 60A, 37-70 um).
Deactivated silica gel means that it was treated with 5% Et;N in pentane,
and the column was eluted with the same solvent mixture until the eluent
was basic when tested with pH indicator paper. HPLC analysis was carried
out with a chiral column (ChiralCel OD-H) and a diode-array detector with
a flow rate of 0.5 mLmin! with 5% iPrOH in hexane as solvent. GC
analysis was performed on a Varian 3400 capillary gas chromatograph with
a CP-Chirasil-Dex CB column (25m with 0.25mm inner diameter),
nitrogen as carrier gas, and a flame ionization detector. MS-analysis was
carried out on a Finnigan MAT GCQ PLUS system. Infrared spectra were
recorded on a Perkin—Elmer 1760 FT-IR spectrometer.

General procedure for transfer hydrogenation of aromatic ketones: Amino
alcohol ligand (20 pmol) and [{RuCl,(p-cymene)},] (1.53 mg, 2.5 umol)
were added to a round-bottomed flask. Moisture was azeotropically
removed by evaporation with benzene (3 x4 mL) at reduced pressure.
Stirring the ligand and [{RuCL,(p-cymene)},] at RT for 10 minutes in iPrOH
(2 mL) generated the pre-catalyst. The substrate (5 mmol) was dissolved in
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iPrOH (48 mL), and the base (25 pL, 1m iPrOK in iPrOH), was added at
RT, followed by the pre-catalyst. The resulting solution was stirred at RT,
and the reaction was monitored by 'H NMR.

Compound 3: Compound 3 was prepared according to a literature
procedure.!”]

(1R,2R,6S,7R 9R)-4,4-Dimethyl-8-[ (S)-1-phenylethyl]-3,5-dioxa-8-azatri-
cyclo[5.2.1.0>°]decane-9-carboxylic acid methyl ester (4a): Compound 3
(6.6 g, 26 mmol) was dissolved in rBuOH (72 mL) and water (9.8 mL).
NMO (40 mL, 60% solution in water, 230 mmol) was added at RT,
followed by addition of OsO, (0.2 g, 0.6 mmol). The reaction was stirred
overnight, diluted with H,O (50 mL), and quenched with Na,S,0s. The
organic solvent was removed under reduced pressure, and the residue was
washed with CH,Cl, (3 x100mL). Drying (MgSO,) and evaporation
afforded the diol in quantitative yield (7.4 g). The diol, was used without
further purification. 'H NMR (400 MHz, CDCl;): 6 =1.40 (d, J=6.4 Hz,
3H),1.77 (d,J=10.8 Hz, 1H), 1.92 (d,J = 10.8 Hz, 1 H), 2.21 (brs, 1 H) 2.44
(brs, 1H), 3.45 (s, 3H), 3.54 (q, / = 6.4 Hz, 1 H), 3.55 (brs, 1H), 3.79 (d, / =
52Hz, 1H), 425 (d, J=52Hz, 1H), 712-727 (m, 5H); “C NMR
(100 MHz, CDCl3): 6 =22.2,29.6,48.8,51.5, 60.1, 61.6, 65.6, 67.2,73.2, 1274,
127.9, 128.0, 143.8, 173.9.

The diol (7.4 g, 26 mmol) was dissolved in MeOH and p-toluenesulfonic
acid (5.4 g, 29 mmol) was added, followed by addition of 2,2-dimethoxy
propane (7.9 mL, 65 mmol). The reaction mixture was warmed to 40—50°C
and stirred overnight. The solvent was removed under reduced pressure,
and the residue was washed with aqueous NaOH (50 mL, 2m) and CH,Cl,
(3 x 100 mL). Drying (MgSO,), evaporation, and purification by flash
chromatography (deactivated silica) afforded pure 4ain 89 % yield (8.4 g).
R;=0.25 (EtOAc/ pentane 1:9); m.p. 82-83°C; [a]fy =+1.9 (¢=1.0 in
CH,CL,); IR (CH,Cl,): 7=2976, 1746, 1494, 1455, 1375 cm™'; 'H NMR
(400 MHz, CDCl;): 6 =1.33 (s, 3H), 1.46 (d, /=6.4 Hz, 3H), 1.46 (s, 3H),
1.74 (d, J=10.4 Hz, 1H), 191 (d, /=104 Hz, 1H), 2.34 (s, 1H), 2.42 (s,
1H), 3.25 (s,3H), 3.60 (q, /=6.4 Hz, 1 H), 3.71 (s, 1H), 4.15 (d, /= 5.6 Hz,
1H), 4.55 (d, J=5.6 Hz, 1H), 7.18-7.23 (m, 5H); “C NMR (100 MHz,
CDCly): 6 =22.4,24.3,25.4,29.3,45.9, 51.4,59.0, 60.1, 64.2, 75.6, 80.5, 109.6,
127.4,127.8, 128.0, 144.0, 173.6; MS (EI): m/z (%): 332 (59) [M]*, 299 (22),
272 (25),230 (63), 126 (47), 105 (100), 73 (32); elemental analysis calcd (%)
for C,yH;sNO,-0.4H,0: C 6739, H 7.68, N 4.14; found C 67.28, H 733, N
4.34.

(1R,2R,6S,7R 9R)-4,4-Dimethyl-3,5-dioxa-8-azatricyclo[5.2.1.0>¢]dec-9-yl-
methanol (2a): Compound 4a (8.4 g, 25 mmol) was dissolved in MeOH and
added to dried [Pd(OH),] (2.5 g, 30 wt%). The flask was placed under
hydrogen atmosphere, and the reaction mixture was heated to 50°C and
stirred overnight. The suspension was filtered through a pad of Celite, dried
(MgSO,), and evaporated to afford the ester in quantitative yield (5.8 g).
'"H NMR (400 MHz, CDCL;): 6 =1.25 (d,/=10.8 Hz,3H), 1.26 (s, 3H), 1.71
(d,/=10.8 Hz, 1 H), 2.04 (brs, 1 H) 2.63 (brs, 1 H), 3.05 (brs, 1 H) 3.41 (brs,
1H), 3.72 (s, 3H), 4.07 (d, /J=5.6Hz, 1H), 4.07 (d, /J=5.6Hz, 1H);
3C NMR (100 MHz, CDCly): 6 =24.2, 25.5, 28.8, 44.4, 52.5, 57.24, 5747,
80.6, 81.6, 110.1, 174.2.

The ester (5.8 g, 25 mmol) dissolved in dry THF (50 mL) was added drop-
wise to a suspension of LiAlH, (6.6 g, 0.18 mol) in THF at 0°C. The
reaction mixture was allowed to reach RT, and after 25 min the reaction
was quenched by slow addition of H,O (6.6 mL), aqueous NaOH (6.6 mL,
1m), and H,O (20 mL). The reaction mixture was filtered, dried (MgSO,),
and the solvent was removed under reduced pressure. Precipitation of the
oil in EtOAc/pentane afforded 2a in 90% yield (4.7 g). M.p. 98-101°C;
[a]f=—-2.9 (¢=0.5 in CH,ClL); IR: ¥=3357, 2974, 1458, 1168 cm™;
'HNMR (400 MHz, CDCl;): 6 =1.31 (s, 3H), 1.44 (d,/=10.4 Hz, 1H) 1.46
(s,3H) 1.70 (d,/=10.4 Hz, 1H), 2.28 (s, 1H), 2.61 (dd, /=8.0,5.6 Hz, 1H ),
3.28 (dd, J=10.4, 8.0 Hz, 1H), 3.35 (brs, 1H), 3.50 (dd, J=10.4, 6.0 Hz,
1H),4.00 (d,J=5.6 Hz, 1H),4.15 (d,J =5.6 Hz, 1H); *C NMR (100 MHz,
CDCl,): 6 =24.2,25.5,279, 42.0, 55.6, 57.0, 65.1, 80.8, 82.5, 109.6; MS (EI):
miz (%): 200 (71) [M]*, 184 (30), 124 (17), 110 (17), 98 (30), 82 (36), 68
(100); elemental analysis caled (%) for C;(H;NO;: C 60.28, H 8.60, N 7.03;
found C 60.06, H 8.59, N 7.00.

(1R,2R,6S,7R,9R)-4,4-Diethyl-8-[ (S)-1-phenylethyl]-3,5-dioxa-8-azatricy-
clo[5.2.1.0>°|decane-9-carboxylic acid methyl ester (4b): Compound 4b
was prepared by following the same procedure as described for 4a, except
for the protection of the diol. The diol (0.70 g, 2.4 mmol) was dissolved in
MeOH (50 mL), and p-toluenesulfonic acid (0.51 g, 2.6 mmol) was added
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followed by diethyl ketone (0.60 mL, 9.6 mmol). The reaction mixture was
heated under reflux overnight. The solvent was removed, and the residue
was washed with aqueous NaOH (5 mL, 2M) and CH,Cl, (3 x20 mL).
Drying (MgSO,), evaporation, and purification by flash chromatography
(deactivated silica) afforded the pure product in 68 % yield (0.59 g). R;=
0.4 (pentane/EtOAc 1:10); m.p. 82-83°C; [a]} =+ 0.4 (¢c=1.9 in CH,CL,);
IR: 7=2971,1743, 1492, 1458, 1379 cm~!; 'H NMR (400 MHz, CDCl,): 6 =
0.90 (t,/=7.6 Hz,3H), 0.95 (t,/=7.6 Hz,3H) 1.46 (d, /= 6.4 Hz, 3H), 1.59
(q,/=7.6 Hz, 2H), 1.70 (q, J=7.6 Hz, 2H), 1.81 (d, J=10.4 Hz, 1 H), 1.88
(d, J=10.4 Hz, 1H), 2.37 (s, 1H), 2.41 (s, 1H), 3.25 (s, 3H), 3.58 (q, /=
6.4 Hz,1H),3.74 (s, 1H), 4.12 (d,/=5.6 Hz, 1H), 4.51 (d,/=5.6 Hz, 1H),
718-7.26 (m, 5H); ¥C NMR (100 MHz, CDCL): 6 =82, 8.2, 22.4, 27.3,
279, 29.4, 46.0, 51.5, 59.0, 60.1, 64.3, 75.5, 80.4, 113.7, 1274, 127.8, 128.0,
144.0,173.6; MS (EIL): m/z (%): 358 (20) [M]*, 329 (32), 300 (18), 229 (100),
225 (43), 126 (60), 105 (79), 79 (17); elemental analysis calcd (%) for
C, H,NO,: C 70.16, H 8.13, N 3.90; found C 70.00, H 8.21, N 3.97.
(1R,2R,6S,7R 9R)-4,4-Diethyl-3,5-dioxa-8-azatricyclo[5.2.1.0>¢]dec-9-yl-
methanol (2b): Debenzylation of 4b by the procedure given for 2a
afforded the corresponding product in quantitative yield. 'H NMR
(400 MHz, CDCL): 6=0.86 (t, J=8 Hz, 3H), 0.93 (t, J=8.0 Hz, 3H),
1.27 (d, J=10.8 Hz, 1H), 1.55 (q, /=8.0 Hz, 2H) 1.66 (q, /=8.0 Hz, 2H),
1.81 (d, J=10.8 Hz, 1H), 2.69 (s, 1H), 3.08 (s, 1H), 3.48 (s, 1H), 3.74 (s,
3H),4.09 (d,J=5.2Hz,1H),4.17 (d,J/ =5.2 Hz, 1H); ®*C NMR (100 MHz,
CDCl;): 6 =8.0,8.6,27.3,27.8,28.9,44.4,52.4,572,574,80.4,81.4,114.1 and
174.1. Reduction of the ester according to the procedure given for 2a
afforded ligand 2b in 68 % yield. M.p. 53-54°C; [a]3 = —23.5 (¢=0.4 in
CH,Cl,); IR: #=3360, 2975, 1458, and 1169 cm™!; 'H NMR (400 MHz,
CDCl;): 0=0.80 (t, /=76 Hz, 3H), 0.89 (t, /=7.6 Hz, 3H), 1.32 (d, J=
10.4 Hz, 1H), 1.50 (q, /=7.6 Hz, 2H), 1.60 (q, J=7.6 Hz, 2H), 1.68 (d, /=
10.4 Hz, 1H), 2.24 (s, 1H), 2.49 (dd, J=8.0, 5.4 Hz, 1H), 3.22 (dd, /=10.2,
8.0 Hz, 1H), 3.27 (brs, 1H), 3.39 (dd, /=102, 5.4 Hz, 1H), 3.89 (d, /=
5.2 Hz, 1H), 4.02 (d,J =52 Hz, 1 H); ®C NMR (100 MHz, CDCl,): 6 = 8.0,
8.6,27.3,279,28.0,41.8,56.1, 60.0, 64.9, 80.6, 82.0, 113.6; MS (EI): m/z (%):
228 (48) [M]*, 198 (67), 124 (63), 110 (20), 106 (24), 97 (38), 80 (92), 68
(100); elemental analysis caled (%) for C,H, NO;-0.5H,0: C 60.99, H
9.38, N 5.93; found C 60.76, H 9.39, N 5.93.

(1R,2R4S,6S,7R 9R)-4-Methyl-4-phenyl-8-[ (S)-1-phenylethyl]-3,5-dioxa-
8-azatricyclo[5.2.1.0>¢]decane-9-carboxylic acid methyl ester (4c): Com-
pound 4¢ was prepared by following the same procedure as described for
4a, except for the protection of the diol. The diol (0.70 g, 2.4 mmol) was
dissolved in benzene (50 mL), and p-toluenesulfonic acid (0.51 g,
2.6 mmol) was added followed by acetophenone (0.80 mL, 6.8 mmol).
The reaction was heated under reflux overnight with azeotropic removal of
water by using a Dean—Stark apparatus. The solvent was removed under
reduced pressure, and the residue was washed with aqueous NaOH (5 mL,
2m) and CH,Cl, (3 x 20 mL). Drying (MgSO,), evaporation, and purifica-
tion by flash chromatography (deactivated silica) afforded the pure product
in 70 % yield (0.77 g): R;=0.38 (pentane/EtOAc 1:10); m.p. 118°C; [a] =
+71 (c=14 in CH,CL); IR: 7=3425, 2972, 1746, 1639 cm~!; 'H NMR
(400 MHz, CDCly): 0=1.49 (d, J=6.4 Hz, 3H), 1.60 (d, /=9.2 Hz, 1H),
1.64 (s, 3H), 1.84 (d,J =9.2 Hz, 1 H), 2.44 (s, 1 H), 2.48 (s, 1 H), 3.25 (s, 3H),
3.65 (q, J=6.4Hz, 1H), 3.78 (s, 1H) 4.34 (d, J=5.2, 1H), 474 (d, J=
5.2 Hz, 1H) 720-7.38 (m, 8H), 7.51-7.54 (m, 2H); “C NMR (100 MHz,
CDCly): =223, 25.5, 29.3, 46.0, 51.4, 59.0, 60.1, 64.1, 75.8, 80.6, 110.1,
124.7,127.4, 1278, 12797, 128.0, 141.4, 143.8, 174.1; MS (EI): m/z (%): 393
(1) [M]*, 180 (16), 172 (18), 162 (17), 149 (68), 136 (17), 105 (34), 95 (55),91
(54), 81 (67), 67 (66), 55 (100); elemental analysis caled (%) for C,,H,;NO,:
C 73.25, H 6.92, N 3.56; found C 73.06, H 6.81, N 3.49.

(1R,2R 4S5,6S,7R 9R)-4-Methyl-4-phenyl-3,5-dioxa-8-aza-tricyclo-
[5.2.1.0>%]dec-9-ylmethanol (2¢): Debenzylation of 4¢ by the procedure
given for 2a afforded the corresponding product in quantitative yield.
'"HNMR (400 MHz, CDCl;): 6 =1.20 (d, J=10.8 Hz, 1 H), 1.57 (s, 3H), 1.60
(d,/=10.8 Hz, 1H), 2.13 (brs, 1 H), 2.74 (s, 1H), 3.12 (s, 1H), 3.50 (s, 1 H),
3.72(s,3H),4.28 (d,/=5.2 Hz, 1H), 4.38 (d,/=5.2 Hz, 1H), 7.24-7.36 (m,
8H), 7.49-7.52 (m, 2H); *C NMR (100 MHz, CDCl,): d =25.5, 28.9, 44.5,
52.5,57.3, 574, 80.8, 81.8, 110.7, 124.7, 128.1, 141.6, 174.1.

Reduction of the ester according to the given procedure for 2a afforded
ligand 2¢ in 67% yield. [a]y =+71.4 (c=1.4 in CH,CL,); IR (KBr): 7=
2927,1138,1043 cm~'; "TH NMR (400 MHz, CDCl;): 6 =1.35 (d,J=10.8 Hz,
1H), 1.56 (m, 1H), 1.58 (s, 3H), 2.34 (s, 1 H) 2.62 (dd, J =8.0, 5.6 Hz, 1H),
3.26 (dd, J=10.8, 8.0 Hz, 1 H), 3.39 (s, 1 H), 3.47 (dd, /=10.8, 5.6 Hz, 1 H)
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415 (d, J=52Hz, 1H), 431 (d, J=52Hz, 1H), 725-7.60 (m, SH);
BCNMR (100 MHz, CDCl,): 6 =25.4, 28.0, 41.8, 56.0, 56.9, 64.9, 80.9, 82.1,
110.0, 124.7,125.2, 1279, 128.1, 141.5; MS (EI): m/z (%): 262 (14) [M]*, 220
(48), 205 (27), 152 (14), 1124 (21), 105 (100), 80 (55); elemental analysis
caled (%) for C;sH;yNOs: C 68.94, H 7.33, N 5.36; found C 69.06, H 39, N
5.28.

(1R,2R,6S,7R,9R)-8-[ (S)-1-Phenylethyl]-3,5-dioxa-8-azatricyclo-
[5.2.1.0*¢]decane-9-carboxylic acid methyl ester (4d): The diol (5.0 g,
17 mmol) was dissolved in a solution of CH,Cl, (80 mL) and dimethoxy-
methane (80 mL), followed by addition of P,Os (40 g). The resulting
suspension was stirred at RT overnight and partitioned in a mixture of
saturated aqueous NaHCOj; (100 mL) and CH,Cl, (100 mL) at 0°C. The
organic phase was separated and washed with saturated aqueous NaHCO;
and brine. Drying (MgSO,), evaporatiion, and purification by flash
chromatography (deactivated silica, EtOAc/pentane; 1/10) afforded pure
4d in 51 % yield (2.67 g). R; 0.46 (EtOAc/pentane 1:4), m.p. 127-128°C;
[a]y =+11.1 (¢=1.0 in CH,CL); IR (KBr): 7=2970, 2866, 1742, 1438,
1369 cm~!; 'H NMR (400 MHz, CDCl;): 6 =1.47 (d, J=6.4 Hz, 3H), 1.72
(d, J=10.8 Hz, 1H), 1.93 (d, /=10.8 Hz, 1H), 2.42 (s, 1H), 2.44 (s, 1H),
3.58 (q,/=6.4Hz, 1H), 3.79 (s, 1H), 4.06 (d, J=5.6 Hz, 1H), 444 (d, /=
5.6 Hz, 1H), 4.62 (s, 1H), 5.07 (s, 1H), 717-728 (m, 5H); “C NMR
(100 MHz, CDCl,): 0 =22.7,29.4, 46.0, 51.8,59.2, 60.5, 64.4, 76.3, 80.8, 95.3,
127.7,128.1, 128.3, 144.2, 173.9; MS (EI): m/z (%): 303 (4) [M]*, 272 (38),
171 (19), 172 (40), 105 (100); elemental analysis caled (%) for C;;H, NO,:
C 67.31, H 6.98, N 4.62; found C 67.35, H 7.10, N 4.72.

(1R,2R,6S,7R,9R)-3,5-Dioxa-8-azatricyclo[5.2.1.0>¢]dec-9-ylmethanol

(2d): Debenzylation of 4d according to the procedure given for 2a afforded
the corresponding product in quantitative yield. 'H NMR (400 MHz,
CDCl;): 6=1.29 (d, J=10.8 Hz, 1H), 1.71 (d, J=10.8 Hz, 1H), 2.28 (brs,
1H),2.75 (s, 1H), 3.09 (s, 1H), 3.53 (s, 1H), 3.75 (s, 1H), 4.02 (d, /= 5.6 Hz,
1H), 4.10 (d, J=5.6Hz, 1H), 4.60 (s, 1H), 5.04 (s, 1H); “"C NMR
(100 MHz, CDCly): 6 =29.0, 44.5, 52.9, 574, 577, 80.9, 81.9, 95.8, 174.2.

Reduction of the ester according to the procedure given for 2a afforded
ligand 2d in 75% yield. M.p.=110-111°C; [a]§ =-31.8 (¢=1.0 in
CH,Cl,); IR (KBr): #=23299, 2929, 1408, 1161 cm~'; '"H NMR (400 MHz,
CDCl;): 6=1.44 (d, /J=10.8 Hz, 1H), 1.64 (d, /=10.8 Hz, 1H), 1.85 (brs,
2H), 2.37 (s, 1H), 2.59 (dd, / = 6.8, 5.6 Hz, 1H), 3.28 (dd, / =10.4, 8.0 Hz,
1H), 3.41 (s, 1H), 3.49 (dd, /=104, 6.0 Hz, 1H), 3.88 (d, J=5.6 Hz, 1H),
4.01 (d, J=5.6 Hz, 1H), 4.59 (s, 1H), 5.03 (s, 1H); *C NMR (100 MHz,
CDCl;): 6 =28.0,42.1,55.7,57.0,65.3,81.1,82.7,95.3; MS (EI): m/z (%): 172
(29) [M]*, 140 (14), 110 (15), 105 (85), 98 (12), 68 (100); elemental analysis
caled (%) for CgH3NO;: C 56.13, H 7.65, N 8.18; found C 56.03, H 7.77, N
8.15.

(1R,2R,6S,7R ,9R)-4,4-Dimethyl-8-[ (S)-2-phenylethyl]-3,5-dioxa-8-azatri-
cyclo[5.2.1.0>¢|decane-9-carbaldehyde (6): Compound 4a (11 g, 35 mmol)
was dissolved in dry THF (80 mL) and added drop-wise to a suspension of
LiAlH, (1.3 g, 35 mmol) in THF (20 mL) at 0°C. The reaction mixture was
stirred for 1 h at 0°C and then quenched by slow addition of H,O (1.3 mL),
aqueous NaOH (1.3 mL, 1m), and H,O (3.9 mL). The reaction mixture was
filtered and dried (MgSO,), and the solvent was removed under reduced
pressure to afford the product in 94 % crude yield (10 g). The product was
oxidized without further purification. 'H NMR (400 MHz, CDCl;): 6 =1.35
(s,3H),1.45(d,J=6.4Hz,3H), 1.46 (s,3H), 1.64 (m,2H) 1.93 (dd, / = 6.4,
2.4Hz, 1H), 227 (s, 1H), 2.43 (dd, /=108, 6.4 Hz, 1H), 2.76 (d, J=
10.8 Hz, 1H) 3.58 (q, /J=6.4 Hz, 1H), 3.61 (s, 1H), 4.14 (d, /=54 Hz,
1H), 4.56 (d, J=5.4 Hz, 1H), 7.20-7.35 (m, 5H); C NMR (100 MHz,
CDCly): 0 =22.4,24.3,25.5,29.1,45.2,59.7, 60.0, 63.6, 63.8, 75.7, 80.6, 109.3,
127.3,127.7, 128.5, 145.6.

DMSO (42mL, 79 mmol) was added to a solution of oxalylchloride
(3.1 mL, 36 mmol) in dry CH,Cl, (200 mL) for a period of 10 min at —78°C.
The reaction mixture was stirred for 15 min, and the alcohol (10 g,
33 mmol), dissolved in dry CH,Cl, (50 mL), was added over a period of
10 min. The reaction mixture was stirred for 15 min and triethylamine
(16 mL, 120 mmol) was subsequently added over a period of 10 min. The
reaction mixture was allowed to reach RT and then washed with brine
(100 mL) and CH,CI, (3 x 200 mL). The combined organic layer was dried
(MgSO,) and evaporated, and the residue was purified by flash chroma-
tography (deactivated silica) affording 6 in 89 % yield (8.9 g). R;=0.2
(pentane/EtOAc 1:9); [a]}) = +10.2 (¢ =2.3, CH,Cl,); IR (neat): ¥ = 2980,
1723,1382,1207 cm~'; '"H NMR (400 MHz, CDCl;): 6 =1.32 (s, 3H), 1.43 (s,
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3H), 1.45 (m, 1H) 1.47 (d, J=6.4 Hz, 3H), 1.75 (d, J=10.8 Hz, 1 H), 2.26
(d, J=2.8 Hz, 1H), 2.44 (s, 1 H), 3.58 (q, / = 6.6 Hz, 1H), 3.72 (s, 1 H), 4.16
(d,/=5.4Hz,1H)4.56 (d,J=5.4 Hz, 1H), 7.12-7.30 (m, 5H), 8.97 (s, 1 H);
BCNMR (100 MHz, CDCl,): 6 =22.0, 24.1, 25.3, 29.6, 44.8, 59.2, 59.7, 69.6,
75.8,80.2,109.4, 1275, 127.8, 128.4, 144.0, 203.2; MS (EI): m/z (%): 302 (7)
[M]*+,272(100), 172 (59), 105 (91), 68 (84); elemental analysis calcd (% ) for
CisH,sNO;-0.3H,0: C 70.47, H 7.75, N 4.57; found C 70.35, H 7.93, N 4.94.
1-{(1R,2R,6S,7R 9R)-4,4-Dimethyl-8-[ (S)-1-phenylethyl]-3,5-dioxa-8-aza-
tricyclo[5.2.0>¢]dec-9-yl}ethanone (7): MeMgl (29 mL, 3M in Et,0) was
added to a suspension of dry CeCl; (22 g, 88 mmol) in Et,0 at —78°C.
After stirring for 1 h at —78°C, compound 6 (8.9 g, 29 mmol) in Et,O
(50 mL) was added. The reaction mixture was allowed to reach RT
overnight. The solvent was removed under reduced pressure, and the
residue was dissolved in CH,Cl, (400 mL) and washed with H,O (200 mL)
and CH,Cl, (3 x 400 mL). Drying (MgSO,) and evaporation of the solvent
afforded the alcohol (95:5 diastereomeric mixture) in 98 % crude yield
(9.3 g). The product was used without further purification. The diastereo-
meric mixture of alcohols was transformed to the methyl ketone by Swern
oxidation according to the same procedure as described above for
preparation of compound 6. Purification by flash chromatography (deac-
tivated silica) afforded the methyl ketone 7, in 86% yield. R;=0.18
(pentane/EtOAc 1:9); m.p. 98-99°C; [a]F =+ 3.8 (¢=0.8 in CH,CL,); IR
(KBr): 7=2978, 1702, 1382, 1206 cm~'; '"H NMR (400 MHz, CDCl;): 6 =
1.35 (s, 3H), 1.45 (s, 3H), 1.47 (d, /=6.8 Hz, 3H), 1.53 (s, 3H), 1.68-1.77
(m,2H),2.24 (s,1H),3.50 (s,1H) 3.56 (q, / = 6.6 Hz, 1H), 3.74 (s, 1 H), 4.20
(d, J=5.6 Hz, 1H) 4.59 (d, J=5.6 Hz, 1H), 7.15-7.28 (m, 5H); *C NMR
(100 MHz, CDCly): 6 =21.8,24.3,25.4,27.3,28.9, 45.3, 59.4, 60.0, 70.5, 75.6,
80.9,109.7,127.7,128.2, 128.3, 144.0, 209.3; MS (EI): m/z (%): 316 (9) [M]*,
272 (89), 172 (43), 105 (100), 68 (57); elemental analysis calcd (%) for
CgHpsNO;: C 72.35, H 7.99, N 4.44; found C 72.24, H 8.06, N 4.40.
(R)-1-{(1R,2R,6S,7R,9R)-4,4-Dimethyl-3,5-dioxa-8-azatricyclo[5.2.1.0%¢]-
dec-9-yl}ethanol (5): Reduction of 7 by LiAlH, by the same procedure as
described for 6 afforded the alcohols in a 1:1 diastereomeric mixture. The
diastereomers were separated by flash chromatography (EtOAc/pentane
1:4, deactivated silica) to afford the (§)-methyl diastereomer (R;=0.3) in
45% yield and the (R)-methyl diastereomer (R;=0.2) in 46 % yield.

(S)-Methyl diastereomer: '"H NMR (400 MHz, CDCl;): 6=0.80 (d, J=
6.6 Hz, 3H), 1.35 (s, 3H), 1.46 (s, 3H), 1.48 (d, /= 6.6 Hz, 3H), 1.61 (d,
J=10.4 Hz, 1 H), 1.69 (d, /= 10.4 Hz, 1 H) 1.72 (d, J/ = 3.6 Hz, 1 H), 2.29 (m,
1H), 2.41 (s, 1 H), 3.61 (q, J = 6.4 Hz, 1H), 3.66 (s, 1 H) 4.08 (d, /= 5.8 Hz,
1H), 4.58 (d, J=5.8 Hz, 1H), 720-738 (m, SH); “C NMR (100 MHz,
CDCly): 6 =18.0, 22.6, 24.4, 25.5, 29.6, 40.3, 59.8, 60.2, 65.3, 67.6, 76.0, 81.2,
109.3, 127.0, 127.8, 128.7, 145.6.

(R)-Methyl-diastereomer: '"H NMR (400 MHz, CDCl,): 6=0.56 (d, J=
6.6 Hz, 3H), 1.34 (s, 3H), 1.45 (s, 3H), 1.47 (d, J=6.6 Hz, 3H), 1.51 (d,
J=10.4 Hz,1H), 1.67 (d,/=10.4 Hz, 1H,) 1.88 (d,/=4.4 Hz, 1H,), 2.23 (s,
1H),2.83 (m, 1H), 3.58 (q,/=6.4 Hz, 1H), 3.61 (s, 1 H) 4.15 (d,J=5.4 Hz,
1H), 4.58 (d, J=5.4Hz, 1H), 7.20-7.35 (m, 5H); “C NMR (100 MHz,
CDClLy): 6 =19.9, 22.4,24.3, 25.5, 29.0, 44.4, 59.9, 60.2, 674, 68.3, 76.0, 80.3,
109.3, 127.8, 128.0, 128.5, 145.3.

Debenzylation of the (R)-methyl-diastereomer by the procedure given for
2a afforded 5 in 98 % yield. The oil was precipitated in Et,0O/pentane and
recrystallized in EtOH. [a]} = —19.2 (¢=0.8 in CH,Cl,); m.p. 53°C; IR
(KBr): #=23317, 2987, 2881, 1385, 1206, 1060 cm~'; 'H NMR (400 MHz,
CDCl;): 0=1.12(dd,J = 6.0,2.4 Hz, 3H), 1.28 (s, 3H), 1.41 (d, / =10.8 Hz,
1H), 1.42 (s,3H), 1.66 (d, /=10.8 Hz, 1H), 2.13 (m, 1 H), 2.24 (s, 1 H), 3.26
(m, 1H) 3.32 (s, 1H), 3.97 (brs, 1H), 412 (d, J=5.6 Hz, 1H); “C NMR
(100 MHz, CDCl,): 6 =20.1,24.2,25.5,28.0, 42.2, 57.0, 61.3, 68.8, 80.7, 82.5,
109.7; MS (EI): m/z (%): 214 (5) [M]*, 198 (16), 138 (16), 110 (15), 82 (21),
68 (100); elemental analysis calcd (%) for C;;H;QNO;: C 61.94, H 8.98, N
6.57; found C 61.81, H 9.03, N 6.54.
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One-Step Synthesis of a Highly Active, Mesoporous, Titanium-Containing
Silica by Using Bifunctional Templating

Z. Shan,'?! E. Gianotti,'’! J. C. Jansen,!?! J. A. Peters,!?!
L. Marchese,™ ¢! and T. Maschmeyer*!?!

Abstract: A highly active, three-dimen-
sional, mesoporous titanosilica, Ti-
TUD-1, with comparable properties to
Ti-grafted mesoporous silica MCM-41,
has been prepared in a one-step syn-
thesis. A non-surfactant chemical,

mesopores upon increasing the temper-
ature of the synthesis mixture. Trietha-
nolamine served as both mesopore tem-
plate and ligand for the titanium com-
plexes, which represent the majority of
the catalytic-site precursors. The forma-
tion of the silica network and the

titanium insertion were followed by a
combination of diffuse reflectance UV/
Vis/NIR and FTIR spectroscopy. A
titanium-rich phase was obtained on
the mesopore surfaces during calcina-
tion, allowing for easy accessibility of

triethanolamine, was used as a template
molecule. Triethanolamine easily forms
complexes with titanium alkoxides,
yielding titanatrane complexes, which
together with free triethanolamine form
meso-sized aggregates that template

tion -

Introduction

The development of solid catalysts for selective oxidation has
drawn much attention.l! Until the late seventies, ion exchange
was the principle method for the introduction of transition
metals into microporous matrices; this raises the major
problem of metal leaching in liquid-phase oxidation.?l A
breakthrough was made with the discovery of titanium(v)
silicate-1 (TS-1),* 4 in which titanium is substituted into the
silicate framework. TS-1 displayed remarkable activity due to
the unique atomic architecture of the titanium centers, which
are isolated, four-coordinated Ti located in the hydrophobic
pores of the silicate.”! Based on this understanding of TS-1,
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the reactants to the catalytic sites. Ti-
TUD-1 is about six times more active
than framework-substituted Ti-MCM-41
and has similar activity to Ti-grafted
MCM-41.

materials

many microporous titanosilicates, such as TS-2,[° Ti-ZSM-
48,1 Ti-B 81 and titano-aluminophosphates, TAPO-5,1 TA-
PO-11,°1 TAPO-36,l1 and TAPO-34,"" with tetrahedrally
substituted Ti centers have been prepared. The common
drawback of these materials lies in their small pores, which
restrict access for important, but bulky substrates.

The initial discovery of the M41S family['?l opened the way
to prepare mesoporous titanosilicas and extended the scope to
much larger substrates for selective oxidations. A number of
mesoporous titanosilicas, such as Ti-MCM-41,1!3 14
TiIHMS, !4 1 Ti-MCM-48 'l and silylated Ti-MCM-41,['7]
have been prepared by introducing titanium into the initial
synthesis mixtures, but a significant fraction of the Ti'V centers
lie buried inaccessibly in the framework. However, this
drawback can be overcome by grafting an organometallic
titanium catalytic-site precursor onto the inner surfaces of the
mesoporous host after synthesis.'®! This method yields
efficient catalysts for epoxidation with organic hydroperoxide,
owing to the presence of a high concentration of accessible,
well-spaced, and structurally well-defined, tetrahedral Ti
surface sites,') and is a successful example of controlling
the atomic architecture of active sites in catalysts.??) The
influence of various types of Ti precursor on the catalytic
performance have also been investigated.?!) Furthermore, it
has been reported that germanium can enhance the catalytic
performance of Ti-grafted MCM-41.12

A MCM-41-type catalyst with a Ti-rich phase on the inner
wall has been prepared by a one-pot synthesis by using the
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true liquid-crystal template route and titanocene dichloride as
the precursor;®! in this catalyst titanium is located primarily
in the central hydrocarbon regions of the micelles owing to
the hydrophobic nature of the ligands of the Ti precursor.
However, this only produces a one-dimensional channel
system and is a very expensive synthesis method.

The novel templating method for the synthesis of TUD-1
(without surfactant or liquid-crystal template, but with
triethanolamine (TEA) instead)* 2! provides an opportunity
to design a new one-pot grafting methodology, because
triethanolamine can act as both a template in the mesopore
formation and a metal-complexing agent. Initially, the appro-
priately selected active metal forms complexes with trietha-
nolamine, which together with free triethanolamine template
the mesopores. During calcination these complexes decom-
pose and any organic species are removed. Consequently, the
metals are grafted onto the surface of the mesopores as oxide
species. Depending on the loading these can be highly
disperse monomeric sites or small oxide clusters. Here, we
demonstrate the viability of this new methodology by
introducing titanium into the mesopores of siliceous TUD-1
and report the synthesis, characterization, and comparative
performance evaluation of the three-dimensional mesoporous
titanosilica, Ti-TUD-1.

Results and Discussion
Structural properties of Ti-TUD-1: Figure 1 shows a typical

powder X-ray diffraction (XRD) pattern of Ti-TUD-1 after
calcination at 700°C in air for 10 h, in which an intense peak

i 11} 20 H &
2 dhaia )

Figure 1. XRD pattern of Ti-TUD-1 calcined at 700°C for 10 h. Inset:
TEM image of the corresponding Ti-TUD-1.

around 1.0-2.0° in 26 indicates that Ti-TUD-1 is a meso-
structured amorphous material. The TEM image shows the
foamlike structure of Ti-TUD-1. It has been shown previously
that TUD-1 has uniform mesopores,?! which are connected
randomly in three dimensions, distinguishing it from the one-
dimensional MCM-41. The mesopore sizes can be tuned from
25 to 250 A and the surface areas from 400 to 1000 m?g",
depending on the synthesis conditions.

1438
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Complexation of titanium with triethanolamine: It is well
known that Ti'V easily forms titanatranes with triethanolamine
(TEA). Verkade and co-workers have studied these com-
pounds by single-crystal X-ray crystallography and by solu-
tion NMR spectroscopy.?! Both monomeric and (fluxional)
dimeric behaviors have been observed for these complexes.
Bulky substituents at the axial position seem to destabilize the
dimeric form.?! For example, with O-iPr at the axial position,
the NMR spectra indicated that the compound was predom-
inantly monomeric in solution. To investigate the interaction
of TEA and titanium(1v) n-butoxide, the latter compound was
added step-wise to a sample of TEA (100.6 mg) in CDCl;
(0.5 mL). After each addition 'H and '3C NMR spectra were
recorded. At a low molar ratio of Ti to TEA, a large number
of new resonances were observed in the *C NMR spectrum
near the signals of free TEA (cf. Figure 2); this suggests that

Figure 2. °C NMR (75 MHz) of the mixture of titanium(1v) n-butoxide,
and triethanolamine with a TEA/Ti molar ratio of 2.59. Measuring
conditions: a mixture containing titanium(iv) n-butoxide (100 mg) and
TEA (100.6 mg) in CDCI; (0.5 mL) at 25°C.

asymmetric oligomeric or polymeric Ti-TEA complexes
were formed. Increasing the molar ratio of Ti to TEA
simplified the spectra to two broad resonances for the TEA
nuclei (cf. Figure 3). This may be ascribed to a dimeric
complex undergoing fluxional motion around the nBu-Ti-N
axis as expressed schematically in Figure 4.2

In the synthesis mixture (TEA/Ti molar ratio of 50), both
the silicon and titanium alkoxides are expected to form
complexes with TEA. Ti does so more easily than Si due to the
interaction of the lone electron pair on the nitrogen atom with
the empty d orbital of the titanium.

The synthesis gel was dried and then extracted with ethanol
in a Soxhlet apparatus for three days. The elemental analysis
of the washings then showed that about 10% of the total Ti
used was extracted and that the Si/Ti atom ratio in the
washings was about 22 instead of 50 in the initial synthesis
mixture. This shows that the TEA phase, in as far as it could
be separated, is enriched in titanium. As a result of the
hydrolysis and subsequent condensation reactions, involving
not only tetraethyl ortho silicate (TEOS) and Ti-butoxide,
but also Ti— TEA complexes, these last are, in part, connected
to the silica framework and, hence, could not be extracted.
Extraction of a gel after heating it in an autoclave at 190 °C for
24 h (i.e., the inorganic condensation is almost completed)
resulted in an extract with 0.62% Ti of total Ti used and Si
within the margins of detectability. This indicates that even
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Figure 3. 'H (300 MHz) and BC NMR (75 MHz) of A) titanium(v) n-
butoxide, B) a TEA/Ti mixture with a molar ratio of 0.86, and C) TEA.
Measuring conditions: a mixture containing titanium(iv) n-butoxide
(300 mg) and TEA (100.6 mg) in CDCl; (0.5 mL) at 25°C.
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Figure 4. The fluxional motion of a dimeric Ti-TEA complex, Z=
1-butanol (the titanium concentration in the TUD-1 synthesis mixture is
about 50 times below that used for the NMR investigations reported here,
hence, any dimerization is suppressed).

after this severe treatment some Ti—TEA complexes remain
in the TEA-dominated phase, although effectively all silica
species condensed to form the silica framework. This is
consistent with the Ti—-TEA complexes decomposing more
slowly than the Si—TEA complexes, leading to the prefer-
ential location of titanium species at the interface of the
inorganic framework and organic-dominated TEA aggre-
gates.

Ti incorporation: The diffuse reflectance UV-Vis spectrum
(Figure 5a) of the dried synthesis mixture showed a broad
absorption centered at 235 nm, which is clearly formed by a
band at 220-230 nm and other components at higher wave-
lengths (250-350 nm). Whilst the band at lower wavelength
can be assigned to an electronic charge-transfer transition
(LMCT) of tetrahedral Ti ions in a siliceous environment,*”!
the components at 250—350 nm are due to electronic tran-

Chem. Eur. J. 2001, 7, No. 7
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Figure 5. Diffuse reflectance UV/Vis spectra of a)the dried synthesis
mixture, b) calcined Ti-TUD-1, and c) the mixture of Ti-butoxide/TEA.

sitions of Ti—-TEA complexes (see for comparison the
spectrum of the Ti—butoxide/TEA mixture, Figure 5c).

After calcination, these complexes decomposed, depositing
the titanium on the surface as grafted species to form a
titanium-rich phase. The diffuse reflectance UV/Vis spectrum
of the Ti-TUD-1 (Figure 5b) shows a band centered at
225 nm, indicating that Ti centers in Ti-TUD-1 are isolated
and tetrahedrally coordinated,!'”) that is, the environment of
the titanium(1v) centers is comparable to that in Ti-grafted
MCM-41.01-27)

Figure 6 shows the FTIR spectra of the dried synthesis
mixture of Ti-TUD-1, TEA, and TEOS. The dried gel and
TEA have very similar IR spectra; however, some new IR

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber/cr’

Figure 6. FTIR spectra of a)the dried synthesis mixture , b) TEA, and
c) TEOS.

features in the spectrum of Ti-TUD-1 are significant. Broad
bands (marked *) at 1200, 950 (shoulder), and 785 cm~! can be
assigned to oligomeric silica species.?® 2! The weak intensity
of these bands suggests that the silica polymerization is rather
incomplete. The weak band at 950 cm~' is due to Ti-O-Si
species,?! indicating that some Ti condensation with the
siliceous species occurred at this stage; this is in good
agreement with titanium extraction results and diffuse
reflectance UV results (vide supra). This confirms that some
Ti—TEA complexes are chemically bonded to silica and, thus,
could not be extracted. However, the majority is still not
incorporated into the framework; this is consistent with our
proposed mechanism. The IR spectrum of TEOS is reported
for comparison. The doublet at 1105 and 1080 cm™! due to Si-
O-C stretching vibrations®! is not present in the spectrum of
Ti-TUD-1, in which, beside bands of oligomeric silica species,
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only absorptions due to TEA molecules are observed. This
means that, although the silica polymerization is largely
incomplete, hydrolysis of TEOS and some subsequent con-
densation has occurred.

Figure 7 shows the IR spectra of Ti-TUD-1 after different
thermal treatments (curves a—c) and of a pure silica TUD-1
after calcination (curve d) for comparison. These spectra

Absorbance

M

4000 3500 3000 2500 2000 1500 1000
Wavenumber/cm”

Figure 7. FTIR spectra of the synthesis mixture of Ti-TUD-1: a) dried,
b) after being heated in an autoclave to 190°C, c) after calcination at
700°C, and d) calcined siliceous TUD-1.

suggest that during the hydrothermal treatment the polymer-
ization proceeded, but not completely. Only after calcination
was the siliceous matrix fully condensed. Bands at 1200 and
1080 cm™' due to asymmetric stretching of SiO, tetrahedral
units in silicate structures, and at 805 cm~! due to the
symmetric vibration of the same units?” fully developed only
after this treatment. It is of note that the incorporation of Ti
ions in the silica matrix, as witnessed by the appearance of the
band at 955 cm~! due to a Ti-O-Si vibration,?”) occurred to a
significant extent only after calcination as expected from our
mechanism. This Ti-O-Si band is absent in the spectra of the
pure siliceous TUD-1 material.

We have also followed the formation of the Ti-TUD-1
catalyst in situ by starting from the dried gel and heating it
under vacuum at increasing temperatures (Figure 8). We
chose the temperatures according to the main weight loss
steps of the material obtained by thermal gravity analysis
(TGA), as reported in the inset of Figure 9.

After degassing at 250°C (Figure 8b) there was a partial
decomposition of the organics and further condensation of
silica (bands at 1190 and 1100 cm™'). Only after degassing at
400°C (Figure 8c) was the TEA completely decomposed and
the siliceous structure well formed; this is suggested by the

d

T

a

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber/cm''

Figure 8. FTIR spectra of the synthesis mixture degassed at different
temperatures: a) 100°C, b) 250°C, c¢) 400°C, and d) 600°C.
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Figure 9. Diffuse reflectance NIR spectra. a) Dried synthesis mixture, and
after being degassed at: b) 130°C, ¢) 300°C, d) 400°C, and e) 600°C. Inset:
thermogravimetric analysis (TGA) of the dried synthesis mixture. Dotted
line refers to the differential curve (DTG).

formation of the bands of the SiO, units in the 1250 -900 cm !
range and at 805 cm~l. The band at 960 cm~!, due to a
vibration involving the Ti ions within the siliceous structure,
also developed at this temperature. The degassing at 600°C
and the following calcination served to burn residual organic
compounds and to clean up the silica surface.

Silanols are also formed after thermal treatments, as
demonstrated by means of diffuse reflectance NIR spectros-
copy. Uncalcined material (Figure 9a) showed bands at
5140 cm™! due to a combination mode of water molecules,
at 5000-4000 cm™! due to combination modes of CH
stretching with bending vibrations of hydrocarbons, and at
6000-5000 cm~' due to overtones of CH stretchings of
hydrocarbons.*?) Water was completely removed after de-
gassing at 130 °C (Figure 9b), whereas only at 400°C (curve d)
was there a substantial decrease of the bands due to organic
compounds; these completely disappeared after calcination at
600°C (curve e). These results are in good agreement with the
TGA data (inset of Figure 9). At 400°C there was a formation
of some silanols, indicated by bands at 7320 and 4525 cm~! due
to the overtone and combination vibrations, respectively,?*’]
which increased after calcination at 600 °C.

Accessibility of Ti centers: The coordination states of the Ti
centers were studied by diffuse reflectance UV/Vis spectra in
Figure 5; this indicated that the Ti centers in TUD-1 are
isolated and tetrahedrally coordinated. The change of coor-
dination of Ti centers was studied by NH; adsorption.
Figure 10a shows the shift of the band at 225 nm, after
exposure to NH;, due to the expansion in the coordination
sphere of the Ti centers.[?? 31

After evacuation at room temperature, the adsorption is
not completely reversible (Figure 10b), indicating that many
Ti centers are available to strongly coordinate NH; molecules.
This clearly indicates that most isolated, tetrahedrally coor-
dinated Ti centers are accessible to form hydroperoxo-type
species during epoxidation.

Catalytic performance: Four different catalysts were com-
pared with regard to their catalytic performance in the
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Figure 10. Diffuse reflectance UV/Vis spectra of Ti-TUD-1 after a) calci-

nation, b) exposure to 50 Torr NH;, and ¢) evacuation at room temperature
for 30 min.

epoxidation of cyclohexene with tert-butyl hydroperoxide
(TBHP): Ti-TUD-1 and Ti-MCM-41 (both synthesized in one
step), Ti-grafted TUD-1, and Ti-grafted MCM-41. Their
physical properties and activities are presented in Table 1,
and the catalytic testing details are given in the Experimental
Section. The turn-over frequency (TOF, moles of cyclohexene
converted per mole of Ti per hour) of Ti-TUD-1 is about

Table 1. Comparison of catalytic activities for cyclohexene epoxidation
over Ti-TUD-1, Ti-MCM-41, Ti-grafted TUD-1, and Ti grafted MCM-41.

Catalysts Tilel Sperl” Dbl TOFW Stel
[wt%]  [m’g"]  [am]  [h7] [%]
Ti-TUD-1 1.50 917 45 20.2 90
Ti-MCM-41132 1.82 921 3.1 3.6 -
Ti grafted TUD-1 1.87 561 10.1 27.7 81
Ti grafted MCM-41 1.79 1015 3.0 234 82

[a] Titanium loading. [b] Surface area obtained from nitrogen adsorption.
[c] Mesopore diameter at maximum peak calculated by using the BJH
model. [d] Turnover frequency after 6 h reaction. [e] Selectivity of TBHP
after 6 h reaction.

5.6 times higher than that of the framework-substituted Ti-
MCM-41,1*?! and similar to that of Ti-grafted MCM-41 under
our testing conditions. The selectivity of TBHP to cyclo-
hexene epoxide was about 94 % after six hours of reaction. It
is attractive that titanosilica with activity similar to Ti-grafted
MCM-41 can be prepared in such a one-pot synthesis.

It is also noteworthy that Ti-grafted TUD-1 showed an even
higher activity than Ti-grafted MCM-41. To highlight this
performance enhancement, we used Ti-grafted TUD-1 with a
much lower surface area than the Ti-grafted MCM-41; this
illustrates that the three-dimensional connectivity of meso-
pores reduced diffusion limitations and enhanced the activity
of TUD-1. In both cases the particle size is estimated by SEM
to be in the micrometer range.

Discussion

The high activity of Ti-TUD-1 originates from both the high
accessibility of the substrates to the catalytic site provided by

Chem. Eur. J. 2001, 7, No. 7
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the three-dimensional mesopore system and from the for-
mation of a titanium-enriched phase on the surface of the
mesopore wall, to give an optimum usage of Ti. The key
aspect of the synthesis is the use of the non-surfactant
chemical triethanolamine (TEA), which serves as both
mesopore template and ligand for the in situ formation of
titanium complexes: during mixing, aging, and drying. The
complexes and free TEA were homogeneously dispersed in a
flexible, silica-dominated inorganic framework. Upon heat-
ing, condensation ensued of both silica and some titanium
species. In parallel, triethanolamine together with some of the
titanium complexes was expelled from the inorganic frame-
work to form mesosized organic-dominated aggregates. The
aggregates templated a three-dimensional, inorganic, meso-
structured framework. Meanwhile, some of Ti-O-C bonds of
Ti—-TEA complexes were hydrolyzed, with the resulting
TiOH groups subsequently condensing with silanol groups
to yield the more stable Ti-O-Si entities. These Ti species were
strongly bonded to the silica framework at one side and
penetrated into the organic-dominated TEA aggregates at the
opposite side. Hence, two major types of Ti species could be
observed: the free Ti—-TEA complex in the TEA aggregates
and the one strongly connected to the silica framework. The
latter is situated at the interface of the inorganic-dominated
silica phase and the organic-dominated TEA aggregates. The
preferential dispersion of Ti species in TUD-1 can be
schematically expressed as Figure 11b, which is different from

L b
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-
. x‘ _____.- ' _‘\.__
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Figure 11. Comparison of the location of Ti centers in the as-synthesized
form of a) Ti-MCM-41 and b) Ti-TUD-1.

the case of MCM-41 shown in Figure 11a. At elevated
temperatures, all titanium complexes decomposed and the
triethanolamine was removed, depositing titanium on the
surface of the mesopores; this results in a three-dimensional
mesoporous titanosilica with isolated, titanium species with a
tetrahedral surface.

Contrary to grafting onto a siliceous support in two-step
synthesis approach,®! a minority of titanium centers will be
buried inside the silica walls, a process that occurs during the
inorganic condensation; however, the three-dimensional
mesopore structure enhances the efficiency of mass transfer,
as indicated by the comparison of epoxidation activities
between three-dimensional Ti-grafted TUD-1 and one-di-
mensional Ti-grafted MCM-41 (vide supra). So, the sum of
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various effects gives a similar activity of epoxidation as that of
Ti-grafted MCM-41.

This synthesis opens a new way to effectively introduce
active catalytic sites into a mesoporous host by the combina-
tion of mesopore formation and in situ organometallic
complexation.

Experimental Section

Synthesis: Ti-TUD-1 can be obtained by aging, drying, and calcining a
homogeneous basic synthesis mixture, mainly composed of titanium
alkoxide, silicon alkoxides, such as tetraethyl ortho silicate (TEOS), and
templates, such as triethanolamine (TEA). In a specific synthesis, first TEA
(97%, ACROS) and then deionized water was added dropwise into a
mixture of titanium(v) n-butoxide (99%, ACROS) and TEOS (+98%,
ACROS) while stirring. After about 1 h, tetraethylammonium hydroxide
(TEAOH) (25%, Aldrich) was added dropwise into the above mixture.
The final homogeneous mixture with a molar ratio composition of SiO,/
0.02TiO,/(0.1-0.3) TEAOH/(0.25-2) C;H,50;N/11 H,0O was aged at room
temperature for 24 h, dried at 100°C for 24 h, and then calcined at 700°C
for 10 h in a ramp rate of 1 °Cmin" in air. In order to compare epoxidation
activity, Ti-grafted MCM-41 and TUD-1 were prepared according to the
method described by Maschmeyer et al.l'*]

Characterization: X-ray powder diffraction (XRD) patterns were recorded
by using Cug, radiation on a Philips PW 1840 diffractometer equipped with
a graphite monochromator. The samples were scanned in the range of 0.5—
40° 26 with steps of 0.02°. Transmission electron microscopy (TEM) was
performed using a Philips CM30T electron microscope with an LaB6
filament as the source of electrons operated at 300 kV. Nitrogen sorption
isotherms were measured on the Quantachrome Autosorb-6B at 77 K.
Mesoporosity was calculated using the BJH model.

Catalyric acivity measurements: Cyclohexene epoxidation was used as
model reaction to test catalytic activity with ter-butyl hydroperoxide
(TBHP) as an oxidant and was carried out at 40°C under N,.’? The
reaction mixture consisted of catalyst (0.1 g), cyclohexene (10 mmol, 99 %,
ACROS), TBHP (11 mmol, 70 wt% in water, ACROS, dried over
anhydrous MgSO, before use) and dichloromethane (10 mL, 99 %, Merck).
Samples were analyzed by gas chromatography (WAX 52 CB). The
turnover frequency is defined as moles of cyclohexene converted per mole
of titanium per hour after reaction for 6 h.

Complexation of Ti with triethanolamine: The complexation of Ti with
triethanolamine was investigated by means of *C and 'H NMR spectros-
copy with the use of a Varian-INOVA 300 spectrometer. To confirm the
existence of titanium—triethanolamine (Ti—-TEA) complexes, the syn-
thesis gel was extracted before calcination with ethanol and a Soxhlet
apparatus. The concentration of titanium in the ethanol solution was
analyzed using ICP-OES.

Diffuse reflectance UV/Vis/NIR: Diffuse reflectance UV/Vis/NIR spectra
were recorded using a Perkin — Elmer (Lambda 19) spectrometer equipped
with an integrating sphere with BaSO, as reference. The samples, in the
form of powders, were placed in quartz cells permanently connected to a
vacuum line (ultimate pressure <107° Torr) for thermal treatments under
in situ conditions. FTIR spectra on pellets of the samples mixed with KBr
were recorded in air with a Bruker IFS88 spectrometer at a resolution of
4cmL

TGA analyses: TGA analyses were carried out on a TA instrument
(SDT2960 model) by keeping sample (10—15 mg) under a constant flux of
air and using a temperature ramp of 2°Cmin—".
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Transition from the Layered Sr,RhO, to the Monodimensional Sr,RhO¢ Phase

Aurea Varela,!> ¢! Khalid Boulahya,!?! Marina Parras,®! José M. Gonzalez-Calbet,*!?]
Thomas Vogt,”! and Douglas J. Buttrey!*!

Abstract: Study of the structural
changes occurring during the reduction
process of the Sr,RhO,. (214), n=1
term of the Ruddlesden and Popper
series, shows that for 6 < 0.02 values, this
material dissociates into the Sr,RhOq
(416) monodimensional phase, a =oc,
p=0 compound of the (A;B,Oq),-

electron microscopy and is easily inter-
preted on the basis of the structural
relationship established between them.
Further reduction allows the segregation
of both phases as separated entities,
which coexist with Rh metal. The dis-
sociation process is reversible and, un-
der oxidizing conditions, a layered ma-

terial with anionic composition ¢ =0.06
is always obtained. This behaviour
seems to be a general way of accommo-
dating the compositional changes in
layered A,BO, phases where the B
cation is always in a octahedral environ-
ment. The structural mechanism of this
transformation is proposed, and the

(A;B;0,); family, and Rh metal. During
the first stage, this process occurs by the
formation of an intergrowth between
the (214) and (416) materials which can
be only detected by high resolution

Introduction

A large number of oxide compounds which structures can be
derived from cubic or hexagonal perovskite has been widely
studied and reported. Among them, particular attention has
been devoted to low-dimensional oxides, both one and two
dimensional, due to their interesting structural and physical
properties.

In this sense, much work has been done on the layered
A, 1B,03,.; Ruddlesden and Popper phases. The basic units
comprising their crystal structures are [BOg4] octahedra linked
by corners to form (ABO;), cubic perovskite layers. These
blocks are separated by a rock-salt AO-type layer, leading to
quasi-two-dimensional solids. When n =1, one cubic block of
perovskite alternates with one AO layer along the crystallo-
graphic ¢ direction; this results in the K,NiF, structure, which
crystallizes in the tetragonal /4/mmm space group (depicted in
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structural relationship between these
two low-dimensional oxides is establish-

oxides ed.

Figure 1a), although related phases can distort to lower
symmetry. The low-dimensional character of this structure
plays an important role in obtaining high critical temperatures
in superconducting cuprates. The A,BO,,; system (B =Cu,

o |||-

Figure 1. The structure of a) K,NiF, and b) K,CdCl;.
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Ni)'4l has been extensively studied because of the critical
dependence of transport and magnetic properties on the
oxygen content. The ability of these B cations to adopt different
coordination environments allows the formation of oxygen
deficient K,NiF,-type structures in 3d transition metal oxides
where single AO-type layers grow between single oxygen
deficient perovskite layers, the oxygen vacancies being
concentrated in the basal plane of the BOg octahedra.l °l

Different behaviour is expected during the reduction of the
4d and 5d transition metal A,BO, oxides. In such oxides, under
low oxygen partial pressure (Po,), the B cation is not able to
modify the octahedral oxygen environment. Therefore, anion-
deficient A,BO,_s materials cannot be stabilized. Jacob
et al.ll recently investigated the phase relation in the Sr—
Ir- O system in order to design appropriate working electro-
des for solid-state cells. As a function of Py, they established
different equilibria between several phases, such as SrlrOs;,
Sr,IrO, and Sr,IrOq. Particular attention was given to the
reversible equilibrium between Sr,IrO, and Sr,IrOq since, at
lower Py,, the layered material is dissociated into Sr,IrO4 and
Ir metal. It is worth mentioning that, in all these oxides, Ir
shows a 4+ oxidation state and an octahedral environment.

The SrIrO; phase is isostructural to K,CdCI¢® (Figure 1b).
This structure, closely related to the 2H-hexagonal perovskite,
can be described as formed by one Cd octahedra sharing faces
with one K trigonal prism leading to isolated polyhedra chains
parallel to the c axis, separated by K atoms. Between this and
the 2H - BaNiO;! structure, many intermediate phases have
been reported belonging to the (A;B,04),(A;B;0); mono-
dimensional oxides series.'’] Their structures are also formed
by isolated chains of octahedra and trigonal prism alternating,
in a variable ratio, along the ¢ axis. The lower limit of this
series corresponds to the a=oco, =0 member of the
monodimensional family (A;B,04),(A;B;0,); and adopts
the rhombohedral (R3c) K,CdCl structure.

The dissociation process of the Sr,IrO, (214) phase into the
Sr,IrO¢ (416) phase could be related to the impossibility of

Abstract in Spanish: Los cambios estructurales que acompa-
Han al proceso de reduccion de la fase Sr,RhO, s (214),
termino n=1 de la serie de Ruddlesden y Popper, muestran
que, para valores de 6 < 0.02, esta fase se disocia dando lugar
al compuesto monodimensional, Sr,RhO; (416), termino o=
o0, f=0de la familia (A;B,0;),(A;B50)s y Rh metdlico. En
la primera etapa de este proceso de reduccion se forma un
intercrecimiento entre las fases (214) y (416), que solo puede
detectarse por HREM, y que se interpreta fdcilmente si
consideramos la relacion estructural presente entre ambos
materiales. Una reduccion progresiva origina la segregacion de
las dos fases separadas que coexisten con Rh metdlico. El
proceso es reversible y, en atmosfera oxidante, se obtiene de
nuevo la fase Sr,RhO,, 5, con 6 =0.06. Esta disociacion parece
ser la forma general de acomodacion de la variacion de la
composicion en las fases A,BO  en las que el cation B mantiene
siempre su entorno octaedrico. En este trabajo se propone el
mecanismo estructural por el que podria transcurrir esta
transicion y se establece la relacion estructural presente entre
estos dos oxidos de baja dimensionalidad.
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creating an anion deficiency in the layered phase. If this is
true, this transformation could be a general way of accom-
modating the compositional changes in these A,BO, phases.
In order to establish if the (214) — (416) dissociation process
is the general behaviour when the B cation is only stable in
octahedral environment, we have investigated a system where
both phases are stable: the Sr—Rh-O system. Actually, Rh
shows a strong tendency to occupy octahedral environments
and both layered Sr,RhO,/'"-31 and monodimensional
Sr;(SrRh)Oq (i.e., Sr,RhO;)*l are stable phases which have
been fully characterized.

This paper reports a study of the structural changes
occurring during reduction of the Sr,RhO, s material. Our
results reinforce the idea that the dissociation process of the
layered (214) phase into the monodimensional (416) phase
might be a general behaviour, in both 4d and 5d transition
elements. From these results, the structural mechanism
corresponding to such a transformation is proposed.

Results

XRD Study: The powder powder X-ray diffraction (XRD)
pattern shown in Figure 2a corresponds to the Sr,RhO,,
starting material. It can be indexed on the basis of a tetragonal
v/2a x 2¢ superstructure of the parent K,NiF, cell, as early
reported for (14,/acd) Sr,RhO,.['"""131 No structural changes are
observed for the Sr,RhO,, composition. The unit cell
parameters for both samples are shown in Table 1.

Table 1. Chemical composition, annealing conditions, identified phases and unit
cell parameters for Sr,RhO,, , materials.

Composition Annealing Identified Unit cell parameters
conditions phases by XRD g [nm] b [nm] ¢ [nm]

Sr,RhO, ¢y starting material (214) 0.5451(2) 2.576(2)

Sr,RhO, 51y 900°C (24 h) (214) 0.5450(2) 2.576(1)
Ar atmosphere

S1,RhO;45q, 1000°C (24 h) (214) 0.383(4)  0.386(4) 1.29(1)
Ar atmosphere + (416) (traces)

Sr,RhO, s  1150°C (24 h) (416)+Rh

(*) Ar atmosphere

Sr,RhO, 460y 1100°C (72h)/0,  (214) 0.54490(2) 2.5766(1)

from (*) sample

The thermogravimetric analysis of the sample annealed
under an Ar atmosphere at 1000°C leads to an apparent
composition Sr,RhOj; 5. This sample shows meaningful differ-
ences in its XRD pattern (Figure 2b) when compared with the
unannealed sample. Firstly, the (hhl) and (hkl) with [=2n
reflections of the starting material are split. Such a splitting
could suggest a symmetry reduction, probably related to a tilt
of the [RhOq] octahedra. The origin of this distortion is
beyond the scope of this study but, to take it into account, an
orthorhombic unit cell with parameters a =0.383, b =0.386
and ¢=1.29 nm has been considered for this (214) phase. In
addition to the reflections corresponding to such a phase,
weak maxima appear which could correspond to the strongest
reflexions of the rhombohedral (416) phase.
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Figure 2. Powder X-ray diffraction patterns of a) Sr,RhO,, (starting
material), b) sample with average composition Sr,RhO; ¢ (subindex o and
R correspond to the orthorhombic and the rhombohedral phases,
respectively), c) sample annealed at 7=1100°C (Ar atmosphere),
d) sample annealed at 7=1150°C (Ar atmosphere).

Several annealings at high temperature (1000<7<
1150°C) under an Ar atmosphere cause a progressive
decomposition of the starting material. In this temperature
range, the (214) phase coexists with Sr,RhO4 and Rh metal in
a variable ratio. For instance, Figure 2c shows the XRD
pattern corresponding to a sample treated at 1100°C for
24 hours. When the temperature reaches 1150°C, only two
phases, Sr,RhO4; and Rh, are present (Figure 2d). This
decomposition reaction is a reversible process and a tetrag-
onal Sr,RhO, s phase is always obtained from the reaction
between Sr;RhO¢ and Rh metal under oxidizing conditions.
Unit cell parameters corresponding to this composition are
also presented in Table 1.
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Powder XRD data indicate that the stability range of the
tetragonal Sr,RhO,, s phase is very narrow (0.02 <9 <0.06).
For 0 values lower than 0.02, the (214)-type phase partially
decomposes to rhombohedral Sr,RhOg. Both phases with Rh
metal coexist in the temperature range from 1000 to 1150°C,
the proportion of starting material decreasing as the temper-
ature increases. At the upper temperature, the decomposition
process is complete, the (214) phase not being detected by
XRD.

SAED and HREM Characterization: Figure 3a shows the
selected area electron diffraction (SAED) pattern character-
istic of the sample with average composition Sr,RhO; s which

Figure 3. a) SAED pattern corresponding to the sample with average
composition Sr,RhO;4 along the [010], zone axis. b) Corresponding
HREM image. c) Enlargement of area A. Calculated image (Af= — 65 nm,
At=4nm) is shown in the inset. d) Enlargement of area B. The image
contrast is characteristic of a Sr,RhOg4 phase along [2110]g. Calculated
image (Af=—95nm, Ar=4.5 nm) is shown in the inset.

corresponds to the [010] reciprocal plane of the K,NiF, phase.
All diffraction maxima have been indexed on the basis of the
orthorhombic unit cell proposed from XRD results (referred
to as subindex o). It is worth emphasizing that all crystals
studied by SAED present the same features. Moreover, the
corresponding high resolution electron microscopy (HREM)
image (Figure 3b) shows an apparently well-ordered crystal
where d spacings of 0.38 nm and 1.29 nm can be observed.
These interplanar distances correspond to the d;y and dy
spacings of the orthorhombic (214) phase, respectively. In
fact, most of the crystal shows a contrast variation (marked A)
corresponding to a K,NiF, structure projected along the [010],
zone axis. The alternation of one bright and one less bright dot
following the [301], direction is more clearly observed in
Figure 3c (enlargement of area A in Figure 3b). This se-
quence, typical for the K,NiF, structure, is due to the

0947-6539/01/0707-1446 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 7
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alternance of one Sr and one Rh atom along such a direction.
The simulated image (inset in Figure 3c) with Af=—65nm
and sample thickness of 4 nm fits well to the experimental
image.

However, careful examination of the micrograph indicates
that in between the (214) phase, small regions showing
different features are present. As it can be seen in the
triangular marked area (zone B) of Figure 3b, the image
contrast is slightly different than that observed in other parts
of the crystal. In fact, following the [301], direction, the 1:1 dot
sequence characteristic of the (214) phase, changes toa 1:2:1:2
dot sequence in the zone B of the image. This sequence can be
better observed in the enlargement of zone B shown in
Figure 3d. This contrast variation, corresponding to two bright
dots separated by one less intense dot, is characteristic of the
rhombohedral A;(AB)O, phase projected along [1210]. The
individual columns of Sr and Rh atoms are solved as bright
dots of different intensity. The brightest ones could be
assimilated to Sr atoms, both in trigonal prismatic sites and
between them, forming a rectangular array. The less intense
dots are attributed to Rh octahedra. Similar features have
been reported previously for the Ca;Co,0O4 isostructural
phase.[> 191 By this reasoning, the small domains shown in
area B should correspond to the Sr,RhOq phase. In fact, the
simulated image (inset in Figure 3d) shows a good fit with the
experimental image for Af=—95 nm and a sample thickness
of 4.5 nm. In this area, the observed d spacings close to 0.8 nm
correspond to the d;y and dyy, spacings of the rhombohedral
phase. These distances remain almost constant within the
crystal because they also correspond to three times the d,y;
and d,j3 of the orthorhombic (214) phase. The cy axis
(subindex R refers to the Sr,RhO4 rhombohedral phase)
appears elongated, probably due to a small distortion needed
to facilitate the intergrowth of the rhombohedral phase into
the orthorhombic (214) matrix. Such an intergrowth, sche-
matically represented in Figure 4, takes place along the [311],
or [001]y directions, the ag axis corresponding to the [311],
direction.

The cationic composition of the intergrown phases has been
confirmed by energy dispersive spectroscopy (EDS). Figure 5
shows the analysis performed in different crystal zones. The

2 BRI

/.:'n'qiul[ﬁ

Figure 4. Schematic representation projected along [001],//[010] of the
intergrowth between (214) (unit cell denoted with a continuous border)
and rhombohedral Sr;RhOy (unit cell marked with a dashed border)
structures.

Chem. Eur. J. 2001, 7, No. 7
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major part of the crystal shows a Sr/Rh ratio of 2:1, character-
istic of the K,NiF, structure, but some areas present a 4:1
ratio, corresponding to the (416) phases. The HREM images
also show the presence of dark sphere-like particles at the
crystal surface which, according to EDS analysis, correspond
to Rh particles.

Intensity / a.u.

1 n 1 1 " 1
125 15.0 17.5 20.0 22.5 25.0
Energy | keV

Figure 5. EDS spectra corresponding to different zones of the crystal
shown in Figure 3b (Rhg, line is shown in the inset).

The optical Fourier transform corresponding to areas A and
B (Figures 6a and 6b) are identical. The similar features along
both [010], and [1210]x reciprocal planes can be visualized in
the schematic representation of Figure 6¢. Since all rhombo-
hedral and orthorhombic diffraction maxima are coincident,
the intergrowth cannot be detected by SAED.

Figure 6. Fourier transform corresponding to a) area A and b) area B of
the experimental micrograph shown in Figure 3b. ¢) Schematic represen-
tation of the SAED along [010], //[1210].

Annealing under lower Py, produces a progressive decom-
position of the starting material leading to non-intergrowing
phases: (214), (416) and Rh metal, according to the XRD
results.

0947-6539/01/0707-1447 $ 17.50+.50/0 1447
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Discussion

XRD results show that under reducing thermodynamic
conditions the layered Sr,RhO,,; material decomposes and
is partially transformed into the monodimensional Sr,RhOs.
This transformation takes place according to the process
Sr,RhO, — Sr,RhO¢+Rh as a function of the partial oxygen
pressure in agreement to the dissociation process described in
the Sr—Ir-O system.”! The microstructural information
obtained from SAED, HREM and EDS can shed more light
on the possible path by which this transformation occurs.

In the first stage, this process leads to the formation of
nonrecurrent intergrowths between the orthorhombic (214)
phase and the rhombohedral one. Therefore, both solids must
present structural features which allow the rhombohedral
phase to be transformed into a (214) matrix. Moreover, the
fact that the transition between layered and monodimensional
perovskite-related oxides is reversible seems to indicate that
the mechanism for structural change is not complex and,
therefore, a close relationship between both structures is
expected.

In a previous work,['”] simple, novel models of crystallo-
graphic shear planes were proposed to interpret the structural
relationships between several two-dimensional structures of
oxides and fluorides. For instance, in relation to the K,NiF,
type, this model of extended planar defects allows correlation
of the Ba,(Ti, Pt);0,, or Cs,Cu;F,, structures with Cs¢NisF.
By means of a shear operation, octahedral sites are generated,
which are occupied by transition metal atoms. This leads to an
increase in the transition metal to alkaline metal ratio.
Otherwise, the structural transformation from the A,BO,
composition into the A;(AB)O4 one must be accompanied
by the elimination of B metal, thus leading to a decrease in the
B/A ratio.

In order to understand the structural modifications involv-
ing the A,BO, (K,NiF, type) — A;(AB)O; (K,CdClg type)
transformation, it is useful to consider the projection of the
K,NiF, structure along [110] (Figure 7a). White octahedra
(and shaded circles) are placed at z =2 and shaded octahedra
(and white circles) at z =0. The transformation of the K,NiF,
structure into K,CdClg proceeds through the elimination of
certain BO; octahedra. The supression of one every two (001)
planes along the [110] direction leads to isolated octahedra in
the ABO; perovskite layers, as shown in Figure 7b.

The essential feature of this elimination is that trigonal
prismatic holes are generated along the [311], and equivalent
directions of the K,NiF, structure. As a consequence, one
trigonal prism and one octahedral site alternate in this
direction. Tilting one of every two octahedra, together with
a slight shifting of A atoms, as shown in Figure 7b, leads to the
structural framework of the rhombohedral phase when
regarded along the [1100] projection (Figure 7c).

On the other hand, it is known that the rhombohedral phase
can be derived from a Acp stacking sequence of the A;A’Oq
layers whereas the K,NiF, structure can also be described as a
cubic sequence of A,O, layers.['” ¥l From this point of view,
the above structural transformation implies that the A,O,
layers (stacked along the [311] and equivalent directions)
have been reduced to A,O4 layers. Although the essential
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Figure 7. a) Schematic representation of the K,NiF, structure along [110].
b) Isolated octahedra [RhOg] and trigonal prismatic holes along [311], and
equivalent directions, resulting from the elimination of the RhO, planes

marked with arrows. ¢) Structural framework of the Sr,RhO; phase along
the [1100] projection.

features of these layers are maintained, the anion composition
has changed (Figures 8a, b).

The rearrangement of A atoms (in A,Oq layers) takes place
in such a way that one A atom is centering the triangle defined
by three A atoms. In other words, it is at the center of the
trigonal prism defined by the oxygen atoms of the adjacent
layers. As a consequence, a rhombohedral A;AOq layer is
formed, as shown in Figure 8c. From these layers, the

@ sr
O oxygen

O Unoccupied
position

bh (Sr3SrOg) layer

Figure 8. Idealized representation of the a) orthorhombic Sr,0O, layer,
b) Sr,0;0 layer and c¢) rhombohedral Sr;SrOy layer.
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A;(AB)Oy structure results when the octahedral holes are
fully occupied by B cations.

According to these structural considerations, both a and ¢
rhombohedral axes follow the [311], and [311], orthorhombic
directions, respectively. From this relationship, the resulting a
and ¢ parameters are very close, 0.98 nm, in agreement with
the typical values characteristic of A;(AB)Og phases.

These structural data clearly show the close relationship be-
tween both K,NiF,- and K,CdCls-type structures and provide
a key for the understanding of the Sr,RhO,— Sr,RhOq
dissociation. Moreover, the adaptability of the A,BO, struc-
tural type to accommodate the A;(AB)O, rhombohedral
framework is responsible for the occurrence of intergrowth
domains in a variable extention. From a chemical point of
view, the proposed structural mechanism could be considered
as a reduction process according to the low Pg, required to
stabilize the Sr,RhO4 produced from the Sr,RhO, material.

This behaviour is not necessarily limited to the n =1 member
of the layered Ruddlesden and Popper phases. It seems
reasonable to consider whether such a structural transforma-
tion between Sr,RhO, and Sr,RhOg can also take place
between other members of both the layered and monodimen-
sional series, and, consequently, if it is a factor affecting the
thermodynamic stability of these materials. For instance, from
the Sr;Rh,0; (n=2) member, a similar transformation
mechanism could yield to the Srs(SrRh;)O;, monodimen-
sional oxide (o =3, f=2) and Rh metal. As yet, attempts to
obtain the (327) layered phase have been unsuccessful, but
new synthesis procedures, including high pressure methods,
are being tested to explore such a possibility.

Conclusion

These experimental data show that, besides Ir, when Rh
occupies the B positions in the A,BO, layered phases the
reduction process undergoes through a dissociation path
corresponding to the reversible equilibrium 2Sr,RhO,, s =
Sr,RhO¢+Rh+(149) O,. Such a result reinforce the idea that
it might be a general behaviour of the (214) phases when the B
octahedral environment cannot be altered.

In the first stage of this transformation, intergrowths are
formed between the orthorhombic (214) phase and the
rhombohedral one, along the [311], and [311], directions of
the layered phase. The similarity between both structures
enables the formation of the rhombohedral phase into a (214)
matrix providing a way to accommodate the compositional
changes. Rh metal is excluded according to the structural
mechanism proposed for this transformation. During the
reduction process, the domain size of rhombohedral Sr,RhOy
increases until a critical strain buildup prevents further growth
and phase separation occurs. The close structural relation-
ships between both structural types facilitates the reversible
transformation between them.

Chem. Eur. J. 2001, 7, No. 7
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Experimental Section

Sr,RhO, , starting material has been prepared by solid-state reaction from
stoichiometric amounts of SrCO; (Merck, 99.9%) and Rh,0O; (Aldrich,
99.8 % ). The mixture was initially heated in air at 1000 °C for several hours,
then at 1150°C for 7 h, and, finally, at 1250°C for 50 h. A further annealing
was performed at 900°C under 1 bar oxygen. In order to obtain samples
with different oxygen contents, the final product was annealed under the
conditions given in Table 1.

The average cationic composition was determined by inductive coupling
plasma (ICP). A 2:1 Sr/Rh ratio was always obtained. The cationic
composition for every crystal, was determined by EDS. For this purpose, a
JEOL scanning electron microscope JSM-8600 equipped with a LINK AN
10000 EDS system was employed. Thermogravimetric analysis was
performed on a thermobalance based on a CAHN D-200 electrobalance
which allows to detect variations of the oxygen content within =5 x 107 on
a sample of about 100 mg. The overall oxygen content was determined
thermogravimetrically by reduction at 850°C under a H, (0.3 mbar)/He
(0.2 mbar) atmosphere, after which the final products of the reduction
process are SrO and Rh.

XRD pattterns were collected at room temperature on a Philips X'Pert
diffractometer using Cug, radiation. SAED was carried out using a JEOL
2000 FX electron microscope fitted with a double-tilting goniometer stage
(£45°) and HREM was performed on a JEOL 4000EX electron micro-
scope fitted with a double-tilting goniometer stage (+25°). Simulated
HREM images were calculated by the multislice method using the
MacTempas software package.
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A Quantum-Mechanical Description of Macrocyclic Ring Rotation in
Benzylic Amide [2]Catenanes

David A. Leigh,*?] Alessandro Troisi,”! and Francesco Zerbetto*!"!

Abstract: Catenanes can undergo rota-
tion of one ring through the cavity of the
other. Since macroscopic and molecular
properties must clearly vary with the
relative positions and orientations of the
interlocked components, a complete
understanding of the way that the rings
rotate is of considerable importance.
Here we show that low-dimensional
quantum-mechanical modeling can yield

ent nuclear magnetic resonance experi-
ments. Data from both non-hydrogen
bond disrupting (e.g. CDCl;) and hydro-
gen bond disrupting (e.g. [Dg]DMSO)
solvents are well reproduced demon-
strating the validity of the model. The
successful simulation of the rates of

Keywords: catenanes - Kkinetics -
molecular dynamics - molecular

circumrotations by entirely harmonic
transition state theory originates from
the description of the anharmonic levels
of the systems through an effective
harmonic frequency, not very different
from twice the zero point energy. The
nature of the model makes it extendable,
in principle, to the calculation of proper-
ties dependent upon circumrotational
activity.

rate constants and barriers similar to

. modeling
those obtained by temperature-depend-

Introduction

Many phenomena of biological or technological interest
originate directly from submolecular motions; for example,
the trans — cis isomerisation of a carbon —carbon double bond
that triggers the visual signal or the solitonic behavior of
electron transport in doped conjugated polyacetylenic semi-
conductors.! Other remarkably complicated dynamic pro-
cesses can arise in organic systems with unusual molecular
level architectures.># The components of catenanes and
rotaxanes possess unique degrees of freedom for the con-
strained motion of one mechanically interlocked moiety with
respect to another.?™! The details of the relative motions of
interlocked rings can be highly complicated, as demonstrated
during the investigation of the structure and dynamics of
several benzylic amide catenanes using molecular mechanics
calculations.®! That study provided the first complete theo-
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retical description of the lowest energy pathway for the
circumrotation of macrocycles in a catenane system, featuring
a concerted sequence of several large-amplitude motions
involving a host of rearrangements to minimise steric and
electrostatic interactions through the formation/disruption of
hydrogen bonds, mt-electron stacks, CH-m electron complexes
and amide rotamer interconversions. In spite of this complex-
ity, unifying features were found for the description of the
passing of successive fragments through the macrocyclic
cavities. Analysis of the structural characteristics of the
transition states located along the circumrotational pathway
of three related catenanes furnished a comprehensive inter-
pretation of the large variation of the dynamical behaviour
observed in NMR experiments.

The fundamental and crucial question that arises from the
mechanistic treatment of circumrotation is how complicated
does the model have to be in order to derive useful
information about the system? Is it possible to describe
circumrotation in simple terms and reduce the inherently
multiple dimensionality of the process to a more manageable
size? The large masses involved in the motion, and perhaps
the lack of a better conceptual framework, have thus far
generally led to the dynamic behavior of mechanically
interlocked systems being treated in a classical context.]
Recently, however, it proved possible to provide a description
of the “shuttling” process (constrained translation—not
rotation—of a macrocycle between two sites along the axis
of a thread in a rotaxane) with a quantum-mechanical
model.¥
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Herein we construct an analogous model with the aim of
reducing the dimensionality of circumrotation in catenanes in
a consistent way, capable of yielding barriers and rate
constants similar to those determined by temperature-de-
pendent nuclear magnetic resonance experiments. The fun-
damental attraction of the present model is that the same
framework used to calculate the average kinetic energies—
and hence the rate constants—could be extended to calculate
any property dependent on the circumrotational activity and
temperature.

The present work stems from related quantum-mechanical
modeling performed on a different motion of a macrocycle in
a mechanically interlocked system.™ The fundamental differ-
ence here is that we focus on constrained rotation, while
before we considered constrained translation. The previous
quantum-mechanical model was applied to peptide-based
molecular shuttles, where data were available for the relation-
ship between rates of shuttling and the inter-station distance.
The results showed good agreement between the calculated
free energy barriers and rate constants and those obtained
experimentally from NMR studies.P! The treatment also made
evident that at energies slightly above the activation barrier to
shuttling, the probability densities of the wavefunctions are
larger in zones where they are small at lower energies.
Effectively, just above the shuttling energy barrier, the degree
of occupancy of the “stations” and the “routes of shuttling”
are exchanged. The picture has many similarities with that of a
cart rolling along a rollercoaster shaped like a double
minimum potential. At energies below the transition state,
the cart/macrocycle sits around one of the two minima. When
its energy is barely sufficient to overcome the barrier, the cart
spends the longest time passing over it and, conversely, the
greatest probability is to find the macrocycle at, or near, the
top of the barrier. When the energy is much higher, the
turning points, where the classical particle has to slow down,
are where it is preferentially located. The model showed that
longer spacers—characterized by the same barrier—take a
longer time for the ring to travel. The mechanical analogy was
found, however, only partially applicable: as the path
elongates, the variation of the rate constants is determined
by a quantum-mechanical effect, that is the increase of the
density of states per unit of energy.

It is clear that many similarities should exist in the
quantum-mechanical description of circumrotation in cate-
nanes and shuttling in rotaxanes. Apart from the fact that in
both cases a macrocycle is present, when circumrotation is
limited to a rotation of less than 360° it effectively becomes
shuttling, albeit along a curved pathway. In more detail, in the
absence of mechanical interlocking, the macrocycle move-
ment is unrestricted in all directions. In a catenane its rotation
is essentially limited about an axis defined by a fragment—a
few bonds—of the other ring. The motion is therefore two-
dimensional (one dimension for each ring) although, in the
end, full 360° rotation of either ring must be identical (in
homocircuit catenanes such as 1-3) to the same rotation of
the other ring. Adiabatic separation of circumrotation from
the other degrees of freedom is justified by the time scale of
the motion that is several orders of magnitude slower than any
other molecular movement. Separation of a (few) degree(s) of

Chem. Eur. J. 2001, 7, No. 7
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freedom is well known and has been frequently used in the
study of large amplitude motions, for instance in the treat-
ment of tunneling effects.”! In an actual quantum-mechanical
calculation the basic requisite is the description of the
potential energy. In this case, the potential is periodic and is
characterized by at least two barriers, one for the passing of
the isophthaloyl group and the other for the passing of the p-
xylyl fragment. The natural choice is therefore a periodic
sinusoidal potential that is a function of an angle which must
not be taken to be that of rigid rotation, rather, it is a
coordinate that compounds all the effects, that is, structural
rearrangements, encountered during the motion. The cou-
pling between the rotation of either ring with that of the other
is also assumed—in an equivalent of a “mean field approx-
imation”—to be effectively included in the one-dimensional
potential. This does not imply that the two rings move
independently from each other, indeed if the other macro-
cycle were not present the motion would be free, but rather
that each ring experiences along the rotation the average
effect of the other. Other potential energy functions could be
used along with additional parameters, for instance other
secondary minima could be introduced, but they would
unnecessarily complicate the investigation without modifying
the conclusions that are reached at the end of this work.
Success or failure of the treatment proves the validity of the
assumptions and the approximations undertaken in the
calculations. It is worth mentioning that the generic sinusoidal
potential has found many applications in chemistry. Note-
worthy in their simplicity and generality are the applications
to the torsions of ethane and ethylene.["]

Even with the simplifying assumptions outlined above,
solution of the quantum-mechanical problem is challenging.
The permutation group symmetry—not point group symme-
try—of the system is, however, rather high and can provide
further assistance.’! The symmetry is dictated by four
operations that are intrinsic to the rotation by an angle ¢
and do not modify the Hamiltonian. Apart from the identity,
they are the + ¢ — — ¢ reflection, the ¢ — ¢ + m rotation, and
the ¢ — m-¢ roto-reflection. In the calculations, the potential
energy function is constructed as a series of adjoining
sinusoidal segments of the type given in Equation (1), where

E, 1
vig) =5 (costan )+ ) m

a and B are chosen to satisfy the symmetry and energy
conditions which are V(0)=V(n)=V(Q2n)=E;; V(n/2)=
V(3n/2)=E, with E, < E; V(cnt/2) = V(xn — cn/2) = V(t + ¢/
2)=V(2n—cn/2)=0and E;=E, for cn/2<V<m —cn/2 and
cHmR2<V2n—cn2;,0<V<cen/2, mn—can2<V<m+cnu/2
and 2t — ct/2 <V <2m and E;= E,; ¢ was set to 0.45 to avoid
the introduction of further symmetry that would arise if ¢ =
0.5. All the integrals required by the numerical matrix
solution of the Schrodinger equation were calculated by using
an algebraic manipulator.

The rate constant of circumrotation at room temperature
kg Was estimated by thermal averaging the microcanonical
rates, k(E;) [Eq. (2)], where E; > Ey, i, that is only the levels

_n__ ¥ /&
<k(E‘)z>’4n2’ 16::“12<d¢2> @
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above the barrier give rise to circumrotation (no tunneling), 7'
is the kinetic energy operator, the bracket means calculation
of the expectation value for the i-th level and / is the moment
of inertia. Equation (2) gives an upper value of the rate
constants because the use of the kinetic energy implies
squared velocities and, for any quantity ¢, <q>>><q>2.
Importantly, the kinetic energy term operator can be replaced
by any operator to yield circumrotation dependent properties.
The free energy of activation AG* was obtained by using the
transition state theory (TST; [Eq. (3)])®! relation where Q is
the partition function given in Equation (4) (in this approach
and within TST the partition function at the transition state is
one).

AG* = Evaniertkp TInQmin 3)

Q=Y e )

Results and Discussion

The model illustrated in the previous section can be used to
simulate the dynamical data of the catenanes with two
different intents. The first is to reproduce the experimental
rates of circumrotation and obtain the quantum mechanical
barriers, the second is to drive the calculations to reproduce
the Eyring-derived barriers and obtain, in turn, the quantum-
mechanical rates of circumrotation. Coincidence—or near
coincidence—of the results of the two approaches would
prove the circumrotational action of these systems is an ideal
case for the Eyring treatment and implicitly show that they
satisfy its underlying conditions.’] As an initial step for the
whole treatment, Figure 1 shows a typical two-dimensional

\) Vigne2)
i

2n

Figure 1. Potential energy surface of the circumrotational pathway.

potential energy surface (PES) of the complete circumrota-
tion of the two rings of a benzylic amide [2]catenane, where ¢,

outlined in the previous section. Apart from variations in the
heights of the saddle points, the general features of this
potential are common to the three catenanes and the two
solvent systems. Table 1 shows the results of the fitting. Very
similar rates of circumrotations and energy barriers were
obtained starting both from the experimental rates of circum-
rotation and the Eyring theory derived barriers. Considering
the exponential dependence of the rates on the barriers, the
agreement can be deemed very satisfactory. Importantly, the
experimental free energies of activation AG* and rate
constants k depend strongly not only on the molecular
structure but also on the solvent used. Table 1 provides the
calculated rate constants both for hydrogen bonding and non-
hydrogen bonding solvents. Whilst solvent variation probably
affects the microscopic detail of the dynamics of the system, in
the present model, this is reflected only, and can only be
reflected, in the energy barriers. The success in capturing the

Table 1. Experimental and quantum-mechanical energy barriers and rate
constant, at 298 K, for the circumrotational action in three benzylic amide
catenanes.

[\
w
4
I
o [
,k %
O, %)
AW
I
@I B
4
[
Ny

Compound®! k., [Hz] AG*,, [kcalmol™'] keyeq [Hz]  AG*q0q [kecalmol™']

1

A 72 123 72.86  12.68 (10.81)"
145 14.61 (12.74)

B 16000 - 15447 10.00 (8.04)
113 11.43 (9.47)

2

A 0.003 11.3 0.0033 12.78 (10.97)
20.5 20.54 (18.73)

B 02 - 0239 10.76 (8.90)
17.9 18.01 (16.14)

3

A 9600 - 10526 7.95 (5.95)
116 11.70 (9.70)

B 28000 - 27269 7.01(4.97)
11.0 11.06(9.02)

[a] A: measurements of k and AG* were performed in CDCl;, a non-hydrogen
bond disrupting solvent. B: Measurements of k and AG* were performed in
[D¢]DMSO, a hydrogen bond disrupting solvent. [b] The potential energy
barrier is given in parentheses.

and ¢, obey the same conditions illustrated above for ¢. The
periodicity and the symmetry of the PES are striking and
derive from the symmetry considerations and the assumptions
1452 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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changes of the rates through modifications of energy barriers
further strongly supports the validity of the model.

The agreement between experiment and theory confirms
that the assumptions of the present model are reasonable and
that a) the circumrotational motion can be separated from the
other degrees of freedom, b) the effective coordinate of
circumrotation can be described quite simply as a sinusoidal
potential.

Figure 2 shows the deviation from perfect, or equal,
harmonic spacing of the energy levels associated to the
potential of Figure 1, as a function of the energy. Such spacing
governs the partition function Q which is ultimately respon-
sible for the rates of circumrotation. In agreement with the
trend observed in the calculations of the shuttling in
rotaxanes,¥ catastrophic changes occur at the energies of

b

[=]

b4

0
Figure 2. Deviation from harmonic spacing of the energy levels of the
potential energy surface of the circumrotational pathway.
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the two barriers. Notice that the cusp behavior at E=E,,,,.,
shared also by the constrained translation, is a quantum-
mechanical effect that could not have been anticipated
without solution of the Schrodinger equation. Importantly,
the closer to one another the levels, the more easily they are
thermally populated, and the larger the partition function Q
and hence AG* The anharmonic behavior of Figure 2 is
readily explained if one considers that at the PES minimum
the motion of the rings only slightly deviates from the pure
harmonic regime. As the energy increases, the effect of the
anharmonicity of the potential appears and the spacing
between the levels decreases until the potential maximum,
with very dense levels, is reached. Above the maxima, one-
dimensional barrierless rotation occurs. In this regime, level
spacing goes up with the square of the quantum number of the
level and therefore strongly deviates, in the opposite way of
that observed below the barrier, from the equal energy
separation of the harmonic oscillator regime.

Importantly, the strong deviations from harmonicity seem
to counter the ability to simulate the rates of circumrotation in
non-hydrogen bonding solvents within a harmonic description
of the transition state theory (TST) that was recently
achieved.P"! It should, however, be borne in mind that in the
TST only the temperature-dependent partition function is
required. Table 2 shows the values of harmonic frequency
required to give the same value of the partition function at
room temperature obtained by using the energy levels of the

Table 2. Effective harmonic wavenumberl® v [cm~'] and twice the zero
point energy (2 x zpe, [cm™'] for the six cases considered in Table 1.

2 2 x zpe
1A 8.65 8.96
1B 7.44 7.72
2A 9.56 9.91
2B 8.74 9.05
3A 6.93 7.21
3B 6.48 6.77

[a] The effective harmonic wavenumber is defined as the frequency which
gives the same partition function of that calculated from the energy levels
of the sinusoidal potential.

potential. Significantly, such values are very close to twice the
zero point energy. The agreement between the two has
fundamental practical consequences. So long as the partition
function of circumrotation is well simulated by an effective
harmonic frequency, the harmonic TST treatment can provide
accurate results.

Whilst the general behavior of the levels and the dynamics
of these complicated molecules is now better understood, its
quantum component emerges and analysis of the system
wavefunctions becomes of fundamental interest. In Figure 3,
one can see the squares of the wavefunctions of three selected
levels. At low energies, probed only by low temperatures, the
system is localized at the minima where each macrocycle
circumscribes one of the amide groups of the other. When the
first barrier is overcome, the highest probability to find the
macrocycle moves away from the -CONHCH,- group and the
macrocycle is most probably found around one of the five- or
six-membered rings. Surmounting the second barrier pro-
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Figure 3. Square of the wavefunction for three selected levels: At energies
lower than the barrier, the rings sit at either one of the stations, at energies
just above the barrier, the degree of occupancy of route and stations are
reversed. At higher energies, the probability resembles that of a classic
oscillator and population of the low energy stations is again favored.

duces the same kind of behavior. Effectively, in terms of
probability, stations and the routes connecting them are
switched by increasing the energy of the system. The analogy
of a cart on a rollercoaster previously used to describe the
constrained translational motion of a macrocycle is even more
relevant here where the potential, that is the rollercoaster, has
a series of hills and troughs.

The present treatment has an interesting implication; the
coalescence of the NMR signals at high temperatures.l’¥ In
rough terms, the spectral position of an NMR signal is given
by the atomic chemical shift which may vary along each,
infinitesimal, stretch averaged over the circumrotational
pathway. The contribution of each “segment” has to be
weighed over the probability of having the system in it. If the
probability is low, the final contribution to the overall
response is low. In reality, one should use an equivalent of
Equation (2) to calculate the expectation value, where, the
operator would be the chemical shift expressed as a function
of the circumrotational coordinate. The accurate calculation
of chemical shifts is a recent development and is not yet
practical for systems of this size. However, the possibility of
reducing the complexity of the special degree of freedom of
catenanes to a model manageable in quantum-mechanical
calculations, and its accurate description of the molecules
dynamics in different conditions, opens the way to simulate
any molecular property affected by circumrotation.

Conclusion

In benzylic amide catenanes, the circumrotation must—to a
fair approximation—be describable in a classical manner. In
agreement with this idea, activation energies and rate
constants derived quantistically are in good agreement with
the experimental rate constants and the barriers obtained by
applying Eyring theory to the NMR data. The quantum-
mechanical treatment offers, however, further remarkable
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insight into dynamics of these systems. In analogy to the case
of shuttling in rotaxanes, the probability density to locate the
macrocycle closely resembles the behavior of a rollercoaster
cart slowly surmounting the top of the loops when its energy is
comparable to the potential energy of the saddle point. In this
sense, the coalescence of the NMR peaks with the temper-
ature increase is therefore not only due to rapid exchange of
the stations of the rings but is also caused by their most
probable location which, at energies just above the barrier, is
at a five- or six-membered ring. Finally, the treatment also
explains the successful simulation of the rates of circum-
rotation by transition state theory in the harmonic approx-
imation which is ultimately due to the possibility of effectively
simulating the partition function of the highly anharmonically
spaced levels of the circumrotational potential in terms of an
effective harmonic vibration.
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Imide - Amide Rearrangement of Cyclic Phosphorimidates:

A Mechanistic Study

Eurico J. Cabrita, Carlos A. M. Afonso, and Antonio Gil de Oliveira Santos*!?!

Abstract: Studies aimed at the develop-
ment of new synthetic pathways for the
preparation of chiral cyclic oxaza and
diaza phosphoramides suitable for use in
asymmetric chemistry led us to the
investigation of the imide —amide rear-
rangement of cyclic phosphorimidates.
As a result of this work new types of
oligomeric organophosphorus com-

identified. These compounds are the
stable intermediates of the imide-
amide rearrangement, which upon heat-
ing yield the previously reported rear-
ranged product. A detailed study of the

Keywords: imide —amide rearrange-
ment mechanism elucidation
molecular modeling - heterocycles

mechanism of the Lewis acid catalysed
imide —amide rearrangement and ster-
eochemical control of the final products
is reported. As a result, the full mecha-
nism was elucidated and evidence of
retention of configuration at the rear-
ranged carbon atom is presented. Sub-
stituent effects were rationalised based
on molecular modelling calculations.

pounds, formed by a novel 1,4-addition

. . . - polymers
type ring opening polymerisation, were

Introduction

Chiral organophosphorus compounds have demonstrated an
interesting behaviour over the last few years as efficient
reagents in a large number of chemical transformations and
applications, in addition to their known biological activity
(mainly as insecticides and fungicides!). Of special interest
are their applications in asymmetric synthesis, including their
use as catalysts and ligands,>® chiral auxiliaries,®'? and
resolving agents for the determination of the optical purity of
alcohols, thiols, and amines.["3]

Phosphonamides 1 and 2 with R=alkyl or aryl and
phosphoramides 1 and 2 with R # alkyl or aryl are the most
often reported organophosphorus compounds used either as
chiral auxiliaries®® ' or as Lewis base catalysts.l> & 141 The most
prominent among those are the cyclic oxaza (X=0) and
diaza (X =NR) phospholidin-2-ones 1 and phosphorinan-2-
ones 2.

1 1
, R Rz R
RGN0 N0
T ¥ 7
3 R R
R X RS X
1 2
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Recently there has been a growing interest in novel
phosphorus containing compounds due to their potential
industrial applications as organophosphorus polymers have
gained considerable interest as flame retardant additives!'>'l
for commercial polymers.['” 181 The versatility of the phospho-
rus atom can be used to synthesise a wide range of phosphorus
containing polymers which offer an attractive combination of
chemical, physical and mechanical properties, such as better
resistance to extraction, migration and volatile loss. The
increasing number of reports on the synthesis and property
evaluation of different types of new flame retardant organo-
phosphorus materials!'” as well as the increasing number of
patented organophosphorus polymers,['¥! reflects their grow-
ing importance.

Our interest in the development of new synthetic pathways
for the preparation of chiral cyclic oxaza and diaza phosphor-
amides suitable for use in asymmetric chemistry, led us to the
study of the Lewis acid catalysed imide —amide rearrange-
ment of cyclic phosphorimidates.l') As a result of this work,
we recently reported?! the identification of new types of
oligomeric organophosphorus compounds 3 and 4 formed by
a novel 14-addition-type ring-opening polymerisation of
cyclic phosphorimidates and, for the first time, evidence of
the intermolecular nature of this rearrangement. The oligo-
meric compound 3 was identified as being a stable intermedi-
ate which originates, upon heating, the previously reported?!]
rearranged product 5.

The similarity between the isolated oligomers and those
reported in the literature as having flame retardancy proper-
tiesl'” and our interest in the stereochemical control of the
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final products of type 5 was the incentive for a full study of the
imide —amide rearrangement of cyclic phosphorimidates,
which combined the study of the substrate structure, the
reaction conditions and the overall reaction mechanism. We
wish to report here the results of this study, supported by
NMR spectroscopy, molecular modelling and mass spectrom-
etry, which led us to the optimisation of the reaction
conditions, the rational design of more reactive substrates
and also the elucidation of the overall mechanism. Evidence
of the retention of configuration at the alkoxide carbon atom
during the imide —amide rearrangement is presented, based
on detailed studies of the “oligomer—monomer” conversion.

Results and Discussion

Optimisation of the polymerisation reaction: In a previous
paper® we reported that the rearrangement of cyclic
phosphorimidates 6 proceeds by a two-step process
(Scheme 1). In the first step compound 6 undergoes a Lewis

o ) Bl R2 o
/[ R BF4*OEt, Nd\o i
SN -
© |
R~ ~0 R It 10 60°C .
n
6 3
1
R R = NiPr,, NEt;
A /[N\P//O R!=Ph, Bn
R~ ~C R R?=H, Me
5

Scheme 1. Rearrangement of cyclic phosphorimidates by an overall two-
step process.?’]

Rl RS
RZ—-O_ NR! B N o
T of
R o R R? R

7 8

A

c

1

31 R3 I?
N o g P RZIN‘ 0
_ b
R2 R R3 o R

8 n 9

acid catalysed 1,4-addition-type ring-opening polymerisation
with the formation of the stable oligomeric intermediate 3.
The rearranged monomeric product 5§ may then be obtained
by heating compound 3 in the presence (80°C) or absence
(>140°C) of the Lewis acid catalyst. The isolation of the
oligomer 3 is strongly dependent on the reaction temperature
because of its low thermal stability in the reaction conditions
(10 mol % of Lewis acid). If the reaction is carried out at 80°C
the oxazaphospholidinone 5 is directly obtained, in good
yields. For temperatures up to 60°C only the oligomer 3 is
formed, which may then be isolated and characterised.
Several experiments were made in order to account for the
involvement of an oligomeric compound in the overall
imide —amide rearrangement mechanism (Scheme 2). We
have gathered detailed evidence for the formation of an
oligomeric intermediate of type 8, even when product 9 is
directly formed (Scheme 2, path A). For instance, the reaction
of compound 7a in the presence of BF;- OEt, was followed by
3P NMR spectroscopy, at different temperatures (Scheme 2).
In one experiment the oligomer 8a was formed at room
temperature by adding BF;- OEt, to a solution of phosphor-
imidate 7a (Scheme 2, path B). After the completion of the
reaction the solution was heated to 80 °C, which promoted the
conversion of the oligomer 8a into the oxazaphospholidinone
9a (Scheme 2, path C). The same result was obtained by
heating a solution of the oligomer 8a (prepared from a
previously isolated sample of this compound) to 80°C in the
presence of BF;:OEt, (Scheme 2, path D). Following the
reaction of the phosphorimidate 7a in the presence of
BF;-OEt, at 80°C by *'P NMR spectroscopy the almost
instantaneous conversion of this compound into oligomer 8a
was observed, followed by the formation of oxazaphospholi-
dinone 9a (Scheme 2, path A, C). In an experiment to test the
thermal stability of compound 8, samples of the oligomer 8b
were heated at different temperatures (Table 1). 3P NMR
spectra were taken after heating for 15 min and the con-
versions to cyclic phosphoramide 9b were thus determined.
The results compiled in Table 1 show that, in the absence of
catalysis, it is necessary to heat the compound to temperatures
above 140°C in order to promote its rearrangement to the

R R R? R®
H H
a NiPrp Ph H H
b NEt, Ph
n ¢ NBu, Ph : :
d Pyr Ph
e Ph Ph H H
f  NiPr, Bn H H
g NiPr;  4-NO,Bn H H
h  NiPr, n-oct H H
i NiPr, Ts H H
i NiPry T™MS H H
k  NEt; Ph H CHs
I NiPry Bn H CHs
m  NiPry Bn CHs CHs
n NEty Bn H H

Scheme 2. Experiments made in order to account for the involvement of an oligomeric compound in the overall imide — amide rearrangement mechanism.
A) BF;-Et,0 (10 mol %), 80°C; B) BF;-Et,0 (10 mol %), rt to 60°C; C) analogous to B) but at 80°C; D) without BF;-Et,0, >140°C, with BF;-Et,0

(10 mol %), 80°C.
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Table 1. Thermal rearrangement of 8b without any Lewis acid. (Calcu-
lated from the P NMR spectra after 15 min of reaction;?? 8b: 6 =13.0;
9b: 6=20.1.

Entry T/°C Yield/ % (9b)
100 1 0fal

120 2 0

140 3 > 100

160 4 >10

180 5 ~90

[a] Lower than 10% after 840 min; [b] approx. 80 % after 315 min.

cyclic phosphoramide. Above 180°C the reaction proceeds
smoothly, and the conversion is complete after 15 min.

The reactivity of a phosphorimidate with general structure
7 is a result of a balance between the electronic and
stereochemical effects of the exocyclic phosphorus atom
substituent (R), the nitrogen atom substituent (R!) and the
ring substituents (R? and R?). Table 2 displays the results

Table 2. Dependence of the polymerisation rate on the phosphorimidate 7,
reaction at room temperature, R?=R?=H, unless stated otherwise

R?— -0, RIN; R*~-O NR! | BFsELO _ Q
Tt T 1
R3 o rt to 60 °C

o R R
n
10 7 8
R R! t Yield Solvent
[min] [%]

1 Tc NBu, Ph 720 otal CDCl,4

2 Ta NiPr, - 720 55 -

3 7d Pyr - 720 20 -

4 Te Ph - 720 40 -

5 Ta NiPr, Ph 341 71 C¢Dg

6 7t - Bn 67 95 -

7 7g - 4-NO,Bn 61 92 -

8 7h - n-oct 720 0 -

9 7i - Ts 1058 0 -
10 75 - TMS U -
11 7b NEt, Ph 222 60 -
12 7b - - 60 90l2] -
13 7k - - 1632 790l
14 71 NiPr, Bn 1060 682 ¢l -
15 7m - - 1440 old-el [Dg]toluene

[a] Reaction performed at 60 ’C [b] no Staudinger reaction occurred;
[c] R*=H, R3= CHj; [d] R?=R3= CHj; [e] reaction performed at 100°C.

obtained in the polymerisation reaction of several phosphor-
imidates bearing different substituents, which will help us to
illustrate and discuss the mentioned dependence.

All phosphorimidates were prepared through the Stauding-
er reaction of the proper phosphorus(iir) compound 10 with an
azide. The behaviour of the Staudinger reaction was in
accordance with the results reported in the literature, which
demonstrate that the reaction takes place through the
nucleophilic attack of the phosphorus atom to the azide
group.®! As an example, when R!' =TMS (Table 2, entry 10),
no Staudinger reaction occurred, since the azide is a poor
electrophile and when R!'=Ts (Table 2, entry 9) the Stau-
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

dinger reaction is almost instantaneous and highly exother-
mic.

We initiated the study of the influence of the various
substituents by following the reaction of compound 7 with
different exocyclic substituents (R), in the presence of
10 mol % of BF;-OEt, in CDCl;, by 3'P NMR spectroscopy
(Table 2, entries 1 to 4). All reactions were initially performed
at room temperature in order to avoid a possible thermal
rearrangement of oligomer 8 to phosphorimidate 9. As
Table 2 shows, when R=NBu, (entry 1) no polymerisation
was observed even after heating at 60 °C for several hours. The
best result was obtained when R =NiPr, (entry 2) at room
temperature with a moderate conversion. The results ob-
tained in the series corresponding to entries 1 to 3 suggest that
a bulky group in this position enhances the polymerisation
rate. However, the result obtained with R=Ph (entry 4),
similar to the one reached for R =NiPr, suggests that the
electronic nature of the group is also important.

The influence of the imine nitrogen susbtituent (R}
entries 5 to 10) was studied using compounds with R=
NiPr,, since this group has given the best results in the
previous study. The reactions of the phosphorimidates in the
presence of 10 mol% of Lewis acid were followed by 3!P
NMR spectroscopy in C¢Dg at room temperature. When R! =
Ph, Bn or 4-NO,Bn (entries 5 to 7, respectively) a good
conversion was observed but for R!=alkyl (entry 8) or Ts
(entry 9), no conversion occurred. The best result was
obtained with the benzyl groups (entries 6 and 7) for which
the conversion of the phosphorimidate to oligomer is almost
complete after one hour at room temperature.?!! From
Table 2 it is also possible to conclude that there is a strong
dependence of the reaction rate on the solvent, with the best
results obtained in benzene (compare entries 2 and 5).

The presence or absence of substituents at the carbon atoms
of the dioxaphospholane ring (R? and R?) has a profound
effect on the polymerisation rate (entries 13 to 15). In the case
of the monosubstituted compounds 7k and 71, the polymer-
isation proceeds through the non-substituted carbon atom
(Scheme 2, 8k and 81) but, in contrast to the unsubstituted
compound 7b (entry 11), the polymerisation does not occur
unless the reaction mixture is heated to 60°C (entries 13 and
14). When a disubstituted compound is used, no reaction is
observed even with the most reactive combination of sub-
stituents (R=NiPr, and R'=Bn, 7m) under prolonged
heating (entry 15).

To understand these results compound 7 has to be regarded
as a molecule with two opposite and complementary reactive
sites (Figure 1), both dependent on the same electronic
effects. In fact, the proposed polymerisation mechanism
should be favoured by a good nucleophilic imidic nitrogen,
which attacks an electrophilic carbon atom in the ring moiety.
In principle the electronic effects which increase the electro-
philicity of the carbon atom should also reduce the nucleo-
philicity of the imidic nitrogen, being the opposite equally
true. The complexation of a phosphorimidate molecule with
the Lewis acid yields an adduct in which the carbon atoms are
more electrophilic than in the free compound, being this the
first step (initiation) of the polymerisation reaction.’” The
electronic effects of the substituents, both in the free molecule
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Figure 1. Compound 7 and its complexed form 11, showing two opposite
but interdependent reactive sites.

and in the BF; adduct, are responsible for the reactivity
observed. For instance, when using compound 7i the reaction
does not occur because the nitrogen atom is deactivated for
the nucleophilic attack. The polymerisation only occurs when
both the nucleophilicity of the nitrogen atom and the electro-
philicity of the carbon alkoxide atom are in good balance. This
is strongly dependent on very sensitive electronic effects
induced in the phosphorus atom, since there is a direct link
between the nucleophilic and electrophilic sides of the
molecule. The combination NiPr,/Bn in 7f seems to be the
most balanced combination. Since we proposed a Sy2 type
mechanism, it is also expected that an increase in the steric
hindrance of the alkoxide carbon atom or of the imine
nitrogen moiety will hinder the polymerisation, which might
explain the results obtained with the methyl substituted
compounds 7k—-m (Table 2, entries 13 to 15).

Minimised structures of the free phosphorimidate 7a, f, g, i,
o and of the corresponding BF; adducts 11a, f, g, i, 0 at ab
initio level®! showed that the complexation with the Lewis
acid through the imidic nitrogen atom is a favourable process,
which lowers the energy by a maximum value of about
108 kI mol~! for adduct 110 (R!=Et) and a minimum value
of about 25 kJmol~! for adduct 11i (R!=Ts) and results in an
electrostatic activation of the carbon atoms of the dioxaphos-
pholane ring for nucleophilic attack, when compared with the
free phosphorimidate molecule. This activation is nearly the
same for all the compounds studied (by a factor of approx.
1.3), thus suggesting that the differences in reactivity are
essentially due to differences in the nucleophilic character of
the nitrogen atom or to differences in the steric hindrance of
the ring carbon atoms.

The greater the stabilisation energy of the complexation of
the phosphorimidate with the Lewis acid, the greater its
basicity. The calculation of this energy for different imine
substituted phosphorimidates allows the prediction of a
theoretical sequence of increasing bias towards polymerisa-
tion, if we consider that the nucleophilicity follows the same
pattern as the basicity (which is acceptable since the structures
are all similar): 7i, R!'=Ts<7a, R!=Ph<7g R!'=
4-NO,Bn<7f, R'=Bn<70, R'=Et. Compound 70 was
calculated instead of the octyl substituted compound 7h
because its smaller chain size (thus reducing the required
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calculation time) and because of the fact that the stabilisation
energies of these two compounds should be similar since both
involve an alkyl substituent. Therefore, the calculated theo-
retical sequence is confirmed experimentally, except for the
octyl substituted compound 7h (no reaction was observed in
this case). The reason for this discrepancy shall be due to
larger stereochemical hindrance generated by the octyl chain,
when compared with the one generated by the ethyl group.
However, calculating the actual energy values of compound
7h would be of no advantage, since steric hindrance can not be
acceptably assessed when large linear structures are involved.

With the aim of determining which set of orbitals might be
involved in the polymerisation reaction and how they might
be related to the reactivity, we examined the electronic
density surfaces and energies of the HOMO to HOMO(—4)
and LUMO to LUMO(+4) orbitals of the same compounds
(7a, £, g, i, 0) of the free and the BF;-complexed structures.
This examination allowed us to identify the highest occupied
molecular orbitals of the free phosphorimidates and the
lowest unoccupied molecular orbitals of the BF; adducts,
which are best suited for the polymerisation reaction in terms
of both shape and localisation. We also considered the relative
energy of each orbital, before and after the complexation with
the Lewis acid. The differences found can be used as an
indication of the orbital involvement in the nucleophilic
substitution, since the orbitals which participate in the
complexation with the BF; and those which are involved in
the nucleophilic attack of a free phosphoroimidate to a BF;-
activated molecule, should be the same. This analysis indicates
that the occupied orbitals are much more affected by the
complexation with the Lewis acid than the unoccupied ones
despite the fact that they are all stabilised by the complexation
with the degree of stabilisation depending on the type of
substituents.

For all calculated free phosphorimidates containing aro-
matic groups (7a, f, g, i), the HOMO orbitals have strong
aromatic characters and low density over the imidic nitrogen
atoms (the lobe over the nitrogen atoms is confined to the
interior of the isodensity surfaces (0.002e~au~®) of the
molecules, indicating difficult accessibility for the interaction
with the unoccupied orbitals of the BF; adducts). For the same
molecules the HOMO(— 1) orbitals are essentially aromatic
and therefore should not be very important for the reaction;
this is in accordance with the fact that the energies of the
HOMO(—1) orbitals are almost unaffected by the formation
of the complex with the BF;. The HOMO(—2) orbitals seems
to be the most relevant orbitals to consider since they have the
highest density over the imidic nitrogen atoms and are the
most stabilised upon complexation with the Lewis acid
(Figure 2).

The difference in reactivity between the phenyl (7a), and
benzyl (7f, g) derivatives becomes apparent when comparing
the relative energies of the HOMO and HOMO(—2) orbitals
of these two types of phosphorimidates, before and after the
complexation (Figure 3). For the benzyl derivatives 7f, g
these orbitals are closer in energy than they are for the phenyl
compound 7 a, being almost degenerated. Since the HOMO(— 2)
gives a higher contribution to the electronic density over the
imidic nitrogen atom, the proximity in energy of the
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Figure 2. HOMO(—2) to HOMO of compound 7f, showing the high
density of the HOMO(—2) over the imidic nitrogen atom.
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Figure 3. Orbital energies [kJ mol~'] (HOMO(—2) to HOMO) of several
free and complexed phosphorimidates, showing the strong participation of
the HOMO(-2) into the complexation process.

two orbitals should lead to a higher nucleophilicity of the
nitrogen atom of the benzyl compounds which, in turn, leads
to an increase in the reactivity towards polymerisation.

Under the assumption that for the same family of com-
pounds, the nucleophilicity depends directly on the basicity,
the small change in energy of the HOMO(—2) orbital of the
tosyl compound 7i upon complexation can be seen as a
reflection of the low basicity of its imidic nitrogen atom and,
therefore, of its lower reactivity.

The study presented herein finds full support in the
experimental data and is in agreement with the previous
proposed mechanism for the polymerisation reaction,”” and
reflects the importance of the catalyst for the electrophilic
activation of the phosphorimidate molecule. However, it also
suggests that the reactivity is controlled by the nucleophilicity
of the free phosphorimidate. We found that the optimal
combination of substituents for the polymerisation reaction
(R=NiPr, and R!'=Bn) may, in this way, be interpreted as
being due to the higher nucleophilicity of this compound
when compared to all the others tested.

Study of the oligomer—monomer conversion: As was men-
tioned earlier, the final product of the imide-—amide rear-
rangement may be obtained through the thermal conversion
of the stable intermediate oligomer into the rearranged
monomer. The “oligomer—-monomer” conversion may be
intramolecular, intermolecular or a mixture of both. The
intermolecular hypothesis was soon ruled out by mixing

Chem. Eur. J. 2001, 7, No. 7
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oligomers 8a and 8n in a 1:1 proportion and warming of the
solution (180°C, 15 min) until depolymerisation occurred.
Only compounds 9a and 9n were obtained from this experi-
ment, which points out the intramolecular nature of the
reaction. For the intramolecular conversion several reaction
pathways may be drawn, according to the bond of the
oligomer chain which is broken. In Scheme 3 the different
bond-breaking processes as well as the mechanism hypothesis
leading to the monomer conversion are shown.

PN

1
RZN\P,/OQ E 1 [N\ 0
270, \l}l/\; N\,P\< ~

R! 2

1
) R
R,N_{,0 R N 0
N [ P
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N\ Rl RaN \O’\ O NRy

Scheme 3. Possible pathways for the intramolecular oligomer—monomer
conversion.

In all cases a chain reaction is initiated by the intra-
molecular nucleophilic attack of an oxygen or a nitrogen atom
in an SNi reaction. The pathways involving P—O or P—N bond
cleavage are more likely, since these are the weakest bonds
within the oligomer chain. Nevertheless the phosphoryl
oxygen is known to be nucleophilic, which means that the
C—O bond cleavage has to be considered as well. If, as
depicted in Scheme 4, we consider the thermal rearrangement
of a copolymer, obtained from the polymerisation reaction of
two phosphorimidates with different 2-N-imine (R!, R®) and
2-N,N-amine (R, R?) substituents, then a careful observation
of the products should give important information about the
reaction pathway, because this will depend on the copolymer
sequence and on the mechanism of the conversion. A
copolymer prepared from 12 and 13 may afford any of the
sequences depicted in Scheme 4. Thermal rearrangement of
the sequence —A—A— (14a) will give compound 15. The
sequence —B—B— (14b) give compound 16. The sequence
—B—A—B—A— (14¢) yields both 15 and 16 when the P—O and
C—O bond are broken, or 17 and 18, in the P—N bond-
breaking mechanism.

For the preparation of the copolymer we had to consider
several aspects. It is important that the two initial phosphor-
imidates have similar reactivity, which means essentially the
same basicity of the imidic nitrogen atoms; this implies very
similar substituents, otherwise one would react faster than the
other and homopolymers would be mainly obtained. On the
other hand, the substituents must be different enough to
enable identification of the four possible compounds which
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Scheme 4. Possible sequences for a copolymer and products resulting from
polymer degradation.

can be formed. This means that the substituents of both the
phosphorus amine and imine moiety had to be different, as
depicted in Scheme 4. Finding such a system was the main
difficulty of this experiment because the reaction is very
sensitive to the nature of the phosphorus substituents with
small changes causing severe differences in the reaction rates.
After several trials, the system shown in Figure 4 was chosen.

O,_,NBn O_NPh
L [ ¥
O NEt; O NiPry
n 7a
Elin Fl’h
N 0 N O
L~ L
O NEt, O NPr,
9n 9a

Figure 4. System used to differentiate between C—O, P—O or P—N bond-
cleavage mechanism.

The copolymerisation experiment was carried out by mixing
equal amounts of 7n (structure 12, R=Et, R'=Bn) and 7a
(structure 13, R?=iPr, R®* =Ph) and a catalytic amount of
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BF; - OEt,. The reaction was followed by *'P NMR spectros-
copy until completion with the indication that the copoly-
merization had occurred since only one signal was observed
with different chemical shift (6 =17.8) from the ones of the
homopolymers (6 =18.7 and 13.3, for compounds 8n and 8a,
respectively). The formation of the copolymer was confirmed
by MALDI spectrometry. Unlike the MALDI spectra of the
homopolymers, which are composed of single ion peaks
separated by the monomer mass, the copolymer spectrum has,
for each value of n, a multiplet signal corresponding to the
statistical monomers combination (Figure 5).

1147.78

-—1161.81
1175.82
1189.88
203.88
229.88
1416.05
1430.14
144413
1458.09
472.21

%7

12 1400
Mass (m/z)

vl

Figure 5. Part of the MALDI spectrum of the copolymerisation product of
compounds 7n and 7a.

W

The copolymer was heated to 180°C and the mixture thus
obtained showed only two 3P NMR signals, corresponding to
compounds 9n (structure 15, R=Et, R'=Bn) and 9a (struc-
ture 16, R?=iPr, R*=Ph), as was confirmed after separation
of the mixture and characterisation of the two isolated
compounds by comparison with independently prepared
authentic samples. This result indicates that the formation of
the monomer occurs by a process involving C—O or P—O bond
cleavage. To distinguish between these two pathways another
experiment was set based in the observation that in the C-O
bond-breaking mechanism the substitution takes place at the
carbon atom and in the P—O bond cleavage at the phosphorus
atom (Scheme 3). As a result, the two pathways may be
distinguished by determining the stereochemistry of the
rearranged products in the reaction performed with a chiral
substituted phosphorimidate (Scheme 5). If the conversion

C:0 1
% o . R,N o’\ R! E
NR N O
R Pl O, _.N 7
[ )24 *’2—\0) ’}‘/\!\//,P\ ~ HJ: "
V0 NRp Rl R2 O) NR; R2” "0 NRy
inversion of

configuration

N )
O NR; Rl
retention of

configuration

Scheme 5. Scheme used to differentiate between a P-O and C—O bond-
cleavage mechanism.
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proceeds through the C—O mechanism the inversion at the
carbon atom (or at least some degree of racemization) should
occur; if this is not the case, retention of configuration should
be observed, since the P—O mechanism does not involve that
atom.

The polymerisation reactions were carried out with the
chiral (§) and racemic phosphorimidates (45)-7k and (4R,S)-
7k (Scheme 6) derived from chiral and racemic 1,2-propane-
diol, respectively. Chiral phosphoramides to be used as
authentic samples (55)-9k and (5R)-9k were also prepared,
starting from chiral (R or S)-propylene oxide (Scheme 6). All

Ph
Ph |
Et,N
o NPh g \P/(O (6] ‘ N, 0
PN A Sr i B
o NEt, Ph 0" NEt, O NEt
(48)-7k (48)-8k (55)-9k
Et,N
O NPh t2 ,p’\o
P e
O NEt Ph o NEt o NEt2
(4R.S)-7k (4R,S)-8k (5R,S)-9k
ph ph
o) PhNH, iNH ClL,PONEt, MJ:N\P,,O
.ﬂA EtzAl OH THF, EtgN G NEt
(5R)-9k
(55)-9k

Scheme 6. Polymerisation of chiral and racemic phosphorimidates (4S5)-7k
and (4R,S)-7k and preparation of racemic and chiral authentic samples
(55)-9k and (5R)-9k.

compounds were purified and caracterized as inseparable
mixtures of diastereomers, both in the preparation of
authentic samples and in the rearrangment reactions. Experi-
ments with chiral shift reagents allowed the determination of
the samples configuration. Comparison of the 'H NMR
spectra of the authentic samples (55)-9k and (5R)-9Kk, racemic
sample (5R,S)-9k and chiral sample (55)-9k clearly shows
that the configuration of the latter is identical to that of the
authentic sample (55)-9k. The spectrum obtained for an
equimolar mixture of chiral sample (55)-9k and chiral
authentic sample (5R)-9k is identical to that obtained with
the racemic sample. This proves that the configuration
proposed for the product of the thermal rearrangement of
the chiral oligomer is correct and that the most probable
mechanism involves the P—O bond cleavage (Scheme 3 and
Scheme 5).

Conclusion

With this study we have elucidated the full mechanism
involved in the Lewis acid catalysed imide —amide rearrange-
ment of cyclic phosphorimidates. A new oligomeric material
resulting from a novel 1,4-addition-type ring-opening poly-
merisation of cyclic phosphorimidates was identified as being
a stable intermediate of the rearrangment reaction, which
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occurs with retention of configuration at the carbon atom. The
use of molecular modelling enabled the rationalisation of the
substituent effects, which is of major importance for the
extension of this methodology to the synthesis of interesting
phosphoramides and polyphosphoramides of types 19 and 20.
The latter, due to their thermal stability and similarity to
known organophosphorus flame retardants, might prove
extremely useful. A detailed study of the mechanism and
synthetic possibilities of this type of reaction, when applied to
compounds of type 21, is currently under investigation.

1
E R RS Rl )
Npe O _NR
L P N/\( > J: I
R2 I}I R R2 N R
R3 R3
19 20 21

Experimental Section

General methods: All dried solvents, amines, POCI;, and PCl; were
purified/dried before use, according to literature procedures.?! Thin-layer
chromathography (TLC) was performed on aluminium sheets coated with
silica gel 60 F,5, (Merck 5554). Column chromatography was carried out on
silica gel 60 (MN 815381, 230-400 mesh). Melting points were determined
on an Eletrothermal 1A 6304 capillary melting point apparatus and are
uncorrected. Size-exclusion chromatography was performed on a Waters
Millipore 510 apparatus, equipped with a refraction index detector (Waters
differential refractometer R401) and a Ultrastyragel S00A column,
operating at 30°C with THF as eluent (0.16% BHT w/v as internal
reference), at a flow rate of 1 mLmin~' and calibrated with polystyrene
standards. Observed rotations at the Na—D line were measured at 25°C
using an Optical Activity polarimeter AA-1000. Low- and high-resolution
mass spectra were obtained on a Fisons Autospec or Kratos apparatus. 'H,
13C and 3P NMR spectra were recorded on a Bruker ARX400 spectrom-
eter. The following compounds were prepared, according to general
reported procedures: chlorodioxaphospholane,”! dichlorodiethylphos-
phoramidite, ! diethylphosphoroamidous dichloride,?”! benzylazide,*"]
octylazide,®  4-nitrobenzylazide,®  4-methylphenylazide,*'l  phenyl-
azide,P!l tosylazide.??]

(2R)-1-N-Phenylamino-2-propanol: Prepared from (R)-propylene oxide,
following general reported procedure;® [a]® =—16.8 (c=1, CHClL,);
"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =720 (t, J(H,H) =7.8 Hz, 2H;
-CH, Ar), 6.76 (t, J(HH) =72 Hz, 1H; -CH, Ar), 6.66 (d, J(H.H) =7.9 Hz,
2H; -CH, Ar), 4.03 (m, 1H; -OCH-), 3.22 (dd, J(H,H) =12.9, 3.2 Hz, 1H;
-NCH-), 2.99 (dd, J(H.H) =12.9, 8.5 Hz, 1H, -NCH-), 1.27 (d, JHH) =
6.3 Hz, 3H, -CH3;); *C NMR (100 MHz, CDCl;, 25°C, CDCl,): 6 =148.2
(-C-, Ar),129.3 (-CH-, Ar), 1179 (-CH-, Ar), 113.3 (-CH-, Ar), 66.5 (-OCH-),
51.7 (-NCH,-), 20.86 (-CH;); IR (film): v,,, = 3405 (NH, OH), 2974 (CH),
1610 (C=C, Ar), 1508 (C=C, Ar), 1327 (C—N, Ar), 1247 cm~'; MS (70 eV,
EI): m/z (%): 151 (40) [M]*, 106 (100) [CqHsNH=CH,|*, 77 (24) [C¢H;]";
HRMS (EI): caled for CoH,;3NO [M]*: 151.099714; found 151.099126.
(25)-1-N-Phenylamino-2-propanol: Prepared from (S)-propylene oxide,
following general reported procedure;®! [a]¥ =+16.4 (c=1, CHCly);
other spectral data identical to the (2R)-isomer.

Preparation of 1,3,2-dioxaphospholanes: All 1,2,3-dioxaphospholanes were
prepared following published procedures.”” Compounds 10a-d were
prepared by the coupling of chlorodioxaphospholane with the proper
amine, 10e by the coupling of dichlorophenylphosphine and 1,2-ethyl-
eneglycol, 10k by the coupling of dichlorodiethylphosphoramidite with 1,2-
propanediol and 10m by the coupling of meso-2-chloro-4,5-dimethyldioxa-
phospholanel?’! with diisopropylamine.

2-Diisopropylamino-1,3,2-dioxaphospholane (10a): Colourless liquid; b.p.
52°C (0.3 mmHg); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.14 (m,
2H, -OCH,-), 3.86 (m, */(P,H)=1.2 Hz, J(H,H)=9.3 Hz, 2H, -OCH,-),
345 (m, *(PH)=93Hz, JHH)=6.68Hz, 2H, 2x CH), 122 (d,
J(H,H) =6.7 Hz, 12H, -NCH(CH;),); *C NMR (100 MHz, CDCl;, 25°C,
CDCly): 6=63.7 (d, 2J(P,C) =8.0 Hz, -OCH,-), 44.2 (d, 2J(P,C) =11.0 Hz,
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-NCH-), 247 (-CH,), 24.65 (d, 3J(P,C)=8.0Hz, -CH,); P NMR
(160 MHz, CDCl;, 25°C, H;PO, external): 6 =144.7.

2-Diethylamino-1,3,2-dioxaphospholane (10b): Colourless liquid; b.p.
50°C (0.1 mmHg); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.12 (m,
2H, -CH,-), 3.86 (m, 2H, CH,), 2.99 (q, J(H,H) =71 Hz, 4H, 2 x -CH,-),
1.03 (t, J(H,H)=7.1 Hz, 2 x -CH;); *C NMR (100 MHz, CDCl;, 25°C,
CDCl;): 6=63.9 (d, *J(P,C)=9.0 Hz, -CH,-), 379 (d, *J(P,C) =20.8 Hz,
-CH-), 15.1 (d, “J(P,C) =2.6 Hz, -CH;); *'P NMR (160 MHz, CDCl;, 25°C,
H;PO, external): 0 =143.6.

2-Dibutylamino-1,3,2-dioxaphospholane (10 ¢): Colourless liquid; b.p. 62°C
(0.3 mmHg); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.17-4.12 (m,
2H, -OCH,-),3.92-3.86 (m, 2H, -OCH,-), 2.96-2.89 (m, 4 H, 2 x -NCH,-),
1.46-139 (m, 4H, 2x-NCH,CH,-), 128 (m, J(HH)=73Hz, 4H,
2 x -N(CH,),CH,), 091 (t, J(H,H)=73Hz, 6H, 2 x-CH;); *C NMR
(100 MHz, CDCl;, 25°C, CDCl3): 6 =65.3 (-OCH,-), 60.0 (d, J(P,C) =88, -
OCH,-), 45.4 (d, J(P,C) =19.0 Hz, -N(CH,(CH,),CH,),), 43.6 (d, J(P.C) =
19.0 Hz, -N(CH,(CH,),CH;),), 311 (-N(CH,CH,CH,CH;),), 30.5
(N(CH,CH,CH,CH,),), 202 (-N((CH,),CH,CH,),), 20.1 (-N((CH,).-
CH,CHs;),), 13.9 (-N(CH,);CH,),); P NMR (160 MHz, CDCl;, 25°C,
H;PO, external): 6 =143.7.

2-Pyrrolidino-1,3,2-dioxaphospholane (10d): Colourless liquid; b.p. 130°C
(0.05 mmHg, Kugelrohr); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =
4.00-3.95 (m, 2H, -OCH,-), 3.80-3.73 (m, 2H, -OCH,-), 3.09-2.99 (m,
4H, -CH,NCH,-), 1.63-1.60 (m, 4H, -CH,CH,-); BC NMR (100 MHz,
CDCl;, 25°C, CDCly): 6 = 64.5 (d, %J(P,C) =9.4 Hz,-OCH,CH,0-), 44.8 (d,
2J(P,C)=15.3 Hz, -CH,NCH,-), 25.8 (d, J(P,C)=3.3 Hz, -CH,CH,-); 3'P
NMR (160 MHz, CDCl;, 25°C, H;PO, external): 6 =135.6.

2-Phenyl-1,3,2-dioxaphospholane (10e): Colourless oil; b.p. 70°C
(0.1 mmHg); '*H NMR (400 MHz, CDCl,, 25°C, TMS): ¢ =7.34—7.26 (m,
5H, -CH-, Ar), 3.93-3.77 (m, 4H, -OCH,CH,0-); 3C NMR (100 MHz,
CDCl;, 25°C, CDCLy): 0 =143.2 (d, J(P,C) =47.0 Hz, -C-, Ar), 129.8 (-CH-,
Ar), 1282 (d, 2/(P,C) =123 Hz, -CH-, Ar), 128.1 (-CH-, Ar), 64.1 (d,
2J(PC)=9.7Hz, -OCH,CH,0-); P NMR (160 MHz, CDCl;, 25°C,
H;PO, external): 6 =162.6.

2-Diethylamino-4-methyl-1,3,2-dioxaphospholane (10k): Colourless lig-
uid; mixture of diastereoisomers (cis/trans, 36:64, determined by 3'P
NMR); b.p. 35°C (0.06 mmHg);?7? 101.5-101.7°C (25 mmHg); 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =4.42-4.33 (m, J(H,H)=6.8, 6.3, 6.2,
6.2 Hz, 3J(PH) =1.5 Hz, 1H, -OCHCHs;, trans), 421 (ddd, J(H,H) =84,
6.2 Hz, *J(PH) =6.2 Hz, 1H, -OCH,-, trans), 417-4.10 (m, J(H,H) =10.7,
6.2, 6.0 Hz, *J(PH) = 1.4 Hz, 1H, -OCHCHy, cis), 3.91 (ddd, J(H,H) =9.5,
6.2Hz, *J(PH)=143Hz, 1H, -OCH,-, cis), 3.41 (ddd, J(H,H)=10.7,
9.5 Hz, *J(PH) =9.0 Hz, 1H, -OCH, cis), 3.34 (ddd, J(H,H) = 8.4, 6.8 Hz,
3J(PH)=6.2 Hz, 1H, -OCH,-, trans), 3.09-2.95 (m, 2H, -NCH,CHj;, cis
and 4H, -N(CH,CHy,),, trans), 2.78 (q, J(HH) =72 Hz, 2H, -NCH,CHj,
cis), 1.37 (d, J(H,H) = 6.0 Hz, 3H, -CHCH,, cis), 1.21 (d, J(H,H) =6.3 Hz,
3H, -CHCHj, trans), 1.04 (t, J(H,H) = 6.7 Hz, 6 H, -N(CH,CH),, cis), 1.02
(t,J(H,H) =71 Hz, 6 H, -N(CH,CHj3),, trans); *C NMR (100 MHz, CDCl;,
25°C, CDClL): 6=72.3 (d, 2J(P,C) = 6.6 Hz, -OCH,CH(CH;)O-, cis), 71.2
(d, 2J(P,C)=9.4 Hz, -OCH,CH(CH;)O-, trans), 70.3 (d, J(P,C)=7.1 Hz,
-OCH,CH(CH;)O-, trans), 69.2 (d, 2J(P,C) =6.9 Hz, -OCH,CH(CH;)O-,
cis), 38.1 (d, J(P,C) =3.6 Hz, -NCH,CHs, trans), 379 (d, 2J(P,C) =3.4 Hz,
-NCH,CHj, cis), 42.8 (d, 2J(P,C)=12.0Hz, -NCH,CHj, trans), 39.9
(-NCH,CH;, cis), 20.1 (d, *J(P,C)=4.1 Hz, -OCHCH;,trans), 17.5 (d,
3J(P,C)=3.9 Hz, -OCHCHj;, cis), 15.2 (d, */(P,C) =3.8 Hz, -NCH,CH;,
trans), 15.2 (d, 3J(P,C) =3.1 Hz, -NCH,CHj, trans), 14.2 (-NCH,CHj, cis);
3P NMR (160 MHz, CDCl;, 25°C, H;PO, external): 6 =150.5 (cis), 145.9
(trans).

(2RS,4S)-2-Diethylamino-4-methyl-1,3,2-dioxaphospholane  [(45)-10k]:
Colourless liquid; mixture of diastereoisomers (cis/trans, 36:64, determined
by 3'P NMR); spectral data identical to the racemic compound 10k.

meso-2-Diisopropylamino-4,5-dimethyl-1,3,2-dioxaphospholane  (10m):
Colourless liquid with only one diastereomer according to the 'H and 3'P
NMR spectra; b.p. 59°C (0.1 mmHg); '"H NMR (400 MHz, CDCl;, 25°C,
TMS): 0=4.48-4.41 (m, 2H, 2x-OCHCH,), 3.56-3.43 (m, 2H, 2x
-NCH(CH,),), 1.22 (d, J(H,H) =6.8 Hz, 12H, 2 x -NCH(CH;),), 1.17 (d,
J(H,H) =5.6 Hz, 6H, 2 x -OCHCHj;); *C NMR (100 MHz, CDCl;, 25°C,
CDCL): =739 (d, 2J(P,C)=8.0Hz, -OCHCH;), 444 (d, 2J(PC)=
11.0 Hz, -NCH(CHs),), 24.7 (d, 3J(P,C) =8.0 Hz, -NCH(CH,),), 16.2 (d,
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3J(P,C) =4.0 Hz, -CH(CH,),); *P NMR (160 MHz, CDCl,, 25°C, H,PO,
external): 0 =142.7.

Study of the polymerisation mechanism

A) Formation of 2-diisopropylamino-3-N-phenyl-1,2,3-A°-dioxaphosphol-
idine-2-one (9a):

1) At 80°C in the presence of BF;+ OEt, from poly-O-ethyl-N,N-diisopro-
pylamino-N'-phenylaminophosphoramidate (8a) prepared in situ at room
temperature: Phenylazide (53 mg, 0.44 mmol) was added dropwise to a
deuterated toluene solution (0.4 mL) of dioxaphospholane 10a (85.3 mg,
0.45 mmol) in a dry argon pre-filled NMR tube stopped with a rubber
septum. After the complete addition of the azide the reaction proceeded at
room temperature until no more evolution of N, was observed (ca. 90 min).
The complete conversion of 10a into the Staudinger product 7a was
confirmed by 3'P NMR spectroscopy (only one signal at 6 =17.4). BF;-
OEt, (5.4 uL, 10 mol %) was added to the solution and the reaction was
followed by *'P NMR at room temperature. After 3 h the conversion of the
iminophospholane 7a into oligomer 8a (6 =13.0-12.8, 9.7, and 9.0 with a
90:5:5 ratio) was complete. The solution was then heated to 80°C and the
conversion of the polyphosphoramidate 8a into oxazaphospholidinone 9a
(0 =18.1) was followed. After 80 min, 80 % conversion was reached. After
this time no further change in the ratio of the phosphoramide signal at 6 =
18.1 and the residual oligomer signals at 0 =13.0 and 9.0 was observed.

2) At 80°C in the presence of BF;- OEt, from a solution prepared with
previously isolated poly-O-ethyl-N,N-diisopropylamino-N'-phenylamino-
phosphoramidate (8a): BF;-OEt, (5.5 L) was added to a deuterated
toluene solution (0.4 mL) of oligomer 8a (128.0 mg) in an NMR tube at
room temperature. This solution was then heated to 80°C and 3'P NMR
spectra were acquired every 10 min. After 90 min 80% conversion of
oligomer 8a (0=13.0) into oxazaphospholidinone 9a (6=18.3) was
reached. Further heating did not change the ratio of the observed signals.

3) At 80°C in the presence of BF;- OFEt, from a solution of partially
polymerised 2-diisopropylamino-2-N-phenylimino-1,2,3-°-dioxaphospho-
lane (7 a): The procedure was identical to that described in 1) up to the
addition of the Lewis acid. After addition of the BF; - OEt, the reaction was
followed at room temperature until about 50 % of the iminophospholane
7a was converted into oligomer 8 a; at this point the solution was heated to
80°C and *'P NMR spectra were acquired every 2 min. After 4 min all of
the remaining iminophospholane 7a was converted into oligomer 8a and
after 8 min the signal relative to the oxazaphospholidinone 9a (6 =18.3)
was observed. As in the previous experiments, 80% conversion was
reached after 80 min.

B) Thermal stability of poly-O-ethyl-V,N-diethylamino-V'-phenylamino-
phosphoramidate (8b): Five flasks containing polyphosphoramidate 8b
(flask 1: 359 mg; flask2: 35.1 mg; flask 3: 36.8 mg; flask 4: 36.3 mg;
flask 5: 37.9 mg) were heated to 100, 120, 140, 160, and 180°C for 15 min
each. After this time the content of each flask was dissolved in CDCl;
(0.5mL) and their 3P NMR spectra were adquired. The percentage of
conversion into monomer, presented in Table 1, was determined by the
integration of the monomer 9b (6 =20.3) and oligomer 8b (6 =14.4 and
10.9) signals.

Study of the oligomer—monomer conversion mechanism
A) Cross polymerisation reaction:

1a) Preparation of 2-diisopropylamino-2-N-phenylimino-1,2,3-1’-dioxa-
phospholane (7 a): Phenylazide (42 mg, 0.352 mmol) was added dropwise
to a deuterated benzene solution (0.32 mL) of 10a (67.5 mg, 0.353 mmol),
prepared in a dry, argon pre-filled NMR tube, stopped with a rubber
septum. After addition of the azide the solution was left to react at room
temperature until no more evolution of N, was observed (5 h). A 3'P NMR
spectra was then acquired to confirm the complete conversion of 10a (6 =
144.7) into iminodioxaphospholane 7a (0 =16.7).

1b) Preparation of 2-N-benzylimino-2-diethylamino-1,2,3-7’-dioxaphos-
pholane (7n): Benzylazide (55.4 puL, 0.443 mmol) was added dropwise to
a deuterated benzene solution (0.4 mL) of 10b (72.4 mg, 0.443 mmol),
prepared in a dry, argon pre-filled NMR tube, stopped with a rubber
septum. After the addition of the azide the solution was heated to 40°C
until no more evolution of N, was observed (5 h). A 3P NMR spectra was
then acquired to confirm the complete conversion of 10b (6 = 144.2) into
iminodioxaphospholane 7n (6 =26.2).
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2) Cross polymerisation: BF;-OEt, (5.4 uL, 10 mol %) was added to a
solution containing an equimolar mixture of iminophospholanes 7a and 7n,
prepared by mixing 0.2 mL of each of the previous described solutions, and
the reaction was followed by 3P NMR spectroscopy at room temperature.
The 3P NMR spectra acquired before the addition of the Lewis acid
showed two signals at the characteristic chemical shifts of the two
iminodioxaphospholanes (7n: 6 =26.2 and 7a: 6 =16.7) with a relative
intensity of 49:51. 60 min after the addition of the Lewis acid only one
signal was observed in the 3'P NMR spectra (0 =17.8) with a different
chemical shift of the ones of the homopolymers (8n: 18.7 and 8a: 6 =13.3).
The solution was then washed with aq sat. solution of NaHCO; (1 mL) and
the aqueous layer extracted with dichloromethane (2 mL). The combined
organic layers were dried with anhydrous MgSO, and the solvent removed
in vacuo. The residue obtained was characterised by MALDI-TOF
spectrometry and further submitted to thermal isomerisation.

3) Thermal isomerisation of the copolymer: The copolymer obtained in 2)
(42 mg) was weighted in a round-bottom flask and warmed to 180°C in an
oil bath for 15 min. The residue obtained was dissolved in CDCl; and a 3'P
NMR spectrum was acquired, showing the disappearance of the copolymer
signal and the appearance of two other signals. The residue was purified by
thin-layer chromatography (n-hexanes/AcOEt 1:1) and two compounds
were isolated, which were identified as 2-diisopropylamino-3-N-phenyl-
1,3,2-A3-oxazaphospholidin-2-one (9a) (less polar compound, 8.6 mg) and
3-N-benzyl-2-diethylamino-1,3,2-4°-oxazaphospholidin-2-one (9n) (more
polar compound, 3.5 mg), with all the spectral data identical to those of the
standards prepared by a separate way.

B) Other experiments for the elucidation of the oligomer—-monomer
conversion mechanism:

Preparation of poly-O-(I-methyl)ethyl-N,N-diethylamino-N'-phenylamino-
phosphoramidate (8 k): Phenylazide (145 mg, 1.21 mmol) was added slowly
under argon atmosphere to a stirred solution of 10k (215 mg, 1.21 mmol) in
dry benzene (1.0 mL). The mixture was heated to 40°C on an oil bath and
allowed to react until no more N, evolution was observed (approx. 3 h).
After this time BF;- OEt, (15.0 uL, 10 mol %) was added and the reaction
mixture was heated to 60 °C for 24 h. The solution was washed with sat. aq
NaHCO; solution (1 mL) and the aqueous layer was extracted with
dichloromethane (2 x 2 mL). The combined organic layers were dried with
anhydrous MgSO, and the solvent removed under vacuum. The polyphos-
phoramidate 8k was obtained as a light yellow oil (327 mg, 100%).
'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =7.33-6.81 (br), 6.61 (d, J=
7.6 Hz), 6.46 (d, J=7.6 Hz), 6.21 (d, J=8.0 Hz), 5.91 (d, J=8.0 Hz), 4.70-
3.32 (m), 3.10-2.90 (m), 2.79-2.68 (m), 1.31-1.05 (m), 0.99 (t, J(H.H) =
7.2 Hz),0.6-0.4 (m); *C NMR (100 MHz, CDCl;, 25°C, CDCl;): 6 =140.2,
128.9, 128.8-128.5, 1174, 70.48, 39.7, 39.6, 19.5, 13.9, 13.5; 'P NMR
(160 MHz, CDCl;, 25°C, H;PO, external): 6 =13.6-13.1, 12.8-12.6, 11.3,
10.9, 10.4; IR (KBr): v, =2975.6, 1603.8, 1500.1, 1221.8 (P=0), 1204.8,
1033.4 (P-O-C), 990.1, 960.8 cm™!; SEC: M, = 3590, polydispersion index =
4.69.

Preparation of (15)-poly-O-(1-methyl)ethyl-N,N-diethylamino-N'-phenyl-
aminophosphoramidate [(15)-8k]: The procedure was identical to the one
described for the racemic compound, using dioxaphospholane (45)-10k
(197 mg, 1.11 mmol) and phenylazide (132 mg, 1.11 mmol) in dry benzene
(1.0 mL). The oligomer (15)-8k was obtained as a light yellow oil (265 mg,
89%). Spectral data identical to the racemic compound 8k.

Preparation of 2-diethylamino-5-methyl-3-N-phenyl-1,2,3-1%-oxazaphos-
pholidin-2-one (9k) from the thermal rearrangement of poly-O-(1-
methyl)ethyl-N,N-diethylamino-N'-phenylaminophosph idat 8k):
Polyphosphoramidate 8k (67.5 mg) was weighted in a round-bottom flask,
which was dipped into a 200°C oil bath for 15 min. The residue obtained
was purified by thin-layer chromatography (n-hexanes/AcOEt 1:1) and
oxazaphospholidinone 9k (14.0 mg, 21 %) was isolated as a mixture of
diastereomers (cis/trans, 39:61-determined by 'H and 'P NMR). 3'P NMR
(160 MHz, CDCl;, 25°C, H;PO, external): 6 =19.57 (39), 19.32 (61); other
spectral data identical to the one obtained for the authentic sample of 9k
prepared as a standard by an separate way.

Preparation of (2RS,55)-2-N',N'-diethylamino-5-methyl-3-N-phenyl-1,3,2-
25-oxazaphospholidin-2-one (55 9k) from the thermal rearrangement of
(15)-poly-1-methylethyl-N,N-diethylamino-/N'-phenylaminophosphorami-
date [(1S)-8k]: The procedure was identical to the one described
previously for the racemic compound 9k, using polyphosphoramidate
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(15)-8k (70 mg). After purification, the oxazaphospholidinone (55)-9k
(14.3 mg, 20 % ) was isolated as a mixture of diastereomers (cis/trans, 34:66-
determined by 'H and *'P NMR). 3P NMR (160 MHz, CDCl;, 25°C,
H;PO, external): 6 =19.57 (34), 19.32 (66); other spectral data identical to
the one obtained for the authentic sample of 9k prepared as a standard by
separate way. The determination of the absolute configuration (C-5) was
done by comparing the 'H NMR spectrum of compound (55)-9k with that
of the authentic racemic (2RS,5RS) and chiral samples (2RS,5S) and
(2RS,5R) of the corresponding oxazaphospholidinone (9k, (55)-9k and
(5R)-9Kk), in the presence of the chiral shift reagent Eu(hfc); (hfc:
3-heptafluoropropylhydroxymethylen-(+)-camphorate).

Reactivity studies on the polymerisation of iminodioxaphospholanes of
type 7

General method: A solution of dioxaphospholane (0.2 mmol) was pre-
pared in deuterated chloroform, benzene, or toluene (0.4 mL) in a dried
and argon-filled NMR tube, stopped with a rubber septum. To this solution
the appropriate azide (1.0 equiv) was added dropwise and the Staudinger
reaction was followed at room temperaure (unless stated otherwise) by 3'P
NMR by the observation of the conversion of the 3'P NMR signals of the
dioxaphospholane 10 into the corresponding iminodioxaphospholane. As
soon as the reaction was complete BF;+ OEt, (10 mol % ) was added and the
polymerisation was monitored by 3'P NMR. In the cases were polymer-
isation occured, the conversion was calculated by integration of the 3'P
NMR signals.

A) Effect of the exocyclic phosphorus substituent

Reaction with 2-dibutylamino-1,2,3-dioxaphospholane (10¢): Dioxaphos-
pholane 10 ¢ (41.6 mg, 0.196 mmol) and phenylazide (23.7 mg, 0.199 mmol)
in CDCI; were used, following the general method described above. The
Staudinger reaction was monitored by 3P NMR following the conversion
of 10¢ (60=143.7) into iminodioxaphospholane 7¢ (6=25.3). After
107 min, BF;-OEt, (2.5 uL, 10 mol%) was added; however, 12 h after
the addition of the Lewis acid still no polymerisation was observed. The
NMR tube was then heated to 60 °C but after 12 h there was still no change
in the initial phosphorus spectrum.

Reaction with 2-pyrrolidyl-1,3,2-dioxaphospholane (10d): Dioxaphospho-
lane 10d (31.5 mg, 0.195 mmol) and phenylazide (24.0 mg, 0.201 mmol) in
CDCl; were used following the general method described above. The
Staudinger reaction was monitored by 3P NMR following the conversion
of 10d (6=135.6) into iminodioxaphospholane 7d (0=21.6). After
124 min, BF;-OEt, (2.5 uL, 10 mol %) was added. A conversion of 20 %
into oligomer 8d (6 =24.1) was observed after 12 h.

Reaction with 2-phenyl-1,3,2-dioxaphospholane (10e): Dioxaphospholane
10e (31.9mg, 0.190 mmol) and phenylazide (22.4 mg, 0.188 mmol) in
CDCl; were used, following the general method described above. The
Staudinger reaction was monitored by 3P NMR following the conversion
of 10e (0=162.6) into iminodioxaphospholane 7e (0=237.1). After
150 min, BF;-OEt, (2.5 pL, 10 mol %) was added. A conversion of 40 %
into oligomer 8e (6 =37.1) was observed after 12 h.

Reaction with 2-diisopropylamino-1,3,2-dioxaphospholane (10a): Dioxa-
phospholane 10a (43.2mg, 0.226 mmol) and phenylazide (26.8 mg,
0.225 mmol) in CDCl; were used, following the general method described
above. The Staudinger reaction was monitored by 3'P NMR following the
conversion of 10a (6 =144.7) into iminodioxaphospholane 7a (6 =24.5).
After 150 min, BF;-OEt, (2.5 uL, 10 mol %) was added. A conversion of
55% into oligomer 8a (6 =13.0) was observed after 12 h.

B) Effect of the imino substituent

Reaction of 2-diisopropyl-2-N-phenylimino-1,3,2-45-dioxaphospholane
(7a): Dioxaphospholane 10a (36.1 mg, 0.189 mmol) and phenylazide
(22.8 mg, 0.191 mmol) in C;D¢ were used. After 80 min, the conversion
of 10a into 7a (0 =18.0) was complete and BF;-OEt, (2.5 uL, 11 mol %)
was added. The formation of polyphosphoramidate 8a (0=13.0) was
followed by 3P NMR. (progress of the reaction #/ min, (% oligomer 8a)):
32 (0), 119 (23), 341 (71), 1046 (100).

Reaction of 2-N-benzylimino-2-diisopropyl-1,3,2-A°-dioxaphospholane
(7f): Dioxaphospholane 10a (33.5mg, 0.175 mmol) and benzylazide
(21.9 pL, 0.175 mmol) in C;D¢ were used. The conversion of 10a into 7f
(0=25.2) was initially followed at room temperature but, in order to
accelerate the Staudinger reaction, the NMR tube was heated to 50°C.
After 320 min, at 50°C the tube was allowed to cool to room temperature
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and BF;- OEt, (2.5 uL, 10 mol %) was added. The formation of polyphos-
phoramidate 8 f (6 = 16.9) was followed by *'P NMR. (#/ min, (% oligomer
81)): 6 (0), 67 (95), 794 (100).

Reaction of 2-diisopropyl-2-N'-(4-nitrobenzyl)imino-1,3,2-4%-dioxaphos-
pholane (7g): Dioxaphospholane 10a (40.2 mg, 0.210 mmol) and 4-nitro-
benzylazide (37.5 puL, 0.210 mmol) in C,D4 were used, with the NMR tube
heated to 50 °C. The conversion of 10a into 7g (6 = 27.3) was complete after
860 min. The tube was allowed to cool to room temperature and BF; - OEt,
(2.5 uL, 10 mol % ) was added. The formation of polyphosphoramidate 8g
(60 =16.8) was followed by *'P NMR. (¢ min, (% oligomer 8g)): 5 (44), 61
(92), 287 (100).

Reaction of 2-diisopropyl-2-N-octylimino-1,3,2-45-dioxaphospholane (7h):
Dioxaphospholane 10a (36.6 mg, 0.191 mmol) and octylazide (29.0 mg,
0.191 mmol) in C;D4 were used. The conversion of 10a into 7h (0 =21.8)
was initially followed at room temperature but, in order to accelerate the
Staudinger reaction, the NMR tube was heated to 50°C. After 1080 min,
the tube was allowed to cool to room temperature and BF;- OEt, (2.5 uL,
11 mol %) was added. The formation of polyphosphoramidate 8 h was still
not observed after 720 min of the addition of BF;- OEt,.

Reaction of 2-diisopropyl-2-N-tosylimino-1,3,2-15-dioxaphospholane (7i):
Dioxaphospholane 10a (33.4 mg, 0.175 mmol) and tosylazide (34.4 mg,
0.175 mmol) in C,D4 were used. The Staudinger reaction was followed by
3P NMR. After 43 min, the conversion of 10a into 7i (0 =26.6) was
complete and BF;-OEt, (2.5 uL, 12 mol %) was added. The formation of
polyphosphoramidate 8i was still not observed after 1058 min of the
addition of BF;- OEt,.

Tentative of isomerisation of 2-diisopropyl-2-N-trimethylsilylimino-1,2,3-
23-dioxaphospholane (7j): Dioxaphospholane 10a (35.0 mg, 0.191 mmol)
and trimetylsilylazide (29.0 mg, 0.191 mmol) in C4D, were used. Even after
heating the reaction to 60°C for 6 h no Staudinger reaction was observed.
C) Effect of substituents at the alkoxy carbon atoms

Reaction with 2-diethylamino-2-N-phenylimino-1,3,2-4°-dioxaphospholane
(7b): At room temperature: The general method was followed using 10b
(36.2 mg, 0.222 mmol) and phenylazide (26.4 mg, 0.222 mmol) in C¢Dy, at
35°C, until all the dioxaphospholane 10b (6 =150.9) was converted into
the Staudinger product 7b (6 =19.9, approx. 180 min). The tube was cooled
to room temperature, BF;-OEt, (2.5puL, 10 mol%) was added and
the formation of polyphosphoramidate 8b (6 =13.6) followed by 3'P
NMR. After 220 min of the addition of BF;-OEt, 70 % conversion was
reached.

At 60°C: The general method was followed using 10b (32.8 mg,
0.201 mmol) and phenylazide (23.4 mg, 0.196 mmol) in C4Dy at 35 °C until
all the dioxaphospholane 10b (0 =150.9) was converted into the Stau-
dinger product 7b (6=19.9, approx. 190 min). BF;-OEt, (2.5 uL,
10 mol %) was added and the reaction heated to 60°C. The formation of
polyphosphoramidate 8b (6 =13.6) was followed by *'P NMR. (¢ min, (%
oligomer 8b)): 13 (34), 26 (69), 60 (90).

Reaction with 2-diethylamino-4-methyl-2-N-phenylimino-1,3,2-4°-dioxa-
phospholane (7k): At room temperature: The general method was
followed using 10k (36.5 mg, 0.192 mmol) and phenylazide (25.8 mg,
0.216 mmol) in C4Dg. The reaction was followed until all dioxaphospholane
10k (0 =150.9 and 146.3, initially in a 36:64 ratio) was converted into the
Staudinger product 7k (0 =19.3 and 18.8, 50:50 ratio, approx. 135 min).
BF;-OEt, (2.6 pL, 10 mol %) was added but the formation of polyphos-
phoramidate 8k was still not observed after 920 min of the addition of the
Lewis acid.

At 60°C: The general method was followed, using 10k (34.1 mg,
0.192 mmol) and phenylazide (23.4 mg, 0.196 mmol) in CiD¢ at 40°C.
The reaction was followed by 'P NMR, until all dioxaphospholane 10k
(0=150.9 and 146.3, initially in a 36:64 ratio) was converted into the
Staudinger product 7k (6 =19.3 and 18.8, 50:50 ratio, approx. 80 min).
BF;- OEt, (2.4 pL, 10 mol %) was added and the reaction heated to 60°C.
The formation of polyphosphoramidate 8k (6 =12-14) was followed by
3P NMR. (¢ min, (% oligomer 8k)): 257 (0), 1020 (43), 1277 (63), 1361
(67), 1434 (71), 1632 (79).

Reaction with 2-N-benzylimino-2-diisopropylamino-4-methyl-1,3,2-15-di-
oxaphospholane (71) at 60°C: The general method was followed with 101
(42.5 mg, 0.207 mmol) and benzylazide (26.0 pL, 0.207 mmol) in toluene at
40°C until all dioxaphospholane 101 (6 =151.1 and 146.4, in an initial ratio
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of 25:75) was converted into the Staudinger product 71 (6=24-25,
overlapping diastereomeric signals, approx. 280 min). BF;- OEt, (2.5 uL,
10 mol %) was added and the reaction heated to 60°C. The formation of
polyphosphoramidate 81 (6 =15-16) was followed by *'P NMR. (#/ min,
(% oligomer 81)): 413 (25), 765 (39), 861 (53), 1060 (68).

Reaction with 2-N-benzylimino-2-diisopropylamino-4,5-dimethyl-1,3,2-15-
dioxaphospholane (7m) at 100°C: The general procedure was followed
with a solution of 10m (129.5 mg, 0.55 mmol) in [Dg|toluene (0.5 mL,
instead of [Dy|benzene) and benzylazide (73.8 pL, 0.55 mmol). The mixture
heated at 40°C for 3 h, the time necessary for the total conversion of the
dioxaphospholane 10m (6 =143.4, only one diastereomer) into the
Staudinger product 7m (two diastereomers, 0 =27.1 and 25.9 in a relative
85:15 proportion). BF;-OEt, (2.5puL, 10 mol%) was added and the
reaction heated to 100°C. After 12 h the 3P NMR spectra revealed no
change in the composition of the mixture and even after 24h no
polymerisation was observed.

Preparation of phosphoramides (9) used as standards

2-Diisopropylamino-3-N-phenyl-1,3,2-15-0xazaphospholidine-2-one (9a):
POCI; (1.47 mL, 15.8 mmol) was added dropwise under argon atmosphere
to a stirred ice-cold solution of 2-phenylaminoethanol (2.0 mL, 15.8 mmol)
and dry triethylamine (2.2 mL, 31.6 mmol) in dry benzene (60 mL). Once
the addition was complete the mixture was allowed to react at room
temperature for 2 h. Diisopropylamine was added (4.45 mL, 31.64 mmol)
and the mixture was refluxed for 12 h. After cooling, the amine salts were
removed by filtration, the solvent removed in vacuo and the residue
purified by flash chromatography (SiO,, n-hexanes/AcOEt 1:1). Com-
pound 9a was obtained as white needles (537 mg, 12%). M.p. 94-95°C
(AcOEt/n-hexanes); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 0 =728 (t,
J(H,H) =11.6 Hz, 2H, -CH-, Ar), 7.16 (d, J(H,H) = 8.0 Hz, 2H, -CH-, Ar),
4.43 (q,J(H,H) =8.2 Hz, 1H, -OCH,CH,N-), 4.44 (m, 1H, -OCH,CH,N-),
3.87 (q, J(H,H) = 8.8 Hz, 1 H, -OCH,CH,N-), 3.64 (q, J(H,H) =7.1 Hz, 1 H,
-OCH,CH,N-), 3.26-3.18 (m, J(H,H) = 6.7 Hz, 2H, -N(CH(CH,),),), 1.25
(d, J(HH) =6.7 Hz, 6H, -N(CH(CHj3),),), 1.18 (d, J(H,H) =6.7 Hz, 6H,
-N(CH(CHj3),),); ®C NMR (100 MHz, CDCl;, 25°C, CDCly): 6 =141.2
(-C-, Ar), 1281 (-CH-, Ar), 1214 (-CH-, Ar), 116.1 (-CH-, Ar), 62.1
(-OCH,CH,N-), 469 (d, 2/(PC)=140Hz, -OCH,CH,N-), 464
(-NCH(CH,),), 223 (-NCH(CHj),), 222 (-NCH(CHj),); P NMR
(160 MHz, CDCl;, 25°C, H;PO, external): 6 =19.3; IR (KBr): vy, =
2962.0 (CH), 1304.0 (Ph-N-R), 12474 (P=0), 1043.0, 1008.9 (P-O-C),
804.5 cm™!; MS (70 eV, EI): m/z (%): 282 (25) [M]*, 267 (48) [M — CH,]",
239 (20) [M —iPr]*, 225 (100) [M — CH; — CH,=CHCH;]", 182 (24) [M —
NiPr,]*; HRMS (EI): caled for C,;H;N,O,P: 282.14972 [M]*; found
282.14970.

3-N-Benzyl-2-diisopropylamino-1,3,2-15-oxazaphospholidine-2-one (9 f):
Dry diisopropylamine (6.02 mL, 42.9 mmol) was added dropwise under
argon atmosphere to a stirred ice-cold solution of POCI; (2.0 mL,
21.5 mmol) in dry benzene (60.0 mL). After the addition of the amine
the mixture was allowed to react at room temperature for 1 h. The mixture
was cooled in a ice bath and a mixture of 2-benzylaminoethanol (3.05 mL,
21.5 mmol) and dry triethylamine (6.0 mL, 42.9 mmol) was added drop-
wise. Once the addition was completed the reaction was heated under
reflux for 20 h. After cooling, the amine salts were removed by filtration,
the solvent removed under vacuum and the residue purified by flash
chromatography (SiO,, n-hexanes/AcOEt 4:6). Compound 9f was ob-
tained has a viscous oil (902 mg, 14 % ). '"H NMR (400 MHz, CDCl;, 25°C,
TMS): 6 =7.39-7.32 (m, 4H, -CH-, Ar), 7.27 (t, J(H,H) = 72 Hz, 1 H, -CH-,
Ar) 4.31-424 (m, 1H, -OCH,CH,N-), 416-4.02 (m, 3H, -OCH,CH,N-,
-CH,Ph), 3.53-3.36 (m, J(H.H) = 6.9 Hz, 2H, -N(CH(CH,),),), 3.21-3.09
(m, 2H, -OCH,CH,N-), 130 (d, J(H,H) =6.9 Hz, 6H, -N(CH(CH;),),),
127 (d, J(HH)=6.8 Hz, 6H, -N(CH(CHj;),),); *C NMR (100 MHz,
CDC(l;, 25°C, CDCly): 6 =137.8 (d, 3J/(P,C) =7.0 Hz, -C-, Ar), 128.6 (-CH-,
Ar), 1276 (-CH-, Ar), 1274 (-CH-, Ar), 63.6 (-OCH,CH,N-), 48.6 (d,
2J(P,C) =5.6 Hz, -NCH,Ph), 46.1 (d, 2J(P,C) =5.5 Hz, -OCH,CH,N-), 45.9
(d, J(P.C)=14.0Hz, -NCH(CH;),), 22.9 (-NCH(CH;),), 22.3 (-NCH-
(CH;),); 3'P NMR (160 MHz, CDCl,, 25°C, H;PO, external): 6 =27.1; IR
(film): v, =2965.0 (CH), 1240.0 (P=0), 1208.4, 1029.8, 1006.9 (P-O-C),
807.4, 731.6 cm~'; MS (EI): m/z (%): 296 (13) [M]*, 281 (90) [M — CH,]",
253 (24) [M — CH(CHs;),]*, 239 (67) [M — CH; — CH,=CHCH;]", 91 (100)
[PhCH,]*; HRMS (EI): caled for CoH,sN,O,P: 296.16537 [M]*; found
296.16540.
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General method for the coupling of aminoalcohols with diethylphosphor-
amidous dichloride: A solution of freshly distilled diethylphosphoramidous
dichloride and a catalytic amount of 4-DMAP in THF (3.0 mL) was added
dropwise under argon atmosphere to a stirred ice-cold dry THF (10 mL)
solution of the respective aminoethanol and dry triethylamine. After
stirring for 12h at room temperature the mixture was filtered and the
triethylamine salt washed with diethyl ether. The combined filtrate and
washings were concentrated in vacuo and the products purified by flash
chromatography (SiO,) or crystallisation.

3-N-Benzyl-2-diethylamino-1,3,2-/°-0xazaphospholidine-2-one (9n): The
general method was followed using 2-benzylaminoethanol (398 mg,
2.63 mmol), diethylphosphoramidous dichloride (500 mg, 2.63 mmol) and
triethylamine (0.735 mL, 5.30 mmol). The yellow oily residue was purified
by flash chromatography (SiO,, AcOEt/n-hexanes 3:7, R;=0.25) to afford
9n (503 mg, 71 %) as a pale yellow oil. 'H NMR (400 MHz, CDCl;, 25°C,
TMS): 6 =7.35 (m, 4H, -CH-, Ar), 729 (m, 1H, -CH-, Ar), 4.32-4.34 (m,
1H, -OCH,CH,N-), 4.17-4.09 (m, 1H, -OCH,CH,N-), 4.01 (d, J(H.H) =
70 Hz, 2H, -CH,Ph), 3.26-3.02 (m, 6H, -OCH,CH,N-, -N(CH,CHs),),
1.13 (t, J(H,H) =7.0 Hz, 6 H, -N(CH,CHj3),); *C NMR (100 MHz, CDCl;,
25°C, CDCLy): 6 =1374 (-C-, Ar), 128.5 (-CH-, Ar), 128.0 (-CH-, Ar), 1274
(-CH-, Ar), 63.7 (-NCH,CH,0-), 48.5 (d, 2J(P,C) =5.0 Hz, -CH,Ph), 46.1
(d, *(PC)=150Hz, -NCH,CH,0-); 395 (d, 2J(P,C)=5.0Hz,
-N(CH,CH;),), 14.4 (-N(CH,CHj;),); *'P NMR (160 MHz, CDCl;, 25°C,
H,;PO, external): 0 =28.0; IR (film): v, =2971.5 (CH), 1380.0, 1238.8
(P=0), 1210.3, 1027.1 (P-O-C), 809.8 cm~'; MS (FAB): m/z (%): 269 (100)
[MH]*, 253 (10) [M — CH;]*, 196 (7) [M —NEt,]*, 91 (60) [CH,Ph]";
HRMS (FAB): caled for C;H,N,O,P: 269.141892 [MH]"; found
269.139793.

2-Diethylamino-3-N-phenyl-1,2,3-/5-oxazaphospholidine-2-one (9b): The
general method was followed starting from anilinoethanol (780 mg,
5.70 mmol), diethylphosphosphoramidous dichloride (1.00 g, 5.70 mmol)
and triethylamine (1.58 mL, 11.40 mmol). The residue was purified by flash
chromatography (SiO,, Et,0O, R;=0.25) to afford 9b (806 mg, 60%) as a
white solid which was recrystallised from AcOEt/n-hexanes. M.p. 85—
85.5°C (AcOEt/n-hexanes), lit.”2 87-875°C (heptane); 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6=7.06 (d, J(H,H)=8 Hz, 2H, -CH-,
Ar), 697 (t, JHH)=72Hz, 1H, -CH-, Ar), 451 (m, J(PH)=94,
J(H,H)=8.9, 6.2, 28 Hz, 1H, -OCH,CH,N-), 438 (m, J(PH)=193,
J(H,H)=8.9, 71, 26 Hz, 1H, -OCH,CH,N-), 3.85 (m, J(PH)=9.6,
JH,H)=178, 6.2, 26 Hz, 1H, -OCH,CH,N-), 3.70 (m, J(PH)=32,
J(H,H)=9.4, 78, 71Hz, 1H, -OCH,CH,N-), 3.16-2.96 (m, 4H,
-N(CH,CHj3),), 0.99 (t, J(HH)=71Hz, 6H, -N(CH,CH;),); *C NMR
(100 MHz, CDCl;, 25°C, CDCl;): 6 =141.0 (-C-, Ar), 129.1 (-CH-, Ar),
121.2 (-CH-, Ar), 115.7 (d, 2/(P,C) =4.2 Hz, -CH-, Ar), 62.4 (-NCH,CH,0-),
46.5 (d, %/(PC)=152Hz, -NCH,CH,0-), 39.6 (d, %/(P,C)=4.8 Hz,
-N(CH,CH),), 13.8 (-N(CH,CHs,),); P NMR (160 MHz, CDCl,, 25°C,
H;PO, external):  =20.1; IR (KBr): v, =2977.3 (CH), 1303.1 (Ph-NR,),
1240.0 (P=0), 1209.5,1034.3 (P-O-C), 823.9 cm™}; MS (70 eV, EI): m/z (%):
254 (48) [M]*, 239 (100) [M — CH,]*, 182 (45) [M — N(C,H;),]*, 119 (35),
72 (35); HRMS (EI): caled for C,,H;(N,O,P: 254.11842 [M]*; found
254.11840.

2-Diethylamino-5-methyl-3-N-phenyl-1,3,2-25-oxazaphospholidine-2-one

(9k): The general method was followed starting from D,L-1-N-phenyl-
amino-2-propanol (1.0 g, 6.6 mmol), diethylphosphosphoramidous dichlor-
ide (1.26 g, 6.6 mmol) and triethylamine (1.85 mL, 13.3 mmol). The residue
was purified by flash chromatography (SiO,, n-hexanes/AcOEt 7:3) to
afford 9k (547 mg, 31 %) as a white solid mixture of diastereomers (cis/
trans, 39:61); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =7.21 (br, 2H,
-CH-, Ar, cis; 2H, -CH-, Ar, trans), 7.02-6.95 (m, 2H, -CH-, Ar, cis; 2H,
-CH-, trans), 6.91-6.86 (m, 1H, -CH-, Ar, cis; 1H, -CH-, trans), 4.76-4.72
(m, 1H, -OCH(CH,;)CH,N-, cis), 4.67-4.58 (m, 1H, -OCH(CH;)CH,N-,
trans), 3.85 (ddd, J=8.8, 8.8, 7.1 Hz, 1H, -OCH(CH;)CH,N-, trans), 3.65
(ddd, J=10.2,8.7,5.9 Hz, 1 H, -OCH(CH,)CH,N-, cis), 3.38-3.26 (m, 1 H,
-OCH(CH,)CH,N-, cis; 1H, -OCH(CH;)CH,N-, trans), 3.16-2.86 (m, 4 H,
-N(CH,CH,),, cis; 4H, -N(CH,CH,),, trans), 1.50 (d, J(H,H) = 6.3 Hz, 3H,
-OCH(CH;)CH,N-, trans), 142 (d, J(HH)=6.1 Hz, 3H, -OCH(CH;)-
CH,N-, cis), 0.97 (t, J(H.H)=7.1 Hz, 6H, -N(CH,CHj),, trans), 0.92 (t,
J(H,H)=71Hz, 6H, -N(CH,CH,),, cis); “C NMR (100 MHz, CDCl;,
25°C, CDCly): 6=141.1 (-C-, A, cis, trans),129.1 (-CH-, Ar, cis, trans),
129.1 (-CH-, Ar, cis, trans), 121.1 (d, 3J(P,C) = 13.0 Hz, -CH-, Ar, cis, trans),
116.0 (d, 2/(P,C) =5.2 Hz, -CH-, para-Ar, cis), 115.6 (d, 2J(P,C) =5.0 Hz,
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-CH-, para-Az, trans), 71.5 (-OCH(CH;)CH,N-, cis), 70.4 (-OCH(CHj;)-
CH,N-, trans), 54.1 (d, 2J(P,C) =13.3 Hz, -OCH(CH;)CH,N-, cis), 54.4 (d,
2J(P,C)=15.3 Hz, -OCH(CH;)CH,N-, trans), 39.6 (d, 2J(P.C)=4.3 Hz,
-N(CH,CH;),), 39.6 (d, 2J(P,C)=3.6 Hz, -N(CH,CH;),, cis and trans),
219 (d, ¥(P.C)=2.4 Hz, -OCH(CH;)CH,N-, trans), 19.9 (d, J(P.C)=
8.2 Hz, -OCH(CH;)CH,N-, cis), 140 (-N(CH,CH,),, trans), 13.9
(-N(CH,CH,),, cis); 3P NMR (160 MHz, CDCl;, 25°C, H;PO, external):
8=19.6 (cis), 19.3 (trans); IR (KBr): vpe=2978.1 (CH), 1331.8, 1310.4
(Ph-NR,), 1245.1 (P=0), 1209.4, 1039.3 (P-O-C), 960.9, 752.0 cm"'; MS
(70 eV, EI): miz (%): 268 (73) [M]*, 253 (100) [M — CH,]*, 196 (32)
[M — N(GHs),]*, 146 (22) [PhNH,CH,CH(CH,)OH]*, 132 (38), 106 (19)
[HOP(O)NEt,|"; HRMS (EI): caled for C;3H,;N,O,P: 268.134067 [M]*;
found 268.134643.

(2RS,5S)-2-Diethylamino-5-methyl-3-N-phenyl-1,3,2-4%-0xazaphospho-
lane-2-one [(55)-9k]: The general method was followed starting from (25)-
1-N-phenylamino-2-propanol (512 mg, 3.4 mmol), diethylphosphosphora-
midous dichloride (643 mg, 3.4 mmol) and triethylamine (0.95 mL,
6.8 mmol). The residue was purified by flash chromatography (SiO,, n-
hexanes/AcOEt 7:3) to afford (55)-9k (91.5mg, 10%) as a white solid
mixture of diastereomers (cis-(2R,5S)/trans-(25,5S) 32:68). All the spectral
data identical to the racemic compound.

(2RS,5R)-2-Diethylamino-5-methyl-3-N-phenyl-1,3,2-45-oxazaphospho-
lane-2-one [(5R)-9k]: The general method was followed starting from
(2R)-1-N-phenylamino-2-propanol (568 mg, 3.7 mmol), diethylphosphos-
phoramidous dichloride (714 mg, 3.7 mmol) and triethylamine (1.1 mL,
6.8 mmol). The residue was purified by flash chromatography (SiO,, n-
hexanes/AcOEt 7:3) to afford (5R)-9k (172 mg, 17%) as a white solid
mixture of diastereomers (cis-(2S,5R)/trans-(2R,5R) 32:68). All the spectral
data identical to the racemic compound.

General procedure for the preparation of polyphosphoramidates (8): The
respective azide (1.0 equiv) was added to a stirred solution (1.1m) of the
dioxaphospholane 10 in dry benzene or toluene, under argon atmosphere,
and the mixture was allowed to react, at the temperature indicated, until no
more evolution of N, was observed. BF; - OEt, (10 mol % ) was added and,
after 12 h, the reaction mixture was washed with aq sat. NaHCO; solution.
The aqueous phase was extracted with dichloromethane, the combined
organic layers where dried with MgSO, and the solvent removed in vacuo.
Oligomers 8 where characterised without further purification (attempts to
purify some of the samples by flash chromatography lead to decomposition
by hydrolysis).

Poly-O-ethyl-N-benzylamino-N',N'-diisopropylaminophosphoramidat
(8n): The general method was followed using 10a (470 mg, 2.46 mmol) and
benzylazide (307 uL, 2.46 mmol) in dry benzene (2.7 mL) at 40°C. After
3 h the mixture was cooled to room temperature and BF;- OEt, (30.2 uL,
10 mol %) was added. The polyphosphoramidate 8n (736 mg, 101 %) was
obtained as a viscous oil. '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =
727-7266 (br, 5H, -CH-, Ar), 423-3.55 (br, 5H), 3.45-2.90 (br, 3H),
1.21-0.97 (br, 12H, -N(CH(CHj),),); *C NMR (100 MHz, CDCl;, 25°C,
CDCl;): 6 =138.32 (br), 128.16 (br), 127.78 (br), 127.16, 126.94, 62.4-61.9
(br), 51.2-50.9 (br), 45.7-45.5 (br), 22.64, 22.22; 3'P NMR (160 MHz,
CDCl;, 25°C, H;PO, external): 0=172-16.9; IR (film): v, =2968.9,
1239.6 (P=0), 1203.9, 1000.0 (P-O-C), 9489 cm™!; SEC: M,=9727,
polydispersion index = 5.30.

Poly-O-ethyl-N,N-diisopropylamino-N'-(4-nitrobenzylamino)phosphor-
amidate (8g): The general method was followed using 10a (558 mg,
2.92 mmol) and 4-nitrobenzylazide (520 mg, 2.92 mmol) in dry benzene
(2.5mL) at 40°C. After 6 h the mixture was cooled to room temperature
and BF;- OEt, (30.2 uL, 10 mol %) was added. The polyphosphoramidate
8g (744 mg, 75%) was obtained as a yellow solid. 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6 =8.22-8.06 (br, 2H), 7.61 -7.50 (br, 2H), 4.42-3.60
(br, 5H), 3.60-2.91 (3H, br), 1.3-1.1 (br, 12H); *C NMR (100 MHz,
CDCl;, 25°C, CDCLy): 0 =1471, 146.4, 128.4-1279, 123.8-123.5, 62.7—
62.3, 51.5-50.9, 22.9-22.7, 22.3, 22.2; 3'P NMR (160 MHz, CDCl;, 25°C,
H,;PO, external): 6 =18.33, 16.86, 16.64, 16.49, 16.27; IR (KBr): vy =
2971.0, 1522.1 (NO,), 1345.8 (NO,), 1245.8 (P=0), 1204.2, 1001.4 cm™};
SEC: M, =3395, polydispersion index =2.70.

Poly-O-ethyl-N,N-diethylamino-N'-phenylaminophosphoramidate  (8b):
The general method was followed using 10b (500 mg, 3.1 mmol) and
phenylazide (865 mg, 3.1 mmol) in dry benzene (3.0 mL) at room temper-
ature. After 3 h BF;-OEt, (37 uL, 10 mol %) was added. The polyphos-
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phoramidate 8b (789 mg, 87 %) was obtained as a light yellow solid.
'"H NMR (400 MHz, CDCl;, 25°C, TMS): d =7.19-6.60 (br, SH), 4.28 -
3.24 (br,4H), 2.98-2.70 (br, 4 H), 0.89-0.68 (br, 6 H); *C NMR (100 MHz,
CDCl;, 25°C, CDCly): 6 =147.8, 128.9-128.7 (br), 126.4, 125.1, 117.3, 63.3
(-OCH,CH,N-), 49.9 (-OCH,CH,N-), 39.5-39.3 (br), 13.9, 13.6; >'P NMR
(160 MHz, CDCl;, 25°C, H;PO, external): 6 =14.4-14.0 (br, approx.
70%), 10.9 (br); IR (KBr): v, =2973.2, 1602.4, 1495.3, 1222.1 (P=0),
1201.6, 1029.8 (P-O-C), 958.9 cm™!; SEC: M, = 1374, polydispersion index
=1.39; MS (FAB): m/z (%): 644 (2), 555 (2), 509 (16), 436 (17), 390 (34),
384 (20), 300 (46), 281 (52), 255 (78).
Poly-O-ethyl-N,N-diisopropylamino-/N'-phenyl phosp
(8a): The general method was followed using 10a (511 mg, 2.7 mmol) and
phenylazide (318 mg, 2.7 mmol) in dry benzene (2.42mL) at room
temperature. After 3h BF;-OEt, (33 pL, 10 mol%) was added. The
polyphosphoramidate 8a (629 mg, 83 %) was obtained as a white solid.
'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =7.06 (br, 4H), 6.98 (br, 1H),
3.80 (br, 2H), 3.36 (br, 2H), 3.14 (br, 2H), 1.08-0.70 (m, 14H); C NMR
(100 MHz, CDCl;, 25°C, CDCL): 6 =142.9 (br), 128.5 (br), 126.3 (br),
125.0 (br), 63.0 (br), 49.6 (br), 45.9 (br), 22.7 (br), 22.6 (br), 22.0 (br); 3P
NMR (160 MHz, CDCl;, 25°C, H;PO, external): 6 =12.9-12.3 (>85%),
9.74, 9.41; IR (KBr): v,,,, =2969.4, 1598.1, 1223.5 (P=0), 1026.1 (P-O-C),
992.2 cm™!; SEC: M, = 3996, polydispersion index =3.92; MS (FAB): m/z
(%):710 (2), 658 (3), 565 (5), 464 (19), 446 (17), 402 (30), 327 (41), 309 (48),
283 (81); MS (MALDI): repeating unit: 282 +2 Da; M, =1924, polydis-
persion index = 1.14 (high intensity distribution) and M, = 1815, polydis-
persion index = 1.14 (low intensity distribution).
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Reduction of Dioxygen by a Dimanganese Unit Bonded Inside a Cavity
Provided by a Pyrrole-Based Dinucleating Ligand

Federico Franceschi,?! Geoffroy Guillemot,?! Euro Solari,*! Carlo Floriani,*?!
Nazzareno Re,”! Henrik Birkedal,'*! and Philip Pattison!*!

Abstract: A novel class of dinucleating
ligands has been introduced into man-
ganese chemistry to study the reactivity
of this metal towards dioxygen under
strictly controlled conditions. Such N,
ligands combine some of the major
peculiarities of tetradentate Schiff bases
and the porphyrin skeleton. They are
derived from the condensation between
2-pyrrolaldehyde and ethylenediamine
or o-phenylenediamine, leading to pyr-
enH, (LH,, 1), pyrophenH, (L'H,, 2)
and Me,pyrophenH,, (L"H,, 3), respec-
tively. Their metallation with [Mn;-
(Mes)s] (Mes=2,4,6-trimethylphenyl)

led to [Mn,L,] (4), [MnL/(thf),] (5) and
[MnL"(thf),] (6). Complex 4 displays a
double-stranded helical structure, while
5 and 6 are mononuclear complexes
containing hexacoordinated metals. Re-
gardless of their structure, complexes S
and 6 behave in a similar manner to 4 in
their reaction with dioxygen, namely, as
a dimetallic unit inside a cavity defined
by two dinucleating ligands. These reac-

Keywords: N ligands - manganese -
oxygen reduction - Schiff bases -
structural elucidation

tions led to dinuclear Mn"/Mn'" oxo-
hydroxo derivatives, [Mn,L,(u-O)(u-
OH)] (7), [Mn,L,(u-O)u-OH)] (8)
and [Mn,L",(u-O)(u-OH)] (9), in which
the two Mn ions are strongly antiferro-
magnetically coupled [J=-53 (7), J=
—64 (8), /J=—60cm! (9)]. The crystal
structure of 7 could only be solved with
synchrotron radiation as the crystals
diffracted very poorly and suffered from
twisting and disorder. The formation of
7-9 has been proposed to occur through
the formation of an intermediate dinu-
clear hydroperoxo species.

Introduction

The redox chemistry of Mn!' in a macrocyclic environment has
so far attracted a lot of attention within the context of
modeling studies on photosystem IL[" and of the Mn-assisted
catalytic oxygen transfer. Within this context, the reaction of
Mn! with dioxygen is by far the most intriguing, but the least
often used for producing active Mn-oxo derivatives. Some of
the facets of this reaction have been explored during this
study, taking advantage of several novel approaches and
starting materials. Two general classes of compounds have
been widely used to date: the porphyrin derivatives? and,
more recently, the tetradentate Schiff base derivativesl®
exemplified by [Mn(tpp)] (tpp=tetraphenylporphyrin di-

[a] Prof. Dr. C. Floriani, Dr. F. Franceschi, G. Guillemot, Dr. E. Solari
Institut de Chimie Minérale et Analytique
Université de Lausanne, BCH, 1015 Lausanne (Switzerland)
Fax: (+41)21-6923905
E-mail: carlo.floriani@icma.unil.ch

[b] Prof. Dr. N. Re
Facolta di Farmacia, Universita degli Studi “G. D’Annunzio”
66100 Chieti (Italy)

[c] H. Birkedal, Dr. P. Pattison
Institut de Cristallographie
Université de Lausanne, BSP, 1015 Lausanne (Switzerland)
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[Mn(salen))

Mn(tpp)]

anion) and [Mn(salen)] (salen = N,N’-ethylene-bis(salicyli-
deneiminato) dianion). The two ligands, which differ very
much in the nature of their donor atoms, aromaticity and
constituting organic groups, have different advantages that
would be useful to combine in a single molecule. With this in
mind, for our studies of Mn chemistry, we recently moved to
the synthesis and the use of a novel class of tetradentate
ligands that are reminiscent of these two kinds of ligands. Let
us consider, at this preliminary stage, some peculiarities of the
ligands investigated in this work (Scheme 1) in relation to the
ligands in [Mn(tpp)] and [Mn(salen)]: i) the presence of
pyrrolyl anions and a set of four nitrogen donor atoms, as in
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Scheme 1. The synthesis of the N, tetradendate Schiff bases and the
labelling scheme of the ligands.

the porphyrin skeleton; ii) the “open-macrocycle” structure
as in the case of salicylaldehyde-derived Schiff bases;! iii) a
very different degree of aromaticity and geometric flexibility
between 1, 2, and 3; the last two have a greater degree of
aromaticity and impose a square-planar coordination on the
metal.

The compounds derived from the metallation of LH, (1),
L'H, (2) and L"H, (3) allowed us to face some of the key
problems in the reduction of dioxygen by Mn" macrocycles:
i) the reaction of dioxygen under strictly controlled and
aprotic conditions, with the well-defined and structurally
characterised Mn!' complexes mentioned above; ii) the rele-
vance or not of the use of preorganised dinuclear complexes;
iii) the dehydrogenating ability of the superoxo or oxo
intermediates.

The magnetic properties of the u-oxo-u-hydroxo mixed
valence Mn"/Mn'v complexes have been fully characterised
and a theoretical study has been carried out to quantify the
difference in the frontier orbitals between the model com-
pounds [Mn(tpp)] and [Mn(salen)], and the Mn" compounds
of this report.

Results and Discussion

Synthesis of the Mn" complexes: The synthesis of LH, (1) and
L'H, (2) has been improved up to the multigram scale; the use
of a symmetric disubstituted phenylenediamine allowed us to
prepare L"H, (3), a more lipophilic version of the L'H, ligand.
All the ligands were fully characterised, including an X-ray
analysis of 3 (Figure 1). In the crystal structure of 3 there are
two molecules in the asymmetric unit. In addition to these,
one strongly disordered CCl, solvent molecule is present. The
two molecules are bound together in a helical dimer by
N-H:--N hydrogen bonds (Figure1). The N4—H4---N2
hydrogen bonds are stronger (as determined by the donor-
acceptor distances, D--- A) than the N1—H1--- N3 hydrogen
bonds.P! The difference in the D --- A distances is 0.043(3) and
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Figure 1. XP view of complex 3 showing the two independent hydrogen-
bonded molecules of the asymmetric unit. Left: the view emphasising the
helical, cavity forming, hydrogen-bonded complex. Right: view (rotated by
90° with respect to the view on the left) to show the individual hydrogen
bonds.

0.071(3) A for the A and B molecule, respectively. The
difference between the two independent molecules is a
consequence of a shorter N4—H4 ---N2 hydrogen bond in B
than in A, combined with a longer N1-H1 ---N3 hydrogen
bond. The dimer is asymmetric and the o-phenylene rings are
not perpendicular, but have an angle of 79.85(6)° between
them. Furthermore, the molecules are not equally distributed
about the o-phenylene ring planes: C6A and C6B almost lie in
these planes; the distances from their respective planes being
0.087(5) A for C6A and 0.190(4) A for C6B. The correspond-
ing distances for C7A and C7B are 1.468(5) A and
—1.184(4) A, respectively. Thus, while C6A and C7A are on
the same side of the BB plane, C6B and C7B are on opposite
sides. It is not clear to what degree these asymmetries are the
result of differences in hydrogen bonding or of close packing
requirements which induce asymmetric hydrogen bonding.
The metallation of ligands 1-3 has been pursued by means
of a conventional organometallic methodology. The reaction
of the very reactive [Mns(Mes)y] - toluene (Mes =2,4,6-tri-
methylphenyl) with protic ligands leads to the elimination of
mesitylene and the metallation of the ligand without the
formation of an additional salt, which would have had to be
separated from the expected product of the reaction. The
reactions were carried out in toluene or THF and gave 4-6 in
almost quantitative yields as microcrystalline solids
(Scheme 2). Compounds 4 and 5 were also characterised by
X-ray analysis. The structure of 4 was particularly surprising.
Unlike the analogous salen derivatives, L acts as a binucleat-
ing ligand and leads to the formation of a saturated double-
stranded homotopic helicate® [Mn,L,], as proven by the
X-ray structural analysis (Figure 2). Crystals of 4 were grown
either in toluene or THF and, surprisingly in the latter case, we
did not observe coordination of a THF molecule as a fifth
ligand on the manganese atoms, which remained tetracoordi-
nate. The Mn --- Mn distance is almost 4 A (Table 1). The twist
of the ligands around the Mn---Mn vector creates a cavity
(Figure 2), although it is far too small for any atoms to enter
without deformation of the framework. Manganese lies out of
the mean ligand planes. It is 0.171(10) A above the N1A-C1A-
C2A-C3A-C4A-C5A-C6A plane and 0.148(11) A below the
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Scheme 2. The synthesis of the manganese(i1) complexes.

corresponding B plane. The A plane is parallel to the
symmetry-generated B plane (generated by applying —x, y,
—z —0.5), with the mean distance of a B plane atom to the A
plane being 3.23 A. The overall geometry of 4 is somewhat
similar to that of 3. This is an example of the complementary
use of hydrogen bonding and metal complexation to obtain a
specific arrangement of ligands.

To date, the only structurally characterised compound
containing L available in the Cambridge structural database
(CSD)!" was the Cu! [Cu,L,] complex,®! which has the same
connectivity as 4. The coordination geometry of the two metal
ions is, however, significantly different: the Cu! centre has a

Table 1. Selected bond lengths[A] and angles[°] for 4, 5,7, and 9.

Figure 2. XP view of complex 4. Two orientations are shown, top:
emphasising the helical structure of the complex and bottom: the cavity.

quasi square-planar geometry, while coordination around the
Mn" centre is almost tetrahedral. This is reflected in the
details of the coordination geometry. The angles between the

Compound 4
Mnl-N1A 2.072(6) Mnl1-N2A 2.185(6) Mn1-Mn1Al 3.997(6)
Mn1-N1B 2.085(6) Mn1-N2B 2.170(7)
N1A-Mnl-N2A 79.3(2) N1A-Mnl-N1B 150.6(3) N1A-Mnl1-N2B 117.9(3)
N2A-Mnl1-N1B 113.0(2) N2A-Mn1-N2B 120.2(2) N1B-Mn1-N2B 80.1(3)
N2A-C6A-C6AAL-N2A AR —64.0(1.3) C5A-N2A-C6A-C6AAL] 170.8(8) N2B-C6B-C6BAR-N2BALI 63.8(1.2)
C5B-N2B-C6B-C6Bl! 173.2(8)
Compound 5§
complex A complex B complex A complex B
Mnl-N1 2.191(9) 2.204(9) Mnl1-O1B 2.253(7) 2.225(8)
Mn1-N4 2.203(9) 2.177(9) Mnl1-O1A 2.272(8) 2.258(8)
Mn1-N2 2.249(8) 2.227(9) Mn1-N3 2.250(9) 2.233(9)
Compound 7
Mn1-Mn1Al] 2.6943(12) Mnl1-0O1 1.812(3) Mnl1-O1AD] 1.812(3)
Mnl-N1A 2.058(9) Mnl-N2A 1.982(8) Mnl1-N3B 1.956(7)
Mn1-N4B 2.068(9) MnlAPP-N1B 1.949(9) MnlAP-N2B 2.043(8)
MnlAP-N3A 2.074(7) MnlAP-N4A 1.960(9)
O1-Mn1-O1AM 83.96(11) Mn1-O1-Mn1A! 96.04(11)
N2A-C6A-C7TA-N3A 45.0(1.4) N2B-C6B-C7B-N3B 41.4(1.4) C5A-N2A-C6A-CTA 89.4(1.0)
C5B-N2B-C6B-C7B 94.3(1.0) C8A-N3A-C7A-CoA 91.8(1.0) C8B-N3B-C7B-C6B 92.6(1.0)
Compound 9
Mn1-N1All 2.041(7) Mn1-N2Al! 2.063(6) Mn1-N3 2.057(6)
Mn1-N4 2.029(7) Mnl1-0O1 1.853(5) Mnl1-O1AW 1.825(5)
Mn1-Mn1Akll 2.659(3) O1-01Al! 2.543(10)
O1Al-Mn1-O1 87.4(2) Mn1-O1-Mn1Al 92.6(2) C4-C5-N2-C6 —177.8(7)
C9-C8-N3-C7 —178.1(6) C5-N2-C6-C7 —132.5(8) C8-N3-C7-C6 127.6(8)
N2-C6-C7-N3 22(12)

[a] Atom generated through symmetry operation —x, y, —y —0.5. [b] Atom generated through symmetry operation —x, 1 —y, 2 — z. [c] Atom generated

through symmetry operation 1 —x, —y, —z.
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N1-C1-C2-C3-C4-C5-C6 planes in the two structures are
76.1(2)° in 4, but only 35.0° in [Cu,L,]. The N-Mn-N angles in
4 are 80.1(3)° (N1B-Mn1-N2B), 79.3(2)° (N1A-Mn1-N2A),
150.6(3)° (N1A-Mnl1-N1B), 1179(3)° (N1A-Mn1-N2B),
113.0(2)° (N1B-Mn1-N2A) and 120.2(2)° (N2B-Mn1-N2A),
while in [Cu,L,] the corresponding angles are 84.0° (N1A-Cu-
N2A), 158.9° (N1A-Cu-N1B) and 100.0° (N1A-Cu-N2B).
Thus, while neither case is clear-cut, it is evident that 4 is
closer to a tetrahedral coordination and [Cu,L,] is closer to
square-planar. The geometric flexibility derived from the
ethylene bridge can allow the ligand to satisfy the steric
demand of the transition metal: in the case of Mn'' and Cu',, a
distorted coordination is mainly preferred by the metals,
which forces the trans arrangement of the two halves of the
tetradentate ligand and thus forms a dimeric unit, like 4. In
contrast, Ni! clearly prefers a square-planar salen-type
coordination in the [NiL] complex,”) while Ru" shows another
different, transoid ligand arrangement in the monomeric
[(cod)RuL] complex!'” (cod = 1,5-cyclooctadiene). A dimeric
structure for the [Zn,L,] complex has been proposed on the
basis of mass spectroscopy.!'!]

We analysed the conformational stability of LH, and L'H,
by PM3 calculations with Gaussian 98.1'21 A relaxed potential-
energy scan was made for the N2-C6-C7-N3 torsion angle. The
corresponding conformational energy line is shown in Fig-
ure 3. Note that the potential energy is very different for the

14

12 ¢

{Eppug-Enmin)/kd mof’!

o NS NS
-150 -100 -50 0 50 100 150

N2-C6-C7-N3/degrees
Figure 3. Conformational energy versus N2-C6-C7-N3 torsion angle in
LH, (—)and L'H, (----). 4A m,4B e, [NiL] A, [RuL(cod)] v, [Cu,L,] e,
3A0,3B0o,5A2,5Bv,90.

two ligands. LH, is very flexible with minima in the potential
energy ~ £ 77°. All energies are small, the central barrier is
only 14.5 kJ mol~! (note that this energy difference can only
be considered to be qualitatively correct because of the low
level of the present calculations). In the case of L'H,, the
situation is different. The minimum energy is, as expected,
~(0°. The local maximum at 0° is caused by repulsions
between the hydrogens and the true minima are at +8°. The
shape of the curve confirms the intuitive image of the two
ligands stated in the introduction. Ligand L is very flexible
while L' is rigid with a strong propensity to be close to planar.
As can be expected, all of the structures which contain L’ are
all close to the potential energy minimum. Note that the zero-
centered local maximum is not necessarily present in anionic
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systems. For L, the situation is somewhat different. In 4 and
the similar copper complex, the geometry is close to the
minima found in the isolated ligand calculation. In the
[RuL(cod)] complex, the angle (—33.8°) is forced by the
coordination geometry imposed by the presence of the cyclic
olefin. We can also see that [NiL] almost lies on the curve
maximum. On account of the crystal-field stabilisation energy
for a d® ion, Ni!! is indeed comfortable in a square-planar
coordination environment. As the four nitrogen donor atoms
in [NiL] lie in the same plane with the metal atom, the N2-C6-
C7-N3 torsion angle can assume only small values. In contrast,
there is no crystal-field stabilisation energy for the spherical,
high-spin Mn" ion. The ligand is then free to assume its
preferred conformation around the metal atom in 4.

The o-phenylene bridge, in contrast, forces the square-
planar arrangement of the N, set around a single manganese
ion. This tetradentate ligand arrangement is most commonly
observed in Mn Schiff base complexes.!'> 4l The structure of 5
is shown in Figure 4. There are two molecules in the

Figure 4. XP view of complex 5. Left: molecule A, right: molecule B. Note
that the only difference between the two molecules is the orientation of the
THEF ligands and that one of these is disordered in molecule B.

asymmetric unit. The two independent L’ ligands can be
perfectly super-imposed and the metal coordination sphere is
almost the same in the two cases. The only difference between
the two molecules is in the orientation of the THF molecules
(Table 1 and Figure 4). In complex B, one of the THF
molecules is disordered and two conformations were refined,
while complex A is completely ordered. The angle between
the mean planes of the two THF conformations in the
disordered THF is 27.8(6)°. The fact that two molecules are
present in the asymmetric unit is probably the result of close-
packing requirements.

Reactivity of Mn" complexes with molecular dioxygen:
Compounds 4-6 are particularly remarkable in the field of
manganese chemistry for several reasons: i) they contain an
N, ligand set which is quite unusual for manganese except for
the porphyrin derivatives, ii)in complex 4 we have a
preorganised dimetallic system in which the two metals are
in close proximity within a protecting cavity and which
exemplifies the ideal structural model for the two-electron
(peroxo) or four-electron (oxo) reduction of dioxygen and
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iii) in complexes 5 and 6, pyrophen (L in 1) can easily
rearrange to a dinucleating ligand, like the analogous
salophen (phenyl rings instead of pyrrole), so that under
redox conditions 5 and 6 will behave in a similar manner to
4.[13b, 15]

Although much chemistry deals with the manganese-oxo
functionality, its synthesis is essentially confined to hydrolysis/
oxidation of Mn" and Mn' complexes by peroxides!'® or
other oxo-transfer agents (PhIO, etc.).

The reaction of Mn" and Mn!!! derivatives with dioxygen,
although particularly relevant, has been poorly explored
because of the possible formation of by-products derived from
the oxidative degradation of the ligand in addition to the
expected peroxo, superoxo and oxo species.['” 181 At this stage,
however, we should mention two important exceptions,
namely the formation of two dinuclear Mn-peroxo species
directly from molecular oxygen.['-2%! These compounds may
be the plausible precursors that precede the formation of di-u-
oxo-Mn'V species.

The reactions of 4—6 with dioxygen (Schemes 3 and 4) were
carried out under rigorous anhydrous conditions to avoid the
complication derived from a parallel or subsequent hydrolysis

4 L _
A\ 2 N 7
\ J \ J Yy ¢
N N N N N N
Y Wi ) LN )

Scheme 3. The reaction of 4 with O, and the twisting rearrangement to
give 7.

reaction. In all cases, the gas-volumetric measurements
showed the absorption of O, with a molar ratio O,:Mn of
1:2. Complexes 7-9 were fully characterised, including the
X-ray analyses of 7 and 9. These last compounds have similar
structures, despite the difference in the structure of the
starting compounds 4 and 6. It must be mentioned at this point
that it is not uncommon to observe the salophen rearrange-
ment to a dinucleating ligand under redox conditions.!'*® 13!
Therefore, we can assume that at a certain stage [Mn(pyr-
ophen)] (6) displays a dinuclear structure analogous to 4,
preceding the reaction with dioxygen. The dimer 4 already has
a preorganised cavity to host a dioxygen molecule. This cavity
is not easily accessible when the molecule is in its helical form;
however, sufficient space to host O, becomes available after a
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Scheme 4. The reaction of mononuclear complexes 5 and 6 with O, to give
binuclear complexes 8 and 9.

twisting rearrangement that sterically reorganises the ligands
around the metal —metal axis, as shown in Scheme 3. Com-
pound 7 was obtained as a black powder. On account of its
remarkable insolubility, suitable crystals for X-ray analysis
were grown directly in the reaction vessel by exposure of a
diluted solution of 4 to dry oxygen (see the Experimental
Section). The crystal structure of 7 is shown in Figure 5. Its
determination was handicapped by the combination of a
poorly diffracting sample, disorder, seen as diffuse scattering

Figure 5. XP view of complex 7. Left: view of the two ligands used to
parameterise the disorder. Both manganese and oxygens atoms are shown.
Note that the data do not permit a determination of whether this
conformation is the correct one. Ligand A has solid bonds while ligand B
has open bonds. Right: The complete average molecular structure
illustrating the strong ligand disorder. The two A ligands have solid and
dashed solid bonds while the two B ligands have open and dashed open
bonds, respectively.
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on the diffractograms, and the presence of non-merohedral
twinning. The structure could, however, be modelled success-
fully as an ordered Mn-O core (with the same oxo/hydroxo
disorder as in 9) surrounded by disordered ligands. The ligand
disorder was modelled by a superposition of ligands with the
pyrrolyl groups trans to the Mn-Mn-N2-N3 plane. This is
opposite to what was observed for 9 (see below). While this
gave a good model, we cannot, with certainty, determine
whether the trans geometry is the correct one. It is clear from
the many attempts which we have performed that this
structure could not have been determined without the high
flux and beam quality of the synchrotron. This illustrates one
of the many beneficial uses of synchrotron radiation in
chemistry. It is worth noting that the data collection time for
this crystal was less than four hours, which demonstrates that
the combination of synchrotron radiation and area detectors
can act as a fast, reliable tool.

Crystals of 9 suitable for X-ray analysis were grown in ethyl
acetate. The complex (Figure 6) is situated on an inversion

Figure 6. XP view of complex 9.

centre in the crystal structure so that only half a molecule is
present in the asymmetric unit. In addition, two solvent
molecules are present per complex (one in the asymmetric
unit). The carbonyl group of the ester is connected to the
complex by two C—H---O hydrogen bonds Cl16-H16---
0102B and C1-H1---O102A. They have the geometric
characteristics C16---0102B =3.519(11) A and C16-H16---
0102B =173.8° and C1---0102C =3.548(11) and C1-H1---
0102C =150.6° (B indicates the symmetry operation x, y + 1,
z + 1 and C the symmetry operation 1 —x, —y—1, —z —1).
We observe a difference in the bond lengths of Mn1 --- O1 and
Mnl ---O1A (Table 1). On account of the crystal symmetry,
the bonding situation is equivalent for the two manganese
atoms. Therefore, the cause of the difference in the bond
lengths is not clear: it could be the combination of oxo/
hydroxo and oxidation-state disorder. In general, the Mn—O
bond length in mixed-valent oxo/hydroxo bridged Mn"/Mn'"
complexes is not a useful criterion to distinguish the oxidation
state of the metal atoms.?!! This is especially true in the
present case, in which the dinucleating ligands force the two
manganese cations to remain at a distance that is shorter that
2.7A.

The genesis of 7, 8 and 9 deserves a particular comment
because of their relevance in the redox chemistry of Mn'. Two
possible pathways in Schemes 3 and 4 have been proposed.

Chem. Eur. J. 2001, 7, No. 7
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The first one reports the intermediate formation of a peroxo
species that bridges the Mn"/Mn!!! centres, followed by the
cleavage of the O — O bond to form a bis-u-oxo dinuclear Mn'v
complex. It has been recently reported that such compounds
promote hydride transferl?? or hydrogen abstraction®’ in Mn-
mediated hydrocarbon oxidations. This pathway seems rather
unlikely because of the absence of such a reactivity in the
analogous derivatives [Mn,(R-salophen),(u-O),]."! The al-
ternative proposed pathway foresees the formation of an
hydroperoxo Mn''/Mn'"! species as a result of the reaction of a
single Mn!"! with O, to give a mononuclear Mn'"!-superoxo
species capable of abstracting an hydrogen atom from the
organic surroundings. The cleavage of the O—-O bond leads
directly to Mn"/Mn!V u-oxo-u-hydroxo species, 7-9. Such a
pathway has a significant support in the Mn-assisted intra-
molecular oxidation of the salophen ligand.!'®!

Extended Hiickel calculations®!! were performed on
[Mn(pyrophen)] in order to investigate which frontier orbitals
are available in the preliminary stage in the reaction with
dioxygen. The molecular orbitals of the [Mn(pyrophen)]
fragment are given on the left of Figure 7. The metal orbitals
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Figure 7. Molecular orbital diagram for [Mn(pyrophen)], [Mn(tpp)] and
[Mn(salen)]. (For the sake of clarity the four phenyl rings attached to the
main porhyrin skeleton of tpp have been omitted.)

mix strongly with the ligand frontier orbitals so that no pure d
orbitals can be assigned. However, five MOs with large metal
d character can be identified. These are the three closely
spaced 1b,(d,,), 1a,(d,) and 1b,(d,,) orbitals, which all lie
within 0.2 eV, the a,(d,._,») orbital placed ~0.5 eV above and
the higher lying a,(d,,) orbital, which points more closely
towards the nitrogen atoms of the ligands.

It is worth comparing the frontier orbitals of the [Mn(pyr-
ophen)] fragment with those of [Mn(tpp)] and [Mn(salen)],
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which have also been widely used in Mn-assisted catalytic
oxygen-transfer reactions. The frontier orbitals of these two
fragments are reported on the right of Figure 7. We note that
[Mn(tpp)] and [Mn(salen)] have a similar ordering of the
metal orbitals that is characterised by four closely spaced
orbitals, d,,, d,,, d,» and d,._,., which all lie within 0.3-0.4 €V,
and a high-lying d,, that points more directly towards the
ligand atoms. The main differences between the frontier
orbitals of these two fragments and those of [Mn(pyrophen)]
lie in the higher energy of the d,._,» and the lower energy of d,,
calculated for the [Mn(pyrophen)] fragment. Such a differ-
ence in the energy distribution of frontier orbitals may be
important in the bonding mode of the O, in the preliminary
stage of its interaction with the metal, as well as in the metal-
assisted cleavage of the O —O bond leading to the formation
of the oxo species.

Magnetic analysis of Mn"-oxo and Mn""/Mn'*-0xo complexes:
The magnetic susceptibilities of complexes 4—9 were meas-
ured in the temperature range 1.9-300 K and those of 4 and
7-9 are shown in Figures 8 and 9, respectively. The temper-

300.0 ‘ 9.0
V4 Heif
200.0» ._.‘...7.7.‘.'_._...7._...;6.0
100.04 r3.0
.0 - .
.0 100.0 200.0 300.0
K

Figure 8. Magnetic susceptibilities (0) and effective magnetic moments
(@) for complex 4.

ature dependence of the magnetic moment of 4 is typical of
antiferromagnetic-coupled Mn" dimers. The data were fitted
with a theoretical equation [Eq. (1)],?] based on the Heisen-
berg model H=-2JS,S, (§,=S,=%):
Ng’pj 2e2* + 10e5% + 28e'2% + 60e™* + 110
Kam =TT 1 1 30 + 5t 1 Te + 9 1 11 o
where x =J/kT.

To obtain a good fit we included a correction for a small
quantity of monomeric Mn" impurities that were assumed to
obey the Curie law. Equation (2) was therefore used for the
total susceptibility:

Ng?u3S(s + 1)
2= VL= pam + P 2)

3kT
where §=%, g’ is the g factor of the impurity (assumed to
be 2.00) and p is the monomeric impurity fraction. The value
of g was fixed at 2.00, as expected for such a d” ion. The best fit
to the collected data was obtained for J=—1.0cm™! and p =
09% (Figure 8). It is worth noting that the calculated
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Figure 9. Magnetic susceptibilities (0) and effective magnetic moments
(@) for complexes a) 7, b) 8 and ¢) 9.

coupling constant (J=—1.0 cm™") is much smaller than that
observed for the Cu'" [Cu,L,] dimer (J = —61.2 cm~'),[® which
has the same connectivity as 4. This is probably caused by the
different magnetic orbitals involved in the two complexes as
well as by the different coordination geometry of the two
metal ions (quasi square-planar for the Cu'' centres, and
almost tetrahedral for the Mn! centers). The temperature
dependence of the magnetic moment of 5 and 6 is typical of a
high-spin Mn!" d> monomer (§ =%); the magnetic moment is
nearly constant throughout the whole temperature range 2—
300 K with a value of 5.85 and 5.90 ug, respectively.
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For compounds 7-9, the effective magnetic moments per
manganese at room temperature are in the range 2.2-2.4 uy
and decrease monotonically to approach a plateau of ~1.4—
1.6 ug below 60-80K. A further irregular decrease is
observed below 20-30 K; however, this can probably be
attributed to the presence of paramagnetic impurities and/or
small intermolecular interactions. The low-temperature val-
ues of the magnetic moments, 1.4—1.6 ug, correspond fairly
well to the spin-only moment of 1.42 uz expected for an
unpaired electron on the whole dimer, that is, for an S=%
ground state; this suggests a strong antiferromagnetic cou-
pling within the Mn"/Mn'¥ dimer.

The magnetic susceptibility data can be fitted by the spin-
Hamiltonian given in Equation (3).

H=ugH(g,S, + 85,) —2JS,S,, (3)

where S, =2 is the spin of the Mn'! centre, S, = %: is the spin
of the Mn!V centre and g, and g, are their g factors, which were
assumed to be identical (g, = g,). The susceptibility for such a
system is calculated by means of the thermodynamic relation-
ship y = M/H, where M is defined in Equation (4):

N> (~dE,/dH)e(—E,/kyT)

Z e(—E;/kgT)

i

M= 4)

The energy levels of the dimer, E, were evaluated by
diagonalising the 20 x 20 Hamiltonian matrix in the basis
that contained the product of the spin functions for the two
single-spin centres. Because of the anomalous behaviour
below 20-30K, a best fit to the experimental data was
performed only above 30 K and included a correction for the
presence of monomeric Mn™! impurities, as described above.
The best-fit parameters are g=198, J=-53cm™, p=
44% for 7, g=1.92, J=—64cm™!, p=2.8% for 8 and g=
191, J=—60cm™, p=39% for 9. These values of the
Heisenberg coupling constant are somewhat smaller than
those observed for mixed-valent bis(u-oxo)dimanganese(111/1v)
complexes,['> '8l which fall in the range —100 to —250 cm™,
and are close to the values observed for mono(u-0xo)-
dimanganese(111/1v) complexes with other ligands less effec-
tive for magnetic superexchange, such as (u-oxo)(u-CH;CO,)-
dimanganese(t11/1v), with J = —40 cm~.2

Experimental Section

General procedure: All reactions were carried out in an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods. [Mn;(Mes)y] - toluene was prepared according to a published
procedure.””l NMR and ESR spectra were recorded on AC200 Bruker
spectrometer. Infrared spectra were recorded with a Perkin—Elmer
FT 1600 spectrophotometer. Oxygen uptake was measured in THF at
288 K according to a modified version of an apparatus previously
reported.?!

Synthesis of LH, (1): Ethylenediamine (15 mL, 225 mmol) was slowly
added at room temperature to a solution of pyrrole-2-carboxaldehyde
(42.34 g, 450 mmol) in ethanol (300 mL). The mixture was heated under
reflux overnight. A white solid precipitated that was collected and
extracted with ethanol (300 mL). White crystals of LH, were collected
and dried in vacuo (44.35 g,92 % ). '"H NMR (200 MHz, [D¢]DMSO, 25°C):
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0=11.36 (brs, 1H; NH), 8.06 (s, 1H; CH=N), 6.84 (t, /=4 Hz, 1H), 6.41
(m, CH), 6.08 (t, /=4 Hz, 1H), 3.72 (s, 2H; CH,).

Synthesis of L'H, (2): 1,2-Phenylenediamine (11.4 g, 105 mmol) was added
to a CH,Cl, (200mL) solution of pyrrol-2-carboxyaldehyde (20.0 g,
210 mmol). The resulting dark solution was stirred for 48 h, and then the
solvent was evaporated at reduced pressure. The residue was suspended in
hexane and stirred for 30 min. A yellow microcrystalline product was
collected and dried in vacuo (22 g, 81%). 'H NMR (200 MHz, CD,Cl,,
25°C): 6=12.27 (brs, 1H; NH), 7.77 (s, 1H; CH=N), 7.28 (t, /=4 Hz, 1H),
714 (m, 1H), 6.4 (t, J =4 Hz, 1H), 6.26 (m, 1H), 6.03 (m, 1H).
Synthesis of L"H, (3): 4,5-Dimethyl-1,2-phenylenediamine (11.9 g,
87 mmol) was added to a solution of pyrrol-2-carboxyaldehyde (16.7 g,
175 mmol) in CH,Cl, (150 mL). The resulting dark red solution was stirred
for 15 min, then allowed to stand at 5°C for 3d. A yellow crystalline
product was collected and dried in vacuo (18.4¢, 73%). 'H NMR
(200 MHz, [D¢]DMSO, 25°C): 6=11.53 (brs, 1H; NH), 8.19 (s, 1H;
CH=N), 6.95 (t,/ =4 Hz, 1H), 6.82 (m, 1 H), 6.60 (t, /=4 Hz, 1H), 6.16 (m,
1H), 2.21 (s, 3H; CHj;). Crystals suitable for X-ray analysis were grown in
C(l, at room temperature.

Synthesis of 4: [Mn;(Mes)y] - toluene (8.46 g, 8.7 mmol) was added to a
solution of 1 (5.64 g, 26.2 mmol) in toluene (400 mL) to give a yellow
suspension that was heated under reflux for 4 h. A red microcrystalline
solid was collected and dried in vacuo (6.38 g, 91%). IR (Nujol): 7=
1594 (s), 1438 (s), 1395 (m), 1342 (m), 1330 (w), 1305 (s), 1191 (w), 1035 (s),
980 (m), 797 (w), 745 (s), 735 (s), 609 (w), 595 (w), 445 cm™~! (w); elemental
analysis caled (%) for C,H;;MnN, (267.2): C 53.94, H 4.53, N 20.97; found
C 53.94, H 4.46, N 20.62. Crystals suitable for X-ray analysis were grown
slowly by cooling a hot toluene solution to room temperature.

Synthesis of 5: [Mns(Mes),] - toluene (3.74 g, 3.85 mmol) was added to a
solution of 2 (3.03 g, 11.6 mmol) in THF (200 mL) to give a brown
suspension that was heated under reflux for 4 h. This suspension was
concentrated to 50 mL and then n-hexane (100 mL) was added. The yellow-
brown solid was collected and dried in vacuo (4.90 g, 92%). IR (Nujol):
Tmax = 1592 (s), 1560 (s), 1440 (m), 1385 (s), 1300 (s), 1189 (w), 1030 (s), 973
(m), 875 (w), 820 (w), 757 (m), 745 (s), 616 (W), 592 (w), 575 (m), 485 cm™!
(w); elemental analysis calcd (%) for C,JH,sMnN,O, (459.4): C 62.74, H
6.14, N 12.19; found: C 62.52, H 6.31, N 12.05. Crystals suitable for X-ray
analysis were grown in THF/n-hexane at room temperature.

Synthesis of 6: [Mn;(Mes)g] - toluene (3.31 g, 3 mmol) was added to a THF
(120 mL) solution of 3 (2.16 g, 7.44 mmol) to give a brown suspension that
was heated under reflux for 4 h. This suspension was concentrated to 50 mL
and then n-hexane (90 mL) was added. The orange microcrystalline solid
was collected and dried in vacuo (2.90 g, 80 %). IR (Nujol): #,,, = 1595 (s),
1560 (s), 1440 (m), 1385 (s), 1300 (s), 1189 (w), 1030 (s), 973 (m), 875 (W),
820 (w), 757 (m), 745 (s), 616 (w), 592 (w), 575 (m), 485 cm~! (w); elemental
analysis caled (%) for C,sH;MnN,O, (487.5): C 64.06, H 6.62, N 11.49;
found: C 63.95, H 6.72, N 11.88.

Synthesis of 7: A yellow THF (200 mL) solution of 4 (1.11 g, 2.08 mmol)
was exposed to dry O, to give a black suspension that was stirred overnight.
The solid was collected and dried in vacuo (1.13 g, 96 % ). Gas-volumetric
measurements showed that the solution had absorbed 0.94 mol of O, per
mole of 4. IR (Nujol): 7, = 1576 (s), 1434 (s), 1389 (s), 1338 (m), 1267 (s),
1185 (m), 1030 (s), 893 (w), 730 (s), 628 cm™! (s); elemental analysis calcd
(%) for C,,H,sMn,N;zO, (567.4): C 50.80, H 4.44, N 19.75; found: C 50.99, H
4.53, N 19.51. Crystals suitable for X-ray analysis were grown by allowing
O, to diffuse slowly into a solution of 4 in THF (1.2 x 10~*m) at room
temperature.

Synthesis of 8: An orange solution of 5 (1.03 g, 2.24 mmol) in THF
(200 mL) was exposed to dry O, to give a dark green suspension that was
stirred overnight. The solid was collected and dried in vacuo (0.56 g, 76 % ).
Gas-volumetric measurements showed that the solution had absorbed
0.54 mol of O, per mole of 5. IR (Nujol): 7, = 1552 (s), 1463 (s), 1381 (s),
1295 (s), 1267 (m), 1192 (w), 1040 (s), 988 (w), 889 (w), 752 (m), 741 (s), 648
(m), 423 cm™' (w); elemental analysis caled (%) for Cs;H,sMn,NzO,
(663.5): C 5793, H 3.80, N 16.89; found: C 57.77, H 3.58, N 16.59.

Synthesis of 9: An orange solution of 6 (4.53 g, 9.29 mmol) in THF
(220 mL) was exposed to dry O, to give a dark green suspension that was
stirred overnight. The solid was collected and dried in vacuo (2.41 g, 72 %).
Gas-volumetric measurements showed that the solution had absorbed
0.54 mol of O, per mole of 6. IR (Nujol): 7, = 1550 (s), 1463 (s), 1385 (s),
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1298 (s), 1267 (m), 1192 (w), 1040 (s), 988 (w), 889 (w), 752 (m), 741 (s), 648
(m), 423 cm™! (w); elemental analysis caled (%) for Cs;Hi;3Mn,NgO,
(719.6): C 60.09, H 4.62, N 15.57; found: C 60.41, H 4.75, N 15.48.

Magnetic susceptibility measurements: Magnetic susceptibility was meas-
ured on a Quantum Design MPMSS5 SQUID susceptometer operating at a
magnetic field strength of 1 kOe. Corrections were applied for diamagnet-
ism calculated from Pascal constants.*) Effective magnetic moments were
calculated as u.;=2.828(yvnT)"?, Where gy, is the magnetic susceptibility
per manganese atom. Fitting of the magnetic data to the theoretical
expression was performed by minimising the agreement factor defined in
Equation (5) through a Levenberg — Marquardt routine.

™ T, — ™ T)

5
(T, ®

PM3 calculations: PM3 calculations were performed with Gaussian 98.1'%!
LH, and L'H, were constructed from the experimental structures (from 4
for LH, and 5 for L'H,) by adding hydrogens onto nitrogens N1 and N4.
The structures were first optimised and then relaxed potential-energy scans
of the N2-C6-C7-N3 torsion angle were carried out (one optimisation per
degree).

Extended Hiickel calculations: Extended Hiickel calculations were per-
formed with the CACAO molecular orbital program,*] and parameters
that have already been published.?!)

X-ray crystallography for complexes 3, 4, 5, 7 and 9: Suitable crystals were
mounted in glass capillaries and sealed under a nitrogen atmosphere. All
structures were solved and refined in SHELX.P>*l Crystal data are
reported in Table 2. With the exception of 7 (vide infra), the structure
solution was straightforward. Direct methods were used for all structures,
as implemented in SHELXS-97.%21. All structures were refined with full-
matrix least-squares on F2. When not stated otherwise, all non-hydrogen
atoms were refined with anisotropic displacement parameters. Hydrogens
were included in the “riding” model with Uy, = aU,((X), where a = 1.5 for
methyl and 1.2 for others and X is the parent atom. The anisotropic
weighting scheme of SHELXL:® w =1/(0*(F2?) + (aP)? + bP), where P=
(max(F20) + 2F2)/3 was used throughout. In neither of the oxidised
complexes (7 and 9) were we able to locate the oxygen-bound hydrogen. It
is disordered in both structures. The program XPP was used for the
graphical representation of all compounds.

Complex 3: Low-temperature diffraction data were collected on a
MAR 345 imaging-plate detector system operating with 150 um pixel size,
345 mm diameter active area and Mok, radiation. Data reduction was
performed with DENZO and SCALEPACK.! From the visual inspection

Table 2. Crystal data and structure refinements for 3, 4, 5, 7 and 9.

of the images, it was evident that two crystals contribute to the diffracto-
grams. One of these dominated and so the data reduction was performed
considering only this crystal (it was also evident that this was not caused by
twinning). This means that the intensities of some low-order reflections
might have been contaminated by the other crystallites. The 10534
measured reflections averaged to 5730 unique ones, R;,=0.034. The
lowest order reflections (to d =1.94 A) merged less than the next shell (d =
1.94-1.54 A). This, together with an apparent error in the intensities of the
low-order reflections seen during the refinement, led us to use only the
5209 unique reflections in the range d=1.89-0.85 A. The structure
solution revealed that, in addition to the presence of two molecules of 3,
the asymmetric unit also contains a strongly disordered CCl, solvent
molecule. The disorder was modelled by splitting the chlorine atoms into
several contributing atoms. The C—Cl bond length was restrained to a
common value, d- ¢, which was refined as a free variable. The restraints
were given a standard uncertainty of 0.01 A. In addition, the sum of the
occupancies for each chlorine was restrained to 1.000(1). All contributing
chlorines were refined with anisotropic displacement parameters that were
restrained to be isotropic (s.u. 0.1). The total number of restraints was 88.
The refined value of d¢_¢; was 1.746(4) A. Hydrogens on the methyl groups
were included as a rotating riding group (i.e. one torsion angle was
optimised for the three hydrogens together, bond lengths and angles being
fixed).

Complex 4: Data were collected at 293K on a KUMA four-circle
diffractometer equipped with a scintillation detector.

Complex 5: Data were collected on a Rigaku AFC6S four-circle
diffractometer at 138 K and reduced with teXsan.®! There are two
molecules in the asymmetric unit and in one of these molecules one of
the THF molecules is disordered. This disorder was modelled by allowing
two conformations for C1 and C4 each with equal occupation. The two
disordered atoms were refined with isotropic displacement parameters,
while the other three were refined anisotropically. The ratios of the largest
and smallest eigenvalue of the anisotropic displacement parameter tensor
of the three non-split atoms are large which indicates that some disorder
remains. This could not, however, be modelled in more detail.

Complex 7: Several crystals were examined in the laboratory. They all
diffracted very poorly and none yielded structure solutions. Therefore, we
collected data at the Swiss—Norwegian Beam Line (SNBL) at the
European Synchrotron Radiation Facility (France). The SNBL is situated
at a bending magnet. The optics of the beam line consist of an Rh-coated
vertically collimating mirror followed by a sagitally focusing Si(111)
double-crystal monochromator (focusing in the horizontal plane) and a Rh-

3 4 5 7 9
formula 2(CigHigN,) - CCly C,,H;;MnN, C,,HyxN,O,Mn C,,HsNgO,Mn C3H33NgO,Mn - 2 (C,H0,)
M, 734.54 534.39 459.44 567.40 895.79
T [K] 143(2) 293(2) 138(2) 293(2) 133(2)

2 [A] 0.71073 0.71073 1.54184 0.8002(1) 0.71073
crystal system triclinic monoclinic monoclinic monoclinic triclinic
space group Pl C2lc P2/n P2/n Pl
a [A] 10.411(2) 16.676(5) 16.42(3) 15.175(3) 8.5849(17)
b [A] 13.359(3) 11.913(13) 13.22(2) 8.253(2) 10.787(2)
c [A] 14.083(3) 12.569(18) 21.04(3) 12.295(3) 13.276(3)
a 7] 98.44(3) 90 90 90 103.43(3)
B I°] 91.58(3) 109.88(7) 104.38(13) 127.97(3) 102.38(3)
y [°] 104.15(3) 90 90 90 105.74(3)
v [A3] 1874.5(7) 2348(4) 4422(14) 1228.6(4) 1099.2(4)
V4 2 4 8 2 1
Pearea [gem™?] 1.301 1.512 1.380 1.534 1.353
u [mm~] 0.354 1.105 5.079 1.067 0.630
absorption correction none none 1 scans none none
reflections collected 10534 2123 4843 16479 5396
(in super cell)
data/parameters 5209/531 2123/154 4637/557 2069/132 2632/275
R, [I>20(])] 0.0512 0.0791 0.0641 0.0551 0.0874
WwR, (all data) 0.1303 0.2386 0.1937 0.1481 0.2192
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coated vertically focusing second mirror. The wavelength was set to
0.8002(1) A. For the experiment we used a MAR345 imaging-plate
detector operated with an effective diameter of 240 mm and 150 um pixel
size. The crystal used for measurements (several crystals were tested) was
of poor quality, but sufficient for a data collection if an increased
synchrotron flux was used. Data were collected with the oscillation method
and a total of 158 frames of 2° oscillation each were collected. The peaks
were all very large and anisotropic in shape; the oscillation angle was
slightly dependent on the size. Many reflections resided on lines of weak,
diffuse scattering which showed that the structure is disordered. The
diffraction pattern was successfully indexed with DENZOP! to a mono-
clinic cell of dimensions a=12.51, b=8.25, ¢=24.59 A and p=104.57°.
Integration was performed with DENZO®! and the data were scaled to
correct for the decay of the incident beam with SCALEPACK®™! in point
group 2/m. Initial analysis of the diffraction pattern showed a set of non-
space-group absences: all reflections with 4 even and / odd were absent.
This led us to believe that the sample was a non-merohedral twin. A
schematic view of the diffraction pattern in the a*/c* plane is shown in
Figure 10a. The pattern can be explained if one assumes the presence of

]ooooo.noc
a)e O e O e O e C e
s o o o o
o e o

b)

Figure 10. a) Schematic view of the observed diffraction pattern in the a*/
c* plane of 7. o represent systematically extinct reflections, while @

767 unique common reflections is 33.1, while that of the 778 unique
reflections in domain 2 is 25.5. Thus, domain 1 accounts for only ~4 % of
the superstructure scattering. The structure was therefore solved with
direct methods and a data set that consists of the common reflections and
the pure domain 2 reflections. In addition to the twinning, the structure also
displays strong disorder. This is confirmed by the observation of diffuse
scattering in the diffractograms. The symmetry of each domain is P2,/n with
two formula units in the unit cell. This indicates that each complex is
situated at a crystallographic point of symmetry higher than the molecular
one. The manganese and oxygen are ordered, while the ligand is strongly
disordered. We modeled the ligand disorder by placing two complete
unique ligands on either side of the manganese atom, each with half
occupancy. An open question is whether the conformation of the ligand was
such that the pyrrolyl groups are on the same side of the N1-Mn-Mn-N4
plane as in 9 or on opposite sides. While we cannot decide this with
certitude from the present data, the initial refinements made it clear that a
model with unique ligands which both have the same conformation as 9
(one ligand having both pyrrolyl groups above and the other both below)
does not fit the data for 7 In our final model, the unique ligands have the
pyrroles on either side of Mn-N plane (see Figure 5, left). This gives the
disordered model shown in Figure 5 (right). Once this ligand description
was employed, the refinement was remarkably well-behaved. At the final
stages of the non-twinned refinement even hydrogens were visible in the
difference map. The final cycles of the refinement included all data and the
HKLFS5 option of SHELXLP™! was used to describe the non-merohedral
twinning. The model consisted of anisotropic manganese and oxygen. The
ligands were described with isotropic displacement parameters that were
constrained to be equal for equivalent atoms in the two ligands. All
hydrogens, except for those on the oxygen, were included in the riding
model as for the other structures. The final twinning volume ratio gave
97.10(5) % of domain 2 in good agreement with the estimate given above
from the ratio of average intensities.
Complex 9: Data were collected at 133 K on a KUMA CCD and reduced
with CrysAlis-RED.P”l The structure determination revealed that the
complex is situated on an inversion centre. In addition to the complex, one
ethyl acetate (solvent) is present in the asymmetric unit.
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 Nos. CCDC-147150 (3),
CCDC-147151 (4), CCDC-147152 (5), CCDC-147153 (7) and CCDC-
147154 (9). 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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represent present reflections. The lattice vectors used for integration of
the data are indicated. b) Decomposition of the observed pattern into
reflections stemming from the two contributing domains. o represent the
systematically absent reflections, m represent the common reflections, A are
pure domain 1 reflections and A represent pure domain 2 reflections.

two domains linked by a two-fold rotation around the b axis (Figure 10b)
The Miller indices (and, therefore, also the direct-space lattice vectors) are
transformed according to h, = (I —h)/2, ky=k,l,=—(h+/)/2 and h,=h +
112, ky = —k, [, =—1/2. The unit cell of each domain is also monoclinic with
dimensions a, = 15.175, b, =8.253, ¢,=12.295 A and B,=127.97°. For the
twinning to be exact (i.e. that the reflections common to the two domains
overlap exactly), the metric must fulfill the condition a=—2ccosf. If we
write ¢ =2a(1 + ) this condition becomes cos = —1/[4(1 + 6)]. Here we
have 0 =—0.0172 which leads to an expected value of §=104.74°. This
deviation of 0.17° is close to the resolution of the present experiment, which
results from the poor crystal quality, hence no resolvable peak splitting
could be observed. It was apparent that one domain dominated the
diffraction pattern. If the relative average intensity of the 777 unique
reflections in domain 1 are set to one, the relative average intensity of the
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Solid State and Solution Conformation of [Ala’]-Phalloidin:
A Synthetic Phallotoxin Analogue

Giancarlo Zanotti,*! Lucia Falcigno,™ ¢! Michele Saviano,!*! Gabriella D’Auria,!® ¢!
Bianca Maria Bruno,”! Tiziano Campanile,®! and Livio Paolillo*!*]

Dedicated to the memory of Professor Theodor Wieland

Abstract: Phallotoxins are toxic com-
pounds produced by poisonous mush-
room Amanita phalloides and belong to
the class of bicyclic peptides with a
transannular thioether bridge. Their in-
toxication mechanism in the liver in-
volves a specific binding of the toxins to
F-actin that, consequently, prevents the
depolymerization  equilibrium  with
G-actin. Even though the conformation-
al features of phallotoxins have been
worked out in solution, the exact mech-

unknown. In this study a toxic phalloidin
synthetic derivative, bicyclo(Ala!-D-
Thr2-Cys’-cis-4-hydroxy-Pro*-Ala>-2-

mercapto-Trp®-Ala’)(S-3 — 6) has been
synthesized. A substitution at position 7,
with an Ala residue replaces the 4,5-
dihydroxy-Leu present in the natural
phalloidin. This analogue has formed

Keywords: NMR spectroscopy -
peptides - phallotoxin analogue -
X-ray diffraction

crystals suitable for X-ray analysis, and
represents the first case for such a class
of compounds. The solid-state structure
as well as the solution conformation
have been evaluated. NMR techniques
have been used to extract interproton
distances as restraints in subsequent
molecular dynamics calculations. Final-
ly, a direct comparison between struc-
tures in solution and in the solid state is
presented.

anism of interaction with F-actin is still

Introduction

Amanita phalloides and Amanita verna are mushrooms with
lethal toxicity. They contain the following three main families
of toxic cyclopeptides namely amatoxins, virotoxins, and
phallotoxins.l! Phallotoxins are bicyclic heptapeptides, char-
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Supporting information for this article is available on the WWW under
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ing Information available (16 pages): Synthesis protocol and schemes
(five pages). Tables from the X-ray analysis of atomic coordinates
(Table S1), bond lengths and angles (Table S2), anisotropic displace-
ment parameters (Table S3), torsion angles (Table S4). Tables of
13C NMR shifts (Table S5) and experimental ¢ angles evaluated by
means of the Karplus equation (Table S6) from NMR analysis. Proton—
proton distances (Table S7) from NMR data and MD calculations.
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acterized by a thioether bridge between cysteine and trypto-
phan side chains and by the presence of uncommon hydroxy-
lated amino acids. Phalloidin, the main component of
phallotoxins, was obtained as a pure crystalline product by
Lynen and Wieland. The other components of the phallo-
toxin family were later isolated and characterized.’-! The
general formula and the chemical structure of naturally
occurring phallotoxins are reported in Figure 1 and Table 1,

5
HaC 6 ; i
5 <|:cho~NH--——c\H—»- co——NH-~<|;H-~crlz—cl:—R6
NH phe <|30 OH
2
co Y i
4 CHz H 1 CH—R'
N—CO—CH 2 |
H 3 NH-CO-CH-NH-CO
R* cH
R RS

Figure 1. General formula of phallotoxins. The different substituents are
listed in Table 1.

respectively. Phallotoxins are quick acting poisons, since they
cause death in the treated animals 2-5 hours after intra-
peritoneal injection. Nevertheless, phallotoxins do not seem
to play any role in the lethal mushroom poisoning of humans,
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Table 1. Naturally occurring phallotoxins.

Compound  R! R? R? R* R’ R
phalloin CH, CH, OH OH CH;, CH,
phalloidin ~ CH, CH, OH OH CH,0H CH;,
phallisin CH, CH, OH OH CH,0H CH,0H

prophalloin ~ CHj; CH; OH H CH; CH;

phallacin CH(CH;), OH COOH OH CH, CH;
phallacidin ~ CH(CH;), OH COOH OH CH,0H CH;
phallisacin CH(CH;), OH COOH OH CH,OH CH,OH

since these compounds are not absorbed in the gastrointes-
tinal tract.

The toxic effect of phallotoxins is closely related to their
capacity to bind strongly F-actin.*71 Actin, a class of
important ubiquitous proteins of about 43 kDa, exist in an
equilibrium of a monomeric form, G-actin, and a polymeric
one, called F-actin. Phallotoxins accelerate the polymeriza-
tion process with an about 30-fold F-actin increment in the
equilibrium G-actin = F-actin. By conjugation with phallo-
toxins, F-actin filaments are highly stabilized against chemical
and physical depolymerization agents!® *l and resistant to heat
denaturation and proteolytic degradation.[']

Conformational studies carried out on natural phallotoxins
and on active and inactive analogues can afford useful
information on the still unknown molecular mechanism of
the binding to F-actin. The conformation of phallotoxins has
been studied only by NMR techniquesl''-**! because so far no
crystal structure of phallotoxins has been obtained. Indeed,
phalloidin and its derivatives crystallize in very thin, asbestos-
like fibers, not suitable for X-ray analysis.

In this paper we report on the crystal and molecular
structure of  Dbicyclo(Ala!-p-Thr2-Cys?-cis-4-hydroxy-Pro*-
Ala’-2-mercapto-Trp®-Ala’)(S-3 — 6), namely [Ala’]-phalloi-
din. This toxic synthetic derivative is modified at position 7,
where the L-Ala’ replaces the 4,5-dihydroxy-L-Leu’ residue
present in the natural phalloidin. [Ala’]-phalloidin is about six
times less active than phalloidin in the F-actin binding. The
bioactivity was measured as the ability of the analogue to
displace [*H]-dimethylphalloidin from its binding complex
with F-actin. The solution structure of the analogue obtained
by two-dimensional NMR spectroscopy in [Dg]dimethyl
sulfoxide (DMSO) and molecular dynamics calculations are
also described. Solid-state and solution structures will be
shown to be almost identical.

Results and Discussion

Synthesis: The synthesis of [Ala’]-phalloidin has been carried
out by the classical method in solution by adopting the
Savige — Fontana approach to establish the cross-link thioeth-
er bridge. This method is based on the use of the oxidation
derivative of tryptophan-L-3a-hydroxy-1,2,3,3a,8,8a-hexahy-
dropyrrolo[2,3-b]indole-2-carboxylic acid (Hpi).') Under
acidic conditions, this compound forms a 2-thioindolyl ether
bond with thiol groups.l'?!8] This method has already been

1480
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applied to the synthesis of amatoxin and phallotoxin ana-
logues.[%-21]

The linear heptapetide precursor is equipped solely with
acid-labile protecting groups. The N- and C-terminal Hpi and
alanine residues are protected with the tert-butyloxycarbonyl
(Boc) groups and as fert-butylester (OrBu), respectively, while
the triphenylmethyl (Trt) and tert-butyl ether (fBu) groups
have been chosen to protect the side chains of the cysteine and
threonine residues. On treatment with trifluoroacetic acid
(TFA) all of the groups mentioned above are split off with the
simultaneous formation of the sulfur bridge to give the
monocyclic thioether peptide, which thereafter can be cy-
clized to the final phalloidin analogue. Detailed synthesis
information is available as Supporting Information.

The CD spectrum of [Ala’]-phalloidin corresponds to that
of phalloidin with positive Cotton effects around 240 and
300 nm.?2

The mass spectrum measurement (FAB) of [M — H]* shows
a mass of 715 a.m.u. as expected.

X-ray analysis: The molecular model of [Ala’]-phalloidin, as
derived from the solid-state analysis, is shown in Figure 2. All
amino acid residues are in the L-configuration, with the

Figure 2. Stereodrawing of the molecular model of [Ala’]-phalloidin as
obtained from X-ray analysis as viewed almost along the a axis (top) and
almost along the b axis (bottom). The intramolecular hydrogen bonds are
indicated as dashed lines.

exception of the p-Thr?. The geometrical parameters for all
residues are close to the expected values.?> 2 The molecule
presents all peptide bonds in a trans-configuration, with
values ranging between 168-180° and with an average value
of 171°. The large macrocyclic heptapeptide ring of 21 atoms
is “bent” at the bridging points. The bridging segment of five
atoms (containing the indole ring and the thioether group)
participates in two rings, a 15-membered ring (ring 1) and an
18-membered ring (ring 2). Ring 1 contains the backbone of
residues 4 and 5, while ring 2 contains the backbone of the
residues 1, 2, and 7. The planes of the two rings form dihedral
angles of about 90.0(5)°. The indole ring lies approximately in
the plane of ring 1, containing the cis-4-hydroxy-4-proline
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Table 2. Intra- and intermolecular hydrogen bonds of [Ala’]-phalloidin
crystal structure.

Donor Ac- Distance [A]  Angle []
ceptor He-«O D«+A D-H:+A N...O=C

Intramolecular

N, O 2.03  2.831(4) 1549 89.1(2)
N, 0O, 223 2.970(4) 144.7 93.1(2)
Ns (074 248  3.074(4) 126.1 99.4(2)
Ny, O, 224 3020(4) 1503  121.5(2)
N, 0O; 239 2.907(4) 1194 176.3(2)

Donor Ac- Distance [A]  Angle [] Symmetry
ceptor He-«O DA D-H:+A N-...O=C' operation

Intermolecular

(04 O} 234 2.725(4) 109.3 1248(2) —'+x,%—y,1—2z
O} Os 1.86  2.661(3) 164.6 14552) 1—-x,%+y, Y-z
Neg 0, 2.08  2.915(4) 164.8 108.5(2)  Votx,Yo—y, 11—z

(Hyp*)-Ala’ residues and giving rise to an overall distorted

“T” shape of the molecule.

All potential donor groups NH and OH are involved in
hydrogen bonds except the Cys®-NH. Details on intra- and
intermolecular hydrogen bonds of the [Ala’]-phalloidin
crystal structure are listed in Table 2. The backbone con-
formation of [Ala’]-phalloidin is stabilized in the solid state by
the following hydrogen bonds:

i) anintramolecular 4 — 1 hydrogen bond, between the Trp®-
NH and the Cys*-CO, with a type I S-turn formation;

ii) an intramolecular 5 — 1 hydrogen bond between the Ala’-
NH and the Cys’-CO, with the formation of a a-turn of
type Ia;

iii) an intramolecular 3 — 1 hydrogen bond, between the Ala!-
NH and the TrpS-CO, with an equatorial y-turn formation;

iv) an intramolecular 3 — 1 hydrogen bond, between the D-
Thr>-NH and the Ala’-CO, leading to an axial y-turn;

v) an intramolecular hydrogen bond between the Ala’>-NH
and the Hyp*-O].

In Table 3 the solid state torsion angles for [Ala’]-phalloidin
are summarized. All values for the ¢ and y angles fall within
the allowed regions of the Ramachandran map.

The D-Thr? side chain has y! and y'? values close to 60° (g*
conformation) and — 60° (g~ conformation), respectively. This
corresponds to one of the stable conformations for this
residue in a D-configuration.*!

The Hyp* residue, characterized by positive ! and y° values
and negative x> and x* values, adopts a C¥-endo-type
conformation.?’]

The indole ring of the Trp® presents structural parameters
similar to those found in nonbridging indole structures and in

the isolated amino acid.*” 2% The Trp® side chain has y!, >/,
and y2? values of —38.8°,120.1° and — 56.1°, respectively. This
conformation is slightly different from the more common
observation of —60° and 90° in proteins and 60° and 90° in
small molecules.?®! This deviation from the minimum energy
conformations is very likely owing to the bridging effect. By
analogy, the Cys® side chain (the other side of the bridge) is
forced into the uncommon conformational y' angle of 28.6°.12

The molecules in the solid state are held together by a
network of hydrogen bonds, as described in Table 2. All
distances of the type N-H:+O and O-H-..-O are within
expected values.?l In the crystal the molecules are held
together by O}-H-.-O} and Ni{-H-.-O, intermolecular
hyrogen bonds, with the formation of rows of symmetry
related molecules aligned along the a direction. These rows
are linked together along the ¢ direction by one intermolec-
ular hydrogen bond between the Hyp*O}-H and the Ala’-
CO. The structure is further stabilized by van der Waals
contacts.

Detailed structural parameters are available as Supporting
Information.

NMR analysis: Proton resonances were assigned with the aid
of TOCSY,P1 DQF-COSY,231 ROESYP**! and NO-
ESYB%37 gpectra, and aliphatic and aromatic carbon reso-
nances by HMQC experiments.354

All proton spin systems were identified in the TOCSY
spectrum at a mixing time of 70 ms. b-Thr? and Hyp* residues
were easily identified from their coupling patterns. The
sequential assignment of the Cys® and Trp® AMX systems
and of the three alanine spin systems was achieved by
exploitation of the interresidue H*(i) — NH(i+ 1), NH(i) <
NH (i+1) NOE effects and H%(i) <> H%(i4+-1) NOE in the case
of Cys*~Hyp*.*!l Table 4 shows the complete assignment of
the proton resonances. Prochiral protons were stereospecifi-
cally assigned from the intraresidue NOE effects such as
HPF «— NH or Hf < H® and the 3/(H*HP) coupling constants,
obtained from either '"H or DQF-COSY spectra.

The protonated carbons were identified in the HMQC
spectrum from the chemical shifts of the directly bound
protons. Carbon chemical shifts are available as Supporting
Information.

The conformational analysis of [Ala’]-phalloidin is based
on the 3/(H,H) coupling constants, the temperature depend-
ence of the NH protons and ROE effects. Most 3/(NH,H®)
couplings were taken directly from the 'H NMR spectrum.
Cys® and Ala’ 3/(NH,H*) were measured from the DQF-
COSY spectrum since both NH resonances overlap with the

Table 3. Torsion angles in degrees of [Ala’]-phalloidin as obtained from X-ray analysis.!

Residue ¢ ) w Ve 1M 7" b4 x x x x
Ala! —86.5(4) 75.5(4) 168.6(3)

p-Thr? 121.3(3) —74(4)  —1705(3) 61.6(4)  —60.7(4)

Cys® —169.5(3) 1527(3)  —171.0(3) 28.6(4)

Hyp* —642(4)  —356(4) —179.5(3) 19.4(4) —35.0(4) 36.4(4)  —25.8(4)
Ala’ —T24(4)  —199(5) —1683(3)

Trp® —1113(4) —13.8(4) —168.03) —38.8(4) 120.1(4)  —56.1(4)

Ala’ 712(4) —595(4)  —173.1(3)

[a] C¢-CB-S1-C#2: 112.3(3); CY1-CL-C2-SP2: — 169.8(3); CF-CL-C2-S1: 13.3(5); CL-S1-C2-C2: — 120.3(3); CE-S1-C2-Nz: 71.0(3).
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Table 4. "H NMR shifts of [Ala’]-phalloidin in [D]DMSO at 298 K.

Xxx NH H¢ HF HY others
Ala' 7.32 4.47 1.21
D-Thr? 8.50 3.96 4.24 1.06 OH 4.77
Cys? 7.69 4.73 3.51pr0R
3.22070-S
Hyp* 4.14 2.29 4.33 OHY 5.47
1.18 H? 3.51, 3.76
Ala’® 7.70 3.90 0.79
Trp® 7.26 4.81 3.11p0R H', 7.70, H'5 6.98, H'; 7.10
3.3200S H’; 7.23, NH;,4 11.20
Ala’ 8.48 3.87 1.15

Trp®—H’, signal. The other 3/ coupling constants were also
measured from the DQF-COSY spectrum and are collected in
Table 5.

The temperature dependence of the NH and OYH protons
(for p-Thr? and Hyp*) were obtained from 'H NMR spectra
recorded between 298 and 310 K (Table 6). Owing to overlap

Table 5. Vicinal coupling constants [Hz] of [Ala’]-phalloidin.

3J [Hz] Ala' p-Thr2  Cys* Hyp* Ala> Tip®  Ald’
NH,H“ 71 7.6 75 73 9.7 5.1
HeHfroR 6.5 2.9 6.0 5.80al 7.3 60 65
He Hppro-S 7.2 8.4 11.0

[a] Stereospecific assignment is ambiguous.

Table 6. Temperature dependence of the NH chemical shifts AJ/AT
[ppb K~!] of [Ala’]-phalloidin in [D¢]DMSO.

Ala! D-Thr? Cys? Ala® Trp® Ala’
— AS/IAT 4.0 6.6 0.93 3.7 3.4 6.2

of the Cys’-NH and Ala’>-NH resonances, relative temper-
ature coefficients were estimated from TOCSY spectra in the
same temperature range. As shown in Table 6, relatively small
temperature coefficients can be noted for Cys-NH
(—0.93 ppbK1!) and TrpS-NH (— 3.4 ppbK!) and also for D-
Thr>—O"H (—2.5 ppbK™!). These data indicate that these
protons can be involved in hydrogen bonding.

Structure refinement by molecular dynamic calculations:
Interproton distances computed by cross-relaxation rate
values evaluated from ROESY spectra (o®) were used in
energy minimization (EM)
and molecular dynamic (MD)
simulations, as they are more
reliable for a correlation time

Alal ' Alal

Figure 3. A stereoview of the backbone superposition of the average
molecular models: A7PHV (black line) and A7PHW (grey line).

The experimental NMR data are well represented in the
calculations. The backbone dihedral angles, averaged over the
last 50 ps of the restrained MD calculations (Table 7) are in
good agreement with the experimental ¢ values, derived from
the Karplus-type equation of Bystrovi®l (data available as
Supporting Information). It should be noted that the occur-
rence of a type I S-turn in the Cys3-Hyp*-Ala’-Trp® segment is
indicated by the dihedral angles (¢ Hyp*=—45.9, v Hyp*=
—33.4, ¢ Ala’=—71.0, y Ala’>= —24.6) which are in accord
with those regularly found in such turns.* The experimental
distances Ala’NH—Trp'NH (2.4 A) and Ala’NH—Hyp*H*
(32 A) are, also, in good agreement with the type I S-turn
hypothesis. The turn also appears to be stabilized by a
hydrogen bond between the Cys’*CO and the TrpNH, and
explains the small AS/AT value of the Trp’NH proton
(Table 6).

ROE distance restraints correlate globally with the ex-
ception of the Ala’NH—Trp°H* distance (3.2 A instead of the
experimental 2.5 A). All other calculated distances are
strikingly similar within the limits of the estimated deviations.

As seen from Figure 3 the Ala’-methyl group lies in the
anisotropy area of the Trp® indole system, a result which is in
agreement with the high-field shift of the Ala’-methyl
resonance (Table 4).

In order to check the stability of this structure, the average
model A7PHV has been minimized using EM with the
conjugate gradients algorithm and then it has been incorpo-
rated in a box of 300 water molecules. A MD calculation in
water was then performed at 300 K for 110 ps. The trajectory
from 60 ps to 110 ps has been used for statistical analysis.

The molecular model averaged over the last 50 ps of
unrestrained MD calculations in water, namely A7PHW,
shown in Figure 3, is very close to A7PHV calculated with
restrained MD in vacuo. The root-mean-square-deviation

Table 7. Backbone angles [°] averaged during the last 50 ps MD calculations (A7PHV = average structure from
rMD in vacuum, A7PHW average structure from MD in water). The values in parentheses are the RMSD in

- degrees.
(z.) in the nanosecond -

[42] . Residue ATPHV
range.*! Interproton distances é »
are available as Supporting ’ p

. Ala —118.0 1.8
Information. o Th? 978  —340
The molecular model aver- CYSS —959 1272
aged over the last 50 ps of Hyp* —459  —334
restrained vacuum MD calcu- Ala® -71L0  —246
lations, namely A7PHYV, is Tip® -1005 224
Ala’ 65.0 2.9

A7PHW

w ¢ P [0}

169.6 —119.6 (£23.3) 130.1 (£17.7) 164.0 (£40.5)
—170.6 102.7 (£16.6) —86.8 (£11.1) —167.0 (£19.8)

175.3 —70.7 (£11.2) 135.1 (£13.6) 166.3 (£30.6)
—169.3 —50.4 (£9.7) —409 (£12.4) —169.4 (£36.2)

169.6 —80.4 (£22.9) —7.1(£34.3) 170.9 (£3.8)
—166.6 —106.7 (£16.6) —84.4 (£34.2) —169.8 (£9.3)
—165.1 —135.3 (£60.6) —70.5 (£17.3) 167.6 (£5.0)

shown in Figure 3.
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(RMSD) between the A7PHW and A7PHV models is 0.68 A
for the backbone, including the oxygens and the thioether
bridge.

In both A7PHW and A7PHYV molecular models a type I -
turn occurs in the Cys’-Hyp*-Ala’-Trp® segment as indicated
from the ¢- and y-dihedral angles (Table 7). This region, with
the sulfide bridge essential for the toxicity of the molecule,
appears very rigid throughout the MD simulation, whilst
larger flexibility is observed in the other part of the molecule
(Ala’ to p-Thr?) known to be nonessential for toxicity.

Altogether these results demonstrate that the average
structure calculated in vacuo with NMR restraints remains
essentially constant even when water molecules are added
into the calculations.

Comparison of solid state (X-ray)/solution (NMR) structures:
The RMSD between the rMD average structure (A7PHV)
and the X-ray structure for the backbone is 0.72 A, inclusive
of the oxygens and the thioether bridge (Figure 4). This shows

7
Figure 4. A stereoview of the backbone superposition of the [Ala’]-
phalloidin solid state structure (grey line) with the A7PHV rMD average
molecular model (black line).

that the solution structure is quite close to that observed in the
crystal state. A type I S-turn between the Cys*-CO and the
TrpS-NH in the 15-membered ring1 is present in both
structures. The main difference is in the 18-membered ring 2
where the two consecutive y-turns observed in the solid-state
structure are not found in solution. This is very likely owing to
the larger flexibility of the wider ring 2. In all cases the indole
moiety points toward the Hyp*—Ala’ segment.

The superposition of [Ala’]-phalloidin and phalloidin/*!
rMD average molecular models (Figure 5) underlines sim-
ilarities and differences between the two structures. The

Figure 5. A stereoview of the backbone superposition of average molec-
ular models: [Ala’]-phalloidin (A7PHY, black line) and phalloidin!*! (grey
line).

Chem. Eur. J. 2001, 7, No. 7
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RMSD is 0.41 A for the backbone atoms. In particular both
structures present the same orientation of the indole ring and
the occurrence of a type I S-turn between the Trp®-HN and
the Cys’-CO. On the contrary the conformations of the Trp®-
Xxx” residues (Xxx=Leu in phalloidin and Ala in [Ala’]-
phalloidin) are substantially different.

Conclusion

In this study [Ala’]-phalloidin, a toxic phalloidin synthetic
derivative, has been investigated in the solid state by X-ray
diffraction and in solution by NMR and MD methods.

The X-ray structure (at atomic resolution) represents as yet
the first phallotoxin structure reported in the literature. First
of all, the atropoisomerism of [Ala’]-phalloidin can be
unequivocally determined from the solid-state structure. By
examination of the peptide chain clockwise, the sulfide bridge
is above the main peptide ring.

The comparison of the solid state with the solution
structures shows many similarities mainly in the Cys’-Hyp*-
Ala’>-Trp® segment, where a type I -turn occurs. In the X-ray
structure, however, the Cys’>-Hyp*Ala’>-Trp® S-turn is also
included in a a-turn (Cys*—Ala’), and, two consecutive y-turns
around the Ala’ and the Ala! residues are observed. These
structural motifs are not present in solution.

The Trp® indole ring orientation in the thioether bridge is
the same in both solid state and solution structures, and points
towards the Hyp*—Ala’ segment.

These findings indicate the relevance of the environment in
the determination of the molecular conformations. The
intramolecular hydrogen-bonding network, that stabilizes
the molecular crystal structure, is partially destroyed in
solution by the solvent. Noteworthy the [Ala’]-phalloidin
molecular model from the NMR data measured in DMSO is
very similar to the natural phalloidin solution structure
(RMSD 0.41 A) determined by Kessler and Wein.['¥J In the
same solvent both molecules show a very rigid region
(Cys*~Trp®) with the sulfide bridge and a more flexible part
(Ala™D-Thr?).

On these grounds we propose that the [Ala’]-phalloidin
structure represents a reliable reference scaffold for the
phallotoxin family.

Experimental Section

Synthesis: Amino acids, chemicals, and solvents were of analytical grade.
Analysis by thin-layer chromatography (TLC) was performed on precoated
silica G-60 plates (Merck 60 F,s,) using the solvent mixtures indicated for
each substance. Spot detection was achieved by the ninhydrin reaction,
iodine vapor staining or by the color reaction with cinnamaldehyde/HCIL.
The Kieselgel used for preparative separations was purchased from Merck.
UV spectra were recorded on a Shimadzu UV 2001PC spectrometer. CD
spectra were measured on a Jasco J 600 instrument with appropriate quartz
cells. The crystalline diastereomer of L-3a-hydroxy-1,2,3,3a,8,8a-hexahy-
dropyrrolo[2,3-b]indole-2-carboxylic acid (Hpi) was prepared according to
Savige.l'") All linear peptides as well as monocyclic and bicyclic thioether
peptides gave satisfactory amino acid analyses. The dipeptides H-allo-Hyp-
Ala-OrBu and Z-Ala-Ala-OH have been described elsewere.'”> %1 The
binding affinity to F-actin was tested in the laboratory of Prof. H. Faulstich
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at the Max Planck Institut fiir Medizinische Forschung, Ladenburg bei
Heidelberg.

X-ray Diffraction: For crystallization [Ala’]-phalloidin (40 mg) was dis-
solved in a hot mixture of ethanol/water 8:2. Crystals were formed after
slow evaporation of the solvent at room temperature. Preliminary
oscillation and Weissenberg photographs were taken to determine the
crystal symmetry and the preliminary space group. The evaluation of cell
constants was obtained by a least-square procedure on the angular settings
of 25 reflections in the @ range 21-25°. The crystallographic data are
reported in Table 8. Data were measured on an Enraf—Nonius CAD-4
diffractometer equipped with graphite monochromated Cug, radiation
(A=15418 A).

Table 8. Crystal data and structure refinement for [Ala’]-phalloidin.

empirical formula C;,H,,NOpS

formula weight 714.80

temperature [K] 293(2)

wavelength [A] 1.54178

crystal system, space group orthorhombic, P2,2,2,

unit cell dimensions [A] a=10.468(3)
b=12.192(4)
c=27.350(3)

volume [A3] 3491(2)

Z, Peatca [Mgm~3] 4, 1.360

absorption coefficient [mm~!] 1.374

F(000) 1512

O range for data collection 3.23 to 69.99

reflections collected/unique 3731/3731

observed reflections [/ >20(1)] 3378

scan mode o —20

standard reflections 2

frequency of measurements [min] 60

intensity decay [%] 3

refinement method full-matrix least-squares on F?
data/restraints/parameters 3731/0/452

goodness-of-fit on F? 1.040

final R indices [I > 20(])] R1=0.0378, wR2=0.1109

R indices (all data) R1=0.0437, wR2 =0.1167
largest diff. peak and hole [eA~3] 0.183 and —0.282

The structure was solved by direct methods using the SIR 97 computer
program.*l Refinement was performed on F? (all data) by a full-matrix
least-squares procedure, using SHELXL93."”l All non-H atoms were
refined with anisotropic displacement parameters

using a weighting Scheme with w=1/[0*(F?)+(0.0739P)?] where P=
(F2+42F?2)/3. The positions of the H-atoms were calculated with the
exception of the hydrogen atoms of the OH and NH groups that were
located in subsequent different Fourier analysis. During the refinement all
hydrogen atoms were allowed to reside on their carrying atom, with U, set
equal to 1.2 times (or 1.5times for the methyl groups) the U, of the
attached atom. The final unweighted R and wR factors on F?, calculated on
all data, were 0.044 and 0.117, respectively.

Atomic scattering factors for all atomic species were calculated from
Cromer and Waber tables.*¥ The final atomic parameters for all non-
hydrogen atoms are reported in the supplementary material, the number-
ing of the atoms follows the recommendations of the IUPAC-IUB
Commission*’) (Figure 6).

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-147213.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+444)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

NMR Measurements: [Ala’]-Phalloidin was used as a 4.0 x 1073 M solution
in [Dg]DMSO (0.75 mL, Euriso Top, 100 % isotopic purity). Proton spectra
were recorded on a Varian Unity 400 operating at 400 MHz, located at the
“Centro di Studio di Biocristallografia del C.N.R.”, University of Naples

1484 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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Figure 6. Schematic representation of intramolecular hydrogen bonds and
secondary structure elements as observed by X-ray analysis. The dotted
lines represent intramolecular hydrogen bonds.

“Federico II”. Carbon spectra were acquired on a Bruker DRX operating
at a carbon frequency of 100.6 MHz, located at the “Centro Interdiparti-
mentale di Metodologie Chimico-Fisiche”, University of Naples “Federico
I1”. The spectra were acquired at 298 K. They were calibrated relative to
[Dg]DMSO ('H: 6 =2.50, 3C: d =39.5) as an internal standard.

1D NMR spectra were recorded with 16k data points and a spectral width
of 5000 Hz. 2D NMR experiments, such as DQF-COSY, TOCSY, NOESY,
and ROESY spectra were generally recorded with 2048 data points (4096
for the DQF-COSY) in 2 and 256 data points in ¢1, by the phase-sensitive
States — Haberkorn method.! In both dimensions FIDs were multiplied by
square-shifted sinebell weighting functions and data points were zero-filled
to 1024 in t1 before Fourier transform. A spinlock mixing time (z,) of
80 ms, with a MLEV-17 sequence,'] was used in the TOCSY spectra, and
they were recorded in the temperature range 298-310 K for monitoring
chemical shift changes with the temperature.

Two series of NOESY and ROESY spectra were acquired with mixing
times of 50, 100, 200, 300, 400 ms and 60, 100, 160, 220 ms, respectively. Off-
resonance effects, associated to the low-power spinlock field in ROESY
spectra, were compensated by means of two m/2 hard pulses before and
after the spinlock period.’”” NOE and ROE intensities were evaluated by
integration of cross-peak volumes, by means of the appropriate VARIAN
software.

The transformed 2D spectra were baseline corrected before measuring
cross and diagonal peak volumes. The cross-peak volumes were normalized
with respect to the diagonal peaks. The frequency offset effect in the
rotating frame was also corrected.’”) The normalized volumes (A;) give a
linear build-up for short mixing time values up to 0.3 s. The cross-relaxation
rates oy were calculated from the slope of the build-up curves.”” The same
procedure was used for both NOESY and ROESY spectra.

Two separate lists of interproton distances from cross-relaxation rate values
evaluated from NOESY (o~) and ROESY (o®) spectra were generated by
Equation (1).

rj="Ts (Usl/aij)UG 1)

As a reference the Hyp*—HP peak was chosen with the ry interproton
distance of 1.78 A. An independent proof of the accuracy of the calibration
was obtained by considering the cross peak between the Trp® indole NH
proton and the H'; proton as standard reference with the r, interproton
distance of 2.82 A.

13C NMR spectra were recorded using a broad-band decoupling with 32k
data points, 45° read pulse, 0.73 s of acquisition time and a relaxation delay
of 3.0 s. The spectral width was 220 ppm.

Carbon assignments were made with the aid of HMQC spectra, using a
BIRD sequence for >)CH presaturation,’** GARP decoupling during
acquisition with 2048 data points in 2 and 256 increments in ¢1 (zero-filled
to 512 before Fourier transform), a relaxation delay of 3 s and 128 scans per
spectrum.
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Structure calculations: Molecular dynamic simulations were performed on
a Silicon Graphics INDIGO2 Workstation. The INSIGHT/DISCOVER
(Biosym Technologies, San Diego, CA, USA) program with the consistent
valence force field (CVFF)P! was employed for energy minimizations
(EM) and molecular dynamics (MD). The X-ray structure was taken as the
starting model. This structure was relaxed by 500 steps of restrained
conjugate gradients EM,%51 imposing ROEs data as restraints on
interproton distances.

The restrained molecular dynamics (rMD) simulation was performed in
vacuo at 300 K with 0.5 fs time steps. The motion equation algorithm was of
the leapfrog type.’®! The rMD simulation was carried out for 50 ps in the
equilibration phase and or 160 ps without velocity rescaling; the temper-
ature was kept constant at 300 K.

Interproton distances evaluated from ROE effects were inserted as
restraints with a 10% tolerance during the simulations.’”! Pseudoatoms
were used instead of protons not stereospecifically assigned.[’] Coordinates
and velocities for the systems were dumped into a disk every 1000 steps.
Data recorded during the last 50 ps of the simulation were used for the
statistical analysis.
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Structural Features and Molecular Assembly of Amorphous Phosphazenic
Materials in the Bulk—Combined Theoretical and Experimental Techniques:

Tris-(2,2’-dioxy-1,1’-binaphthyl)cyclotriphosphazene

Maria E. Amato,”! Ruggero Caminiti,™ Gabino A. Carriedo,!*!
Francisco J. Garcia-Alonso,'*! Jose L. Garcia-Alvarez,'®!
Giuseppe M. Lombardo,'! and Giuseppe C. Pappalardo*!?!

Abstract: The structure and the assem-
bly of tris-(2,2'-dioxy-binaphthyl)cyclo-
triphosphazene {(+)-[NsP3(0,CyHyo)5],
DBNP, in the solid amorphous state was
studied using molecular dynamics (MD)
including ad hoc quantum mechanically
derived force field (FF) parameters, in
combination with the energy dispersive
X-ray diffraction (EDXD) technique.
The atom-atom radial distribution
function (RDF) curve obtained through
the EDXD experiment revealed low
intensity peaks not attributable to the
intramolecular distances of the single
molecule, but clearly featuring a low

tion functions (RDF) were calculated
for various models of DBNP submitted
to theoretical MD simulations. Based on
the comparison of theoretically calcu-
lated RDFs and those obtained from the
EDXD experiment, the predominant
structural motif of the material in the
bulk was found to have DBNP mole-
cules laid one upon the other to form
tubular nanostructures. These contain
eight DBNP units each (length ca. 46 A)

Keywords: molecular dynamics
nanostructures phosphazenes
solid-state structures - X-ray diffrac-

with two and three of these units aligned
in parallel and held together. The mate-
rial can be represented as a bulk of
tubular snake-like chains undergoing
distortions with a step of eight DBNP
units. The bending angles, that vary
randomly, attain limited values suffi-
cient to induce disorder and thus non-
periodic structure. The present applica-
tion of MD simulations combined with
EDXD data appear to be a general
approach to solve for the first time
otherwise intractable issues concerning
structural features and assembly of mo-
lecular materials in the bulk.

energy state of long-distance three-di-
mensional assembly. The radial distribu-

tion

Introduction

The chemistry of hexa(aryloxy)cyclotriphosphazenes
N;P;(OAT), has many aspects of interestl!! and has been the
subject of comprehensive surveys.?! The presence of one to
three dioxy-aryl or other dinucleophilic substituent groups
closing rings with the phosphorus atoms gives rise to the so-
called spirocyclophosphazenes.[> 4 These compounds are of
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special interest because they represent a unique class of highly
tailorable host molecules.! In fact, the formation of inclusion
compounds with small molecules,® or polymers,”l and in some
cases, the induction of polymerization of the guest,’! and the
formation of nanometer-sized particles®! have been reported.

The solid-state structures and conformations of hexa(aryl-
oxy)cyclotriphosphazenes bearing bulky aryloxy-groups have
been previously studied by us using X-ray diffraction analy-
sis.’ '] The X-ray structural analyses of several spirocyclo-
phosphazenes!'>> and, recently, of some sulphur and/or
oxygen-containing monospirofluorophosphazenes, have also
been reported.!'”!

Thus, all these data refer to structural and conformational
properties in the crystal state. The structural characteristics
and the molecular assembly in the bulk would remain quite
unknown for amorphous cyclophosphazenes and spirocyclic
phosphazenes unless suitable theoretical force-field computa-
tional and experimental techniques become applicable.

The present investigation focuses on the tris-(2,2'-dioxy-
binaphthyl)cyclotriphosphazene ((+)-[N5P5(0,C,0Hy,);], DBNP,
Figure 1) as an appropriate structural model for the high
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Figure 1. View of DBNP along the C;, symmetry axis.

molecular weight chiral polyphosphazenes [NP(O,C,,H;,)],
described recently.l'> 18] Both the cyclic and polymeric chiral
binaphthoxyphosphazenes have potential interest in enantio-
meric separations or catalysis now under investigation.

The major impediment to understanding the structural
features of DBNP is that it is an amorphous material. Wide-
angle X-ray scattering (WAXS) is a powerful technique in the
determination of structural parameters (interatomic distan-
ces) of amorphous systems!'” 2! since it can provide informa-
tion on the short range order. In particular, energy dispersive
X-ray diffraction (EDXD) has been recognised as a suitable
tool in the investigation of such systems because of its speed
and reliability compared with those of a traditional angular
scanning diffractometer.2!?l In our recent works?* 2! the
EDXD technique combined with molecular modeling and
molecular dynamics (MD) was found be also suitable in
providing information about the long-range order and thus
allowed us to determine the backbone conformation of
amorphous  poly[bis(4-methylphenoxy)phosphazene] and
semicrystalline poly[bis(phenoxy)phosphazene]. This ap-
proach has not yet been exploited for the determination of
the structure, the occurrence and the extension of short range
ordered portions in amorphous molecular materials.

The goals of this paper are therefore two-fold: first to
provide additional experimental information about the struc-
ture of DBNP, its molecular assembly in the bulk (solid state),
that is, its three-dimensional molecular order; and second to
extend the use of computational chemistry combined with the
EDXD technique for describing structural features of short-
range ordered molecular materials that are amorphous in
nature and are not amenable to single-crystal X-ray diffrac-
tion. Specifically, in this work we apply EDXD to derive the
radial distribution function (RDF) from X-ray scattering data
for DBNP. Molecular mechanics (MM) including ad hoc
quantum mechanically derived force field (FF) parameters for
CHARMmM is used for modeling and predicting the RDF
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derived from the EDXD experiment. Verification of consis-
tency between theoretical and experimental RDFs will allow
atomic scale information on the structural situation of DBNP
for each model considered, and in particular on the local order
and short range interatomic distances. The local order refers
to the intermolecular assembly of the DBNP units, to the
alignment of the molecules, and/or to determine the structure
of the preponderant nanostructured portions. To our knowl-
edge this is the first report both on the molecular assembly in
the bulk of an amorphous molecular material and on the
structural characterization of such an extensively sterically
crowded amorphous spirocyclic phosphazene.

X-ray Techniques

X-ray Experiments: The X-ray diffraction experiments de-
scribed herein were carried out by employing a non-commer-
cial X-ray energy scanning diffractometer?® 2"l equipped with
an X-ray generator (water cooled, W target having 3.0 kW
maximum power), solid-state detector (SSD) connected to a
multichannel by means of an electronic chain collimator
system, step motors and sample holder. The X-ray source is a
standard Seifert tube (45kV and 35 mA) with the white
bremsstrahlung component being used. The necessary ab-
sorption corrections to combine the various angular data sets
were made as described by Nishikawa and Iijima.?? 2%

Radial distribution functions D(r) were calculated from the
static structure functions i(q) [Eq. (1)]:

i(q) =Icon (E.0) — Zicif3(q) )

according to the expression:

Tmax
D) =4mrpyi2rm! | ailaysintra)dg @)
0
In this Equation p, = (Z;#;f; (0))* V-1, Vis the stoichiometric
unit of the chosen volume, n; = number of atoms “i” per unit
volume, and f; the scattering factor per atom “i”. Symbols in
Equations (1) and (2) are as defined previously.?**! As an
upper integration limit for ¢,,,, we used 15.42 A

X-ray Data analysis: To quantitatively assess the precise
origins of the RDF our analysis of the experimental scattering
data was made by comparing the theoretical RDFs produced
by the MM and MD models considered in this work. The
features of the RDF are determined by both the structural
arrangement of a single molecule and the adopted packing
structure by neighboring molecules. Two methods of analysis
were used: the calculation of i(g) by the single static models
taking into consideration the fluctuation of the interatomic
distances through the introduction of its rms variation by a ;.
parameter, and calculation of i(g) by obtaining the fluctuation
of the distances by an MD run.

In the first case, the theoretical RDF peaks were calculated
from the Fourier transform of the theoretical intensities for
pairs of interactions [Eq. (3)].
sin(rq)

r

iq)= Zf;fk—lep(— 120347 ©)

jk
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using the same scattering parameter interval (q) as for
the experimental data and assuming the rms variations in
the interatomic distance oy to be constant in a set of ranges
of interatomic distances. For each assumed structure model
and related geometry the oy values were optimized by
best fit of the theoretical intensities (SF) to the experimental
one.

The second method avoids the above assumption of static
molecular arrangement involving the best fit of oy values as
empirically adjusted parameters. From MD simulations it is
possible to calculate directly the RDF for every combination
of atomic-type pairs (P++P, P+« N, P+.- C, etc.), that is, d,,,(7).
Accordingly, the shape of the coherent scattering intensity
curve was obtained through the RDF curves calculated from
the snapshots collected along the entire evolution time of the
simulation of each model. For this purpose the discrete sum of
Equation (3) must be transformed into an integral expression
in terms of the continuous pair distribution functions d,,(r)

[Eq. (4)].

@)= [ 4 R O D)1l o

in which ¢p, cy, ..., are the atomic concentrations in the chosen
model. This allows the calculation of the theoretical intensity
curve from a MD simulation.

In both cases, the i(q) for the models were calculated
disregarding the effects of the image atoms as a result of the
periodic boundary conditions (PBC) used by the modeling
procedure.

MD Simulations

Protocols: The Cerius? package developed by BIOSYM/MSI
was used to perform all the MD calculations through the OFF
(Open Force Field) routine that includes the empirical
functions of the CHARMm force field.’ The CHARMm
FF parameters derived by us previously for hexa(aryloxy)cy-
clotriphosphazenes were used.'] The Crystal facility of this
program was used for reproducing the PBC, needed to avoid
border effects. The atomic charges [P 0.512, N —0.113, O
—0.504, C from —0.175 to 0.044, H from 0.099 to 0.138] were
obtained with the charge equilibration method®” implement-
ed in the Cerius? package. The simulations were carried out
using the NPT (constant pressure and temperature) and NVT
(constant volume and temperature) ensembles, at T=298 K
started from energy-minimized structures obtained with the
conjugate  gradient method, satisfying a gradient
<0.1kJmol ' AL

The scale factor for the nonbonding (NB) 1-4 interactions
was set to 0.5. The NB interactions cut-off was implemented
according to the SPLINE method as a function of the
interatomic distance values (r) as follows: for r < SPLINE-
ON=10 A, fully considered; for r > SPLINE-OFF =15 A,
fully ignored; for SPLINE-ON < r < SPLINE-OFF, reduced
in magnitude. The dielectric constant in the electrostatic
function was set as ¢ = 1. Transients for 200 ps with sampling
interval of 0.05 ps were usually collected. The integration time
step was 0.001 ps.
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Models: The first model (M1) to be considered was built up
using 32 DBNP molecules randomly disposed within a box of
40 x 40 x 40 A. For the second model (M2) we assumed a
crystalline order (one DBNP molecule per unit cell). The
molecule was placed at the origin of the hexagonal cell (a =
b=20A, c=10A, a=f=90° and y=120°) which was
deduced on the basis of the molecular size and symmetry
(C5,). The Cs, axis was set parallel to the ¢ axis with two of the
three N atoms directed towards a and b (Figure 2). This
arrangement was chosen in order to obey to the condition of
maximum distance of the DBNP molecule from the atoms of
the image molecules. Various tests and trials performed
through small manual modifications of the cell parameters
and positioning of DBNP in the cell, followed by complete
energy-minimization, by short MD runs, and again by energy-
minimization, attained the optimized structure of M2 (cell
parameters: a=174, b=178, c=5.7 A, a= 90.5°, p=99.2°
and y =120.2°). This cell was repeated along its ¢ axis in order
to generate the M2-n models that correspond to the tubular
structures containing n=2-10, 12, 14, and 16 DBNP units
(Figure 2).

Modification of the M2-r models into M3-¢ models was
attained through relative rotations of adjacent molecules
around the c axis, denoted by the angle value ¢ =5, 10, 15, 20,
30°, and subsequent readjustment of the lengths of the @ and b
axes to avoid contacts with the image molecules.

Additional pillared models M2-n-N having N=2, 3 and 4
pillars were based on the M2-n models by duplicating the M2-
n tubes along the a or b axis, or along both a and b axes. The
models M2-8-2/a and M2-8-2/b, duplicated along axis a and
axis b, are shown in Figure 3a and 3b, respectively.

Sample: The DBNP sample (specific rotation: +70° in CHCl,,
c¢=0.5) was prepared and purified as described elsewhere.['"]
The purity was verified by elemental analysis and by NMR
spectroscopy. The '3C and "H NMR spectra in CDCIl; were
performed at 499.89 MHz on a Varian Unity Inova500
spectrometer.

Results and Discussion

Figure 4 shows a) the observed structure function and b) the
corresponding RDF in the range 0 to 80 A. By considering
that the maximum intramolecular distance falls within 17.5 A,
the RDF in the long-distances region (from ca. 20 to 80 A)
shows low intensity peaks not attributable to the intra-
molecular distances of the single molecule, but clearly
featuring a very low state of molecular three-dimensional
order. The NPT simulation of the fully disordered model M1
provided theoretical curves in strong disagreement with the
experimental ones (Figure 4a and b). Notably the RDF of M1
shows: 1) short distances peaks (< 10 A) that occur at the same
position as the experimental ones, but having lower inten-
sities; ii) in the long distance range, the periodicity of the
calculated peaks is shifted with respect to experimental peaks.
On these grounds, it can be argued that the solid DBNP
should not be completely disordered, and that some degree of
structural order is likely within the range of the intramolec-
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Figure 2. Construction of M2-type models in the assumed hexagonal unit:
a) view of the ab plane (the mass center of DBNP molecule is positioned at
the origin of the axes); b) view of the ac plane; c) a perspective view of the
model. Dotted line drawing denotes duplication step along the ¢ axis of the
DBNP unit. Hydrogen atoms were omitted for sake of clearness.

Chem. Eur. J. 2001, 7, No. 7
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Figure 3. View of the models a) M2-8-2/a and b) M2-8-2/b in which the
different relative positioning along a and b axes are outlined.

ular distances (0—15 A). This was confirmed by better results
from MD simulations of the M2 models in their various
extensions. Figure 5 shows comparisons between measured
and calculated RDFs from NVT MD simulations of the
selected M2-8-2 and M2-8-3 models with the columns aligned
in the directions of a or b. Among the whole set of M2 type
models having tubular structures made by a variable numbers
n of DBNP units and N of pillars, those in which n =8 and
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Figure 4. Comparison between experimentally (EDXD) observed (solid
line), and a) MD calculated (dotted lines) structure function and b) related
RDF for the model M1
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Figure 5. Comparison between experimentally (EDXD) observed (solid line), and

b) M2-8-2/b, c) M2-8-3/a, d) M2-8-3/b.
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N=2, 3 gave the RDF best reproducing the experimental
results. The peaks ranging from 0 to about 18 A agree quite
well with the theoretical ones for models M2-8-2/a (rmsd*3 =
0.95) and M2-8-3/a (rmsd =0.99) (Figure 5a and c). In the
range 19-40 A the calculated RDFs (rmsd =2.94 and 3.98,
respectively) do not match so well the positions and the lower
intensities of the experimental peaks, thus suggesting that the
extension of the order in these models is greater than that of
the DBNP in the bulk. The calculated peaks agree well
enough with the experimental ones from 0 up to 40 A in the
case of the M2-8-2/b (rmsd = 1.45) and M2-8-3/b (rmsd = 1.75)
models (Figure 5b and d). The positions of the peaks at about
14 and 18 A are well centred, but their intensities are
relatively higher than the experimental ones. Beyond 40 A
these models are not suitable as a result of their limited
lengths (c axis being about 46 A).

To safely check that the observed slight differences between
calculated M2 type models and experimental RDFs were
independent of the assumed period along the ordered tubular
structure, the M3-¢ type models, in which adjacent molecules
were rotated around their C;, axis by angle steps of ¢ =5°,
10°, 15°, 20°, 30°, were simulated and their RDFs calculated.
All models attained a spiral shape structure featured by a
longer period along the c axis, and by intermolecular distances
different from those of the M2-type models. All the RDFs
calculated for the M3-¢ models overlap well up to 10 A of the
experimental, and are featured by the absence of the peak at
about 15 A and by shifted periodicity of the calculated peaks
from 25 A. The model M3-8-2/b/¢=15° case is shown in

Diff(r)
e?A110°

Diff(r)
e?A1108

-15 L L L 1 1
0 10 20 30 40 50 60

riA
MD calculated (dotted line) RDFs for the models a) M2-8-2/a,
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Figure 6. On the basis of these results, the latter spiral-shaped
models can be ruled out.

The M2-16-2 model, that is two columns of 16 molecules
each, was submitted to MD runs in the gas phase with the aim
to attain wider fluctuations than in the cases in which the PBC

15 ———————————

Diff(n)
e2A-110°8

15 " 1 N 1 " 1 L 1 " 1 L
o] 10 20 30 40 50 60

riA

Figure 6. Comparison between experimentally (EDXD) observed (solid
line), and MD calculated (dotted lines) RDF for model M3-8-2/b/¢ =15°.

are applied, and accordingly to simulate the degree of
disorder needed to reproduce the long distance portion of
the experimental RDF.

A simulation in the gas phaseP* of the M2-16-2 model
resulted in the unique RDF model (rmsd = 0.46) in the range
40-80 A which is compatible with the experimental model
(Figure 7), and thus suited to give a good insight into the long
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riA

Figure 7. Comparison between experimentally (EDXD) observed (solid
line), and MD calculated (dotted line) RDF for the model M2-16-2/b in the
gas phase.

-range disorder of the system. However, the shape of this
calculated RDF from 0 up to 40 A is in significant disagree-
ment with that coming from the EDXD experiment. The best
reproduction of the experimental RDF in the range of 0—
40 A was attained through M2-8-2 and M2-8-3 models as
reported above, in which the length of the eight molecular
units of DBNP pillars is about 46 A. But interestingly, a
snapshot of the MD simulations on the M2-16-2 model
collected at 50 ps showed that this model consists of two
paired pillars of 16 DBNP units evolving to a spiral-like

Chem. Eur. J. 2001, 7, No. 7
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structure, and attains discontinuity and bending into two
paired tubular fragments of eight molecules each (Figure 8).

The limited snake-like fluctuations of these fragments give
an idea of how the material behaves in the bulk. One
arrangement can be determined in which predominate, long-
paired, tubular substructures are found (which maintain a

Figure 8. View of a snapshot (at 50 ps) of the MD simulation in the gas
phase of the model M2-16-2/b, showing the bending and discontinuity at the
limit of the eight molecules portion structural motif.

local structural order up to about eight molecular units) with
limited bending possibility with respect to each other. The
system fluctuates in order to perform these bending processes
of the eight molecular units tubes during the gas-phase MD
trajectories. In the solid these bending processes are ex-
tremely slow, and therefore the distribution of the bending
angles assumed by the DBNP tubular portions are retained.
This distribution of angles inserts a degree of disorder
sufficient to account for the amorphous state of DBNP in
the solid. The results of this gas phase MD simulation thus add
further support to the view of a predominant ordered
arrangement of DBNP in the bulk as represented by the
M2-8 type models.

The other variations of the M2-n type models, which are
possible by stacking two or more tubes together with different
spatial orientations (rotation of one tube with respect to the
first, shortening of one tube, and so on) were ruled out
because all the calculated RDFs were not compatible with the
experimental results.

Table 1 reports the average total energy per DNBP
molecule in selected models. The data show that the energy
of a single DBNP molecule in the gas phase is significantly
higher (Amppnemiy =122 kJmol™') than the energy per mole-
cule in the M1-, M2- and M3-type models. The energy of
DBNP in the fully disordered model M1 is higher than that in
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Table 1. Averaged energies (E in kJ mol~") per DBNP units of selected models calculated by MD. The calculated energy for the isolated DBNP molecule in

the gas phase is also given.

Energy DBNP M1 M2-8-2/a M2-8-2/b M2-8-3/a M2-8-3/b M3-8-2/b
total 807.39 684.21 589.37 595.48 590.53 595.76 644.88
nonBonding —231.50 —376.31 —443.90 —438.63 —442.55 —438.53 —404.20
valence 1038.85 1060.52 1033.26 1034.11 1033.09 1034.29 1049.07

the remaining more ordered models (Apms) =40, Apsmz) =
50 kJmol~'). Among these latter systems, the M2 models are
energetically more favored than the M3 models which have a
different structural order. This energy-based prediction is
consistent with the representation of the material, in which
the BDNP adopts a locally ordered molecular arrangement in
the solid along a motif corresponding to the M2-type models.

Further support for the M2 models is provided by the
results of the data analysis of static models accomplished by
an optimization procedure of the rms variations of the
interatomic distances (o values) through best fit of the
theoretical intensities i(g) to the experimental values as
described in the Section on X-ray data analysis. The final
values of o;, obtained for the selected models M2-8-2/a and
M2-8-2/b (Figure 9) are quoted in Table 2. These theoretical

a) 15 T T T T T T T T T T T
10
5
Ditf(n o

e? A-110°

-5
-10

15 " 1 1 1 ) 1 " 1 " 1 )

0 10 20 30 40 50 60
riA
b) 15 T T T T T T T T T T T

Diff(n)
e? A-110°

15 . ! L ] . 1 . 1 . ! L
0 10 20 30 40 50 60

r/A
Figure 9. Comparison between experimentally (EDXD) observed (solid
line) and calculated (dotted line) RDF assuming static models and

optimization of the oy values by best fit of the calculated intensities to
the experimental intensities for the models a) M2-8-2/a and b) M2-8-2/b.
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Table 2. Final values of the adjusted oy parameters for models I) M2-8-2/a
and II) M2-8-2/b at various ranges of the interatomic distance (r).

oy (II)

00<r<2.0 0.088 0.087
20<r<3.0 0.138 0.134
3.0<r<9.0 0.175 0.170

Distance oy (I) Distance oy (I) oy (1)

9.0<r<17.0 0.212 0.224
17.0<r<32.0 0.281 0.320
320<r 0.351 0.400

RDFs for the static models agree rather well with the
corresponding calculated values through MD runs (Figure 5a
and b), except for small differences (prediction of addition
peak at ca. 17.5 A). The additional calculated peaks detectable
in Figure 9 are in fact inherent to the fitting procedure, which
assumes constant oy, along wide intervals of the distance. The
fitted oy values change as a function of the distance with the
same trend of the oj obtained using MD trajectories of the
same models. But in the case of some atom-type pairs the oy
values calculated by the MD simulations vary greatly for small
variations of the distance, as outlined in Figure 10 though in a
discontinuous fashion.

The interatomic distances of the DBNP molecule fall in the
interval from 1.50 to about 18 A of the experimental RDF
(peaks: 1.50, 2.50, 6.10, 11.65, 14.95, 19.15 A). In this region
the MD calculated RDF curves for the models considered are
in good agreement with the experimental curves, so that safe
structural data of the molecule can be obtained from analysis
of the MD trajectories. Table 3 reports the averaged intera-
tomic distances and angles of a DBNP unit obtained over the
entire evolution time of the M2-8-2/b model. The calculated
bond lengths and angles are consistent with the experimental
data (averaged values) of the analogous biphenyl-derivative
tris-(2,2"-dioxybiphenyl)cyclotriphosphazene (DBPP) in the
crystal.' The greater value for the C—C inter-ring bond
length in DBNP compared with DBPP (by 0.05 A) can be
attributed to increased steric repulsion due to the larger
naphthyl groups in DBNP; this results in distortion of the
angle between the two naphthyl planes and consequently to
elongation of the C—C inter-ring bond.

Conclusion

We have studied the amorphous DBNP in order to provide
information about the structural features and the molecular
arrangement in the bulk using in complementary fashion the
EDXD experiment and computational chemistry (MD sim-
ulations). From our studies we find that: 1) the amorphous
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bined with EDXD data appears to be a general approach for
solving otherwise intractable issues concerning structural
features of molecular materials which are amorphous in
nature and not amenable to single crystal X-ray diffraction.
The proposed model should be considered a structural motif
that might be recognized within the real structure in a more or
less distorted form.
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where N is the number of points generating the curve.

In the assumed gas phase the codes /a and /b do not apply to denote
the model, because the system is free from ties, so that the model may
achieve whatever relative positioning of the “tubes”.
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Determination of Interconversion Barriers by Dynamic Gas Chromatography:
Epimerization of Chalcogran

Oliver Trapp and Volker Schurig*?!

Abstract: The four stereoisomers of
chalcogran 1 ((2RS,5RS)-2-ethyl-1,6-di-
oxaspiro[4.4]nonane), the principal
component of the aggregation phero-
mone of the bark beetle pityogenes
chalcographus, are prone to intercon-
version at the spiro center (C5). During
diastereo- and enantioselective dynamic
gas chromatography (DGC), epimeriza-
tion of 1 gives rise to two independent
interconversion peak profiles, each fea-
turing a plateau between the peaks of
the interconverting epimers. To deter-

tic model of the chromatographic proc-
ess. The Eyring activation parameters of
the experimental interconversion pro-
files, between 70 and 120°C in the
presence of the chiral stationary phase
(CSP) Chirasil-8-Dex, were then deter-
mined by computer-aided simulation
with the aid of the new program Chrom-
Win: (2R,5R)-1: AG*(298.15 K) =108.0
+0.5kImol™, AH*=47140.2 kJmol},
AS* = —-204+6JK 'mol!; (2R,55)-1:
AG* (298.15K)=108.5+0.5 kJmol,
AH*=4584+0.2kJmol™!, AS*=-210

£6JK 'mol;  (2558)-1:  AG*
(298.15 K) =108.1 £ 0.5 kI mol ",
AH*=49.3+0.3 kJmol !, AS*=

—197 £8JK'mol~!; (25,5R)-1: AG*
(298.15K)=108.6+0.5 kJmol~!, AH*
=48.0+0.3 kJmol, AS*=-203+
8 JK~'mol~.. The thermodynamic Gibbs
free energy of the E/Z equilibrium of the
epimers was determined by the stopped-
flow multidimensional gas chromato-
graphic technique: AGg, (298.15K) =
—0.5kJmol™!, AH,=1.4kImol ! and
AS,=63JK 'mol~'. An interconver-

mine the rate constants of epimerization
by dynamic gas chromatography (DGC),
equations to simulate the complex elu-
tion profiles were derived, using the
theoretical plate model and the stochas-

- kinetics -

Introduction

Spiroketals are an important class of chiral compounds,
widely distributed in nature as microbial metabolites such as
reveromycins, which show a potent antiproliferative activity
against certain human tumor cells,[" 2 ionophore antibiotics
such as calcimycin (A-23187) from Streptomyces chartreusen-
sis (L.) and routiennocin from Streptomyces routiennii (L.),?!
cell growth inhibitors such as the cephalostatines from the
South African sea worm Cephalodiscus gilchristi (L.),"
steroids in Solanaceae (L.), such as diosgenin, yamogenin,
hecogenin, and willagenin,” highly toxic metabolites calycu-
linene A, B and C of the marine sponge Discodermis calyx
(L.),’ marine macrolide spongistatine 171, marine toxins such
as pinnatoxins,® and as volatile pheromones for communica-
tion between insects.”! Francke et al.l' isolated chalcogran 1
((2RS,5RS)-2-ethyl-1,6-dioxaspiro[4.4]nonane (Figure 1), the
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sion pathway proceeding through ring-
opening and formation of a zwitterion
and an enol ether/alcohol intermediate
of 1 is proposed.

gas chro-

H o/~ H
20 [6] (o] (2)

(R5RF1 | (25.585)-1
=G =
H S g (E)
(28,5R¢1 | (2R 585)-1

Figure 1. Epimeric and enantiomeric pairs of chalcogran. Top left: (Z)-
(2R,5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2R,5R)-1. Top right: (Z)-
(28,58)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (25,55)-1. Bottom left: (E)-
(28,5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2S5,5R)-1. Bottom right: (E)-
(2R,5S5)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2R,5S)-1.

principal component of the aggregation pheromone of the
bark beetle Pityogenes chalcographus (L.), a pest of the
Norway spruce.

The structure of 1 was confirmed by synthesis of the
racemic mixturel'® 'l of the E/Z epimer pairs and the absolute
configuration was assigned by stereoselective synthesis.['”

The role of chirality in pheromone perception is well
established,!'* 1 and the quantitative analytical separation of
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stereoisomers is a prerequisite for identification of the
biologically active stereoisomer and the development of
suitable methods for insect control.”! The first separation
and chromatographic assignment of all four stereoisomers of 1
was achieved by enantioselective complexation chromatog-
raphy employing the chiral stationary phase (CSP) nickel(11)-
bis[(1R)-6-(heptafluorobutanoyl)-pulegonate] .81~ At in-
creased separation temperatures, overlapping interconversion
peak profiles, featuring a plateau between the peaks of the
epimers, were observed on the chiral stationary phases
nickel(11)-bis[(1R)-6-(heptafluorobutanoyl)-pulegonate] l'% 7]
nickel(i1)-bis[ (1R)-3-(heptafluorobutanoyl)-camphorate] 7> 1]
heptakis(2,6-di-O-methyl-3-O-trifluoroacetyl)-3-cyclodextrin,?!
and hexakis(6-O-methyl-2,3-di-O-pentyl)-a-cyclodextrin.?' This
was attributed to interconversion of the four stereoisomers
occurring during separation.”l The low stereostability of the
spiroketal functionality, which was also corroborated by syn-
thetic investigations,”! commands heightened interest in view of
the diversity of spiroketals in nature.

In this study, we applied diastereo- and enantioselective
dynamic gas chromatography (DGC) to 1 and, using the
theoretical plate model and the stochastic model of chroma-
tography, derived mathematical equations which, for the first
time, allow the determination of epimerization barriers for
both enantiomeric pairs by dynamic chromatography. This
general method, described below, may also be employed for
many current problems in dynamic chromatographic experi-
ments, such as E/Z isomerism of hydrazones, imines, and
oximes,* interconversion of dipeptide conformers®! and
phenanthrene derivatives, stereoisomerism of organic met-
al complexes.?”)

Abstract in German: Die vier Stereoisomere des Chalcograns
1 ((2RS,5RS)-2-Ethyl-1,6-dioxaspiro[4.4]nonan), der Haupt-
komponente des Aggregatiospheromons des Fichtenborken-
kdfers Pityogenes chalcographus, epimerisieren am Spirokoh-
lenstoffatom (C5). Diastereo- und enantioselective dynamische
Gaschromatographie (DGC) von 1 zeigt zwei voneinander
unabhdingige Umwandlungsprofile, die durch das Auftreten
von Plateaus zwischen den Peaks der gegenseitig umwandeln-
den Epimeren charakterisiert sind. Zur Bestimmung der
Geschwindigkeitskonstanten der Epimerisierung mittels dyna-
mischer Gaschromatographie (DGC) wurden Gleichungen
hergeleitet, die eine Simulation solcher Elutionsprofile mit dem
theoretischen Bodenmodel und dem stochastischen Model
erlauben. Die Aktivierungsparameter AH* und AS* wurden
mit dem neuen Programm ChromWin durch Computersimula-
tion der experimentellen Chromatogramme zwischen 70 und
120°C in Gegenwart der chiralen Stationdrphase (CSP)
Chirasil-f-Dex erhalten. Die Gibbsche freie Enthalpie AGg,
des E/Z Gleichgewichts der Epimere wurde mit stopped-flow
multidimensionaler Gaschromatographie bestimmt. Fiir die
Epimerisierung wird eine Ringoffnung unter Bildung eines
Zwitterions und eines Enolether/ Alkohol-Intermediates von 1
vorgeschlagen.

1496 ——
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Results and Discussion

In diastereo- and enantioselective dynamic gas chromatography
(DGC), molecular interconversion—that is, enantiomeriza-
tion?!] and epimerization,® respectively—gives rise to an inter-
conversion peak profile featuring a plateau between the term-
inal peaks or peak broadening,[* 3! evident in the tailing of the
first peak and fronting of the second peak, of the correspond-
ing stereoisomers. If it is possible to separate both epimeric
pairs into their enantiomers on a chiral stationary phase (CSP)
by gas chromatography, the two epimerization processes
Agr=Bys and A= Bg; can be observed independently.

If peak form analysis is used, kinetic data of interconversion
can be obtained by iterative comparison of experimental and
simulated chromatograms.[2-34 The application of the princi-
ple of microscopic reversibility requires that the rates of
interconversion of the corresponding stereoisomers be differ-
ent in the presence of the chiral stationary phase (CSP). This
phenomenon arises from the fact that the stereoisomers are
discriminated, and hence separated, by means of a different
thermodynamic Gibbs energy (— Ag J4AG = RT In(Ky/K,)), as
shown in Scheme 1.

gas

Agas a5 Bgas
K
KA1J 1 1] Kg mobile gas phase
” k’;q n chiral stationary liquid phase
Ajig Biig

it
kq
Scheme 1. Equilibria in a theoretical plate of a gas chromatographic
column: A is the stereoisomer eluted first, B is the stereoisomer eluted
second, k represents the rate constant and K the distribution constant. The
index lig represents the stationary liquid phase and gas the mobile gas
phase.

Thus, whereas the stereoisomer B, eluted second, is en-
riched during the chromatographic separation timescale,
because it is formed more rapidly than the first eluted
stereoisomer A (k[ > k'), no displacement of the equilibri-
um between A and B occurs at constant temperature, since
the second eluted stereoisomer B is depleted to a greater
extent due to its longer residence time on the column.

The prerequisite for the technique of dynamic chromatog-
raphy is the quantitative, on-column separation of the
diastereomeric mixture into the four stereoisomers on a
chiral stationary phase (CSP), in the respective chromato-
graphic setup. The four stereoisomers of 1 can indeed be
separated by enantioselective gas chromatography on Chir-
asil-B-Dex[®! (permethylated S-cyclodextrin linked by a
monooctamethylene spacer to polydimethylsiloxane). The
elution order of 1 on Chirasil-3-Dex,*! determined by co-
injection of enantiomerically enriched (25,5RS)-1 and taking
into account the preponderance of the energetically favorable
(2R,55)-1 and (2S,5R)-1)) E diastereomers, is (2R,55)-1,
(2R,5R)-1, (25,55)-1, and (2S,5R)-1.

When subjected to increases in temperature, from 70 to
120°C, chalcogran 1 shows typical interconversion plateaus
between the epimers (2R,55)-1/(2R,5R)-1 and (25,55)-1/
(28,5R)-1 (Figure 2), which implies that the epimerization
process, as expected, takes place only at the spiro center (CS).
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ward rate constants of the mo-
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and B according to Equation (1).
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This implies that the backward
rate constant k"' is already de-
termined for given values of k|9,
the ratio of [A] to [B] and the
retention factors k," and kg,
calculated from the total reten-
tion time #z and the mobile phase
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Figure 2. Epimerization of 1 at different temperatures: experimental chromatograms (top) versus simulated

chromatograms (bottom).

The rate constants were calculated by simulation of the
chromatograms using the new program ChromWin,?* which
permits calculation with the theoretical plate model
(TPM),?% 3234 the stochastic model (SM),B%371 and the
modified “stochastic model plus” (SM + ).

The theoretical plate model describes the chromatographic
separation as a discontinuous process, assuming that all steps
proceed repeatedly in uniform sections of a multicompart-
mental column with N theoretical plates considered as
chemical reactors. Three steps i) to iii) take place in every
plate (Scheme 1): i) distribution (partitioning) of the stereo-
isomers A and B between the mobile gas phase (gas) and the
stationary liquid phase (lig), ii) reversible interconversion
between A and B during the residence time At, calculated
from the hold-up time f#; and the number of plates N
according to Ar=ty/N, and iii) shifting of the content of the
mobile phase to the subsequent theoretical plate. While the
given amount of the enantiomers is initially introduced into
the first theoretical plate, the content of the mobile phase of
the last theoretical plate is finally recorded as a chromatogram
featuring an interconversion profile over the time ¢.

Unlike enantiomerization processes, for which the rate
constants of the forward and backward reactions are equal in
the achiral gas phase, step ii) is more complicated for
epimerization processes, because of the different ground state
energies of epimers. This results in different rate constants
and different initial quantities for the epimers in the mobile
gas and stationary liquid phases.

Chem. Eur. J. 2001, 7, No. 7
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However, from the computer simulation of the elution
profiles of the DGC experiment it is not possible to differ-
entiate between the rate constants in the mobile gas and in the
stationary liquid phase. Only apparent rate constants (k™"
and k£™P), which are mean averages of the forward and
backward rate constants of the mobile and stationary phase,
weighted by the retention factors k,' and kg', can be
determined. Taking into account that the backward reaction
rate can be calculated from the forward reaction rates and the
equilibrium constant between A and B, the following
equations were derived:

, s, KA
klupp — lgda klhq
1+ ky 1+ky'
app _ @( 1 gas kB, kA/kliq) (4)
DB\l 4 ky kg kg

In the case in which the rate constants in the mobile gas and
stationary liquid phase are equal to a first approximation
(k¥ =k4; k& = k"), the apparent rate constants (k{** and
k*P) are given by:

P = fopes = kluq
e = fees —klia

i ®)

If the rate constants in the gas phase are accessible by an
independent method, it is possible to calculate the rate
constants in the stationary liquid phase, as previously
described.B
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The equations derived here can also be applied to the
stochastic model for the calculation of elution profiles by a
probability distribution function.B" 34 3] Differences between
these two models are illustrated in Figure 3 for the epimeri-
zation of 1 at 90°C.

-
32 33 34 35 36 [min]
Figure 3. a) Comparison of simulated elution profiles of 1 by the
theoretical plate model (TPM; plain line) and the stochastic model plus
(SM + ; top: dotted line). b) Represents the difference between the two
models (TPM — SM +). Data from the DGC experiment at 90°C and a
mean plate number N of 100000 were used for simulation.

To evaluate the chromatograms of 1 obtained by the DGC
experiment, it is necessary to determine quantitatively the
temperature-dependent thermodynamic equilibrium ratio of
the epimers between 70 and 120°C. As peak overlapping
occurs at higher temperatures, the use of E/Z equilibrium
ratios from the DGC experiment is inaccurate. Therefore, the
stopped-flow multidimensional gas chromatographic techni-
que (stMDGC),* 31 originally developed for the determina-
tion of enantiomerization barriers in the inert gas phase, was
employed as follows.

The gas chromatograph is equipped with two ovens, a
pneumatically controlled six-port valve (Valco), with valve
positions A and B, two flame-ionization detectors (FID 1 and
FID 2), two separation columns (column1 and 3) and a
reaction column (column 2). In valve position A, injector 1,
column 1 and FID 1 are connected, the reaction column 2 is
closed, and injector 2, column 3 and FID 2 are connected. In
valve position B, injector 1, column 1, reaction column 2,
column 3 and FID 2 are in line and injector 2 is directly
connected to FID 2. The diastereomeric mixture of 1 is

quantitatively separated in column 1 (Chirasil-3-Dex)B! in
the first oven, in valve position A, at 60 °C.

Afterwards, either the first ((2R,55)-1/(2R,5R)-1) or the
second ((28,55)-1/(2S,5R)-1) pair of epimers is trapped in
reaction column 2 in the second oven, via valve position B.
The unique elution order of the stereoisomers ((2R,55)-1 <
(2R,5R)-1< (25,55)-1 < (2S,5R)-1) permits the experiment to
be carried out for both epimeric pairs, which are enantiomeric
to each other. For that purpose reaction column 2 is cooled
with liquid nitrogen. Reactor column 2, deactivated with
polydimethylsiloxane (1 m x 0.25 mm id., 0.002 um), is
quickly heated to temperature 7'in valve position A, whereby
equilibration of either (2R,55)-1/(2R,5R)-1 or (28,55)-1/
(28,5R)-1, respectively, commences. After the contact time ¢,
reaction column 2 is rapidly cooled down with liquid nitrogen
and the epimeric mixture of 1 is transferred at the separation
temperature into column 3, in valve position B, where the
epimers of 1 are separated on Chirasil-3-Dex. The equilibrium
ratio K, and the Gibbs free energy AGy,, are calculated
from the peak areas (Table 1). Side products from decom-
position or rearrangement, if any, were not observed.

Table 1. Temperature-dependent determination of the epimer equilibrium
by the stopped-flow MDGC experiment. The major peak area represents
the (2R,55)-1 and (2S,5R)-1 diastereomers, respectively. K, denotes the
equilibrium constant, defined as the ratio of major to minor peak area.

T [°C] Major peak area [%] Ky, AGg, [kJ mol™']
70.0 57.0 1.32 —0.80
80.0 573 1.34 —0.86
90.0 57.6 1.36 —-0.92

100.0 57.9 1.37 —0.98

110.0 582 1.39 —1.05

120.0 58.5 1.41 —-1.12

The mean values of — AGy,, were plotted as function of 771,
and from the linear regression (agreement factor r2=0.9994)
AH,, was found to be 1.4 kImol~' and ASg,=6.3 JKmol™!
in the gas phase.

With these data and Equation (4), the apparent rate
constants of the forward and backward reaction (k{*", k*P)
for each pair of epimers (2R,5S)-1/(2R,5R)-1) and (25,55)-1/
(25,5R)-1) were determined by computer simulation of the
experimental chromatograms of the DGC experiment be-
tween 70 and 110°C (Table 2). Since strong overlapping arose

Table 2. Selected experimental data and rate constants for the epimerization of 1, obtained using ChromWin on the basis of the modified stochastic model

(SM+).

T ty 1Rl 1zl tglel 14 Nl NI Nl Nl kX kP k2P k™
[°C] [min] [1x1073s71]

70 2.68 45.20 47.34 50.33 51.45 112000 117150 117100 111950 0.83 1.10 1.10 0.83
80 3.39 35.54 37.18 38.85 39.65 69400 61450 61450 69400 1.52 2.03 1.85 1.38
90 4.66 3223 33.53 34.69 35.24 102550 98550 98500 102550 2.14 2.90 3.10 2.28
100 5.76 27.25 28.19 28.85 29.23 83350 85900 85950 83300 3.57 4.89 5.00 3.64
110 6.56 22.96 23.60 23.98 24.24 63250 58250 63250 58250 4.80 6.68 7.31 5.26

[a] @R,59)-1. [b] (2R,5R)-1. [c] (2S,55)-1. [d] (2S,5R)-1. t;: mobile phase hold-up time, measured from the (essentially unretained) methane peak.l*”! 1. : total
retention time of the single stereoisomers. N: number of theoretical plates calculated by ChromWin.
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in the chromatograms of the later eluted epimeric pair
(25,55)-1/(28,5R)-1 at 120°C, these values have not been
considered for the calculation of the activation parameters.

The mean values of In(k/T) were plotted as a function of
T~ according to the Eyring equation (Figure 4). The activa-
tion parameters evaluated by a
linear regression of the Eyring
plots (agreement  factor:
(2R,585)-1/(2R,5R)-1: 1> =0.996;
(28,58)-1/(28,5R)-1: r?=0.999)
are represented in Table 3.

The activation parameters
AG* AH* and AS* for the
pairs of enantiomers (2R,5R)-1/
(2558)-1  and  (2R5S)-1/
(25,5R)-1 show the same ten-
dency—the first eluted epimer
has a higher activation enthalpy
and a lower activation entropy
compared to the later eluted
epimer. The activation enthal-
pies AH* increase for the later eluted epimers, which could be
interpreted as a stronger interaction with the chiral stationary
phase (CSP) and stabilization of the analyte.

The low experimental activation enthalpy AH* and the
highly negative activation entropy AS* observed for all four
stereoisomers may be considered as an evidence for a
dissociative mechanism of the inversion process. The increase
in the negative entropy is characteristic for charge separation
in heterolytic processes, but not for homolytic processes.[*!]
As already pointed out, it is necessary that C5 in 1 be sp*
hybridized and hence planar for the transition state of
interconversion.

=S

7
(2R,51(:)-1 \

ether/alcohol intermediate.

Table 3. Activation parameters of 1 from the DGC experiment.

AG*+(298.15K) [kJmol ] AH* [kJmol"!] AS*[JK 'mol]

(2R5R)-1 108.0+0.5 471402 20446
(25,55)-1 108.1+05 493+03 19748
(2R,55)-1 108.5+0.5 458402 21046
(255R)-1 108.6+0.5 48.0+0.3 203438
4.7 -
5.2 1
5.7
£
g 1621
x
E
16.7 1
172 -
A7.7 , : ‘

25 26 27 2.8 2.9 3.0
T M0° K]

From these results, a mechanism of interconversion of 1 by
bond breakage of O1—C5 or C5—06 at the spiro center C5 and
formation of a zwitterion/enol ether/alcohol structure, which
can be stabilized by a proton shift as a very reactive enol ether
alcohol intermediate, can tentatively be envisaged (Figure 5).

4 path B 5

Figure 5. Proposed mechanism of interconversion of the epimeric pair (2R,5R)-1/(2R,55)-1 via a zwitterion/enol

For the enantiomerization of structurally related spirobi-
naphthopyrans and spirochromenes, Mannschreck et al.[¥?]
and Okamoto et al.®3l also proposed acyclic intermediates,
which are stabilized by the extended m-system, therefore
lowering the enantiomerization barrier AG* to about 85—
105 kI mol~'. Unfortunately, no activation parameters were
determined by temperature-dependent measurement to sup-
port this mechanism.

To corroborate the mechanism depicted in Figure S,
optimized structures of (2R,5R)-1 and (2R,5S)-1 (Figure 6;
the energies of the enantiomers are the same) were calculated
with the HyperChem Package release 4.0 using the MM +
force field®! followed by the PM3 method.*! To find the

Figure 6. PM3-optimized structures. Left: (2R,5R)-1. Right: (2R,55)-1.

-15.0 -
-15.5
-16.0

-16.5 4

In(k**°IT)

-17.0 4

175 4

-18.0 T T T
25 286 27 28 29 3.0

7' [0° K"

T 1

Figure 4. Eyring plot for the determination of AH* and AS* from the DGC experiment. Left: (2R,55)-1 (e)/(2R,5R)-1 (m). Right: (25,55)-1 (e)/

(2S,5R)-1 (m).
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favorable conformation, the torsion angle O1-C2—C1'—C2’
was varied in 10° steps from — 180° to 180°, and the structures
obtained were geometrically optimized by the PM3 method.
The local minima were again geometrically optimized without
any restraints. The optimum found for (2R,5R)-1 and (2R,5S5)-
1 was at a torsion angle of about 180°. The relative energy
difference AFE between these structures is about 0.9 kJ mol!
and is within the error range of semiempirical calculation in
accordance with the experimental value, as expected for the
E/Z isomers.

In a second step, the bonds O1—C5 and C5—06 in (2R,5R)-1
were broken and the atoms O1-C4-C5-C9 and
C4—C5—06—C9, respectively, were constrained to a planar
sp*-hybridized C5 atom geometry. The resulting structures 2
and 4 were optimized by the MM + force field followed by the
PM3 method. Additionally, the strongly acidic protons at C4
and C9, respectively, were removed, a double bond was
formed between C4—C5 and C5—C9, respectively, and the
alkoxy groups were protonated. The resulting enol ether/
alcohol structures 3 and 5 constitute the E/Z isomers (E)-3,
(Z2)-3, (E)-5, and (Z)-5, respectively, and were optimized by
the MM + force field followed by the PM3 method. The
results are depicted in Figure 7 and the energies calculated by
the PM3 method are listed in Table 4.

The difference in the total energies of (2R,5S)-1 and the
structures 2 and 4 is about 170 kJ mol~.. The structures 2 and 4
can be stabilized as reactive enol ether/alcohol intermediates
3 and 5, which undergo ring-closure through an intramolec-
ular enol ether/alcohol addition. In this case the intermediates

4 ]

Figure 7. PM3-optimized structures of the intermediates.

Table 4. Absolute and relative energies for (2R,5S5)-1 from the calculation
using the PM3 method.

Structure Absolute energy Relative energy
E [kJ mol '] AE [kJ mol ]

(2R)58)-1 —183609.6 0.0

(2R5R)1 —183608.7 0.9

2 —183437.7 171.9

(E)-3 —183562.0 47.6

(2)-3 —183558.1 51.5

4 —183439.5 170.1

(E)-5 —183554.8 54.8

(2)-5 —183550.3 59.3

1500 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

(E)-3 and (Z)-3 are energetically favored relative to (E)-5 and
(2)-5 (AAE ~8 kImol™), and therefore reaction path A (cf.
Figure 5) should be preferred.

Experimental Section

The diastereomers of chalcogran 1, (2RS,5RS)-2-ethyl-1,6-dioxaspiro[4.4]-
nonane, were obtained from Boehringer Ingelheim, Germany. Enantio-
merically enriched (25,5RS)-1 was synthesized by alkylation of 2-acetylbu-
tyrolactone with (S)-1,2-epoxybutane according to the method of Mori
et al.l?"l

Dynamic GC: The separation of 1 into the four stereoisomers was
performed on a Carlo Erba Vega gas chromatograph, equipped with a
liquid injector (250°C), a flame-ionization detector (250°C), and a
Shimadzu C-R 6A integrator, employing a fused silica column (50 m x
0.25mm i.d.) coated with Chirasil-3-Dex®! (0.3 pm film thickness).
Hydrogen was used as carrier gas. The measurements were repeated three
times at each temperature from 70 to 120°C.

Stopped-flow MDGC: Stopped-flow MDGC was performed on a Siemens
Sichromat 2 gas chromatograph equipped with two ovens, a pneumatically
controlled six-port valve (Valco), a cooling trap in oven 2 for use with
liquid nitrogen, a liquid-injector (250°C), an on-column injector (40°C)
and two flame-ionization detectors (250°C). The whole process was
monitored by a control computer. For separation of 1, two fused silica
columns (column 1 and 3) coated with Chirasil-3-Dex*! (12.5 m x 0.25 mm
id., 0.4 um film thickness, 60°C) were employed in oven 1. As reaction
column 2, a deactivated fused silica column (1 m x 0.25 mm i.d.), coated
with polydimethylsiloxane (0.002 pm film thickness) was used. Helium was
employed as the inert carrier gas. The measurements were repeated three
times at each temperature, with reaction times of 0.5, 1 and 1.5h to
equilibrate the ratio of epimers.

Computer simulation: Simulations of
the experimental chromatograms
were performed with the program
ChromWin,?*! which is compatible
both with the discontinuous plate
model and with the stochastic model,
running under Windows on an IBM-
compatible personal computer. The
mobile phase hold-up time f (using
methane), total retention times g
peak half-width w,, peak heights /i,
and hg, and the plateau height of the
interconverting peaks A, ., Were de-
termined experimentally. The initial
quantities of the epimers were calcu-
lated from the temperature-depend-
ent epimeric ratio, obtained from the
stopped-flow MDGC experiment.
The adjusting factor for the apparent
backward reaction rate k%" was also
calculated from the epimeric ratio
[A}/[B] of the stopped-flow MDGC
experiment. The simulation was performed for different values of the
apparent rate constant k{*" (k" being calculated from k{*" according to
the principle of microscopic reversibility), using an improved approxima-
tion algorithm, in order to find the best agreement of the simulated and
experimental elution profiles with the stochastic model plus (SM + ) and
the theoretical plate model, applying the “Find Barrier of Isomerization IT”
method of ChromWin. After that the elution profiles were added with the
combination tool of ChromWin.

Molecular modeling calculations: Calculations were performed with the
HyperChem package, release 4.0. The initial structures were model build
and the first energy minimizations were carried out using the MM + force
field. After that, the obtained structure was refined with the semiempirical
method PM3, using the standard parameters of the package. All atomic
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positions were optimized with the conjugate gradient method (Polak — Ri-
biere) until the RMS gradient reached a value of 0.01 kcal A-'mol -,

For the variation of the torsion angles in 10° steps, a constraint of
10000 kcalmol~! was applied to the atoms O1-C2—C1'—C2'.

For the calculation of the proposed transition states the structures were
constrained to a planar sp? configuration (10000 kcalmol~!) at the spiro
center CS5.
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A G2 Study of SH" Exchange Reactions Involving Lone-Pair Donors and
Unsaturated Hydrocarbons

Theis 1. Solling and Leo Radom*!?!

Abstract: The ligand exchange reac-
tions between mono-adducts of the
sulfenium ion ([SH—X]") and either
unsaturated hydrocarbons or lone-pair
donors have been investigated computa-
tionally at the G2 level. The mono-
adducts react with acetylene or ethylene

duct with the formation of a new mono-
adduct. The reaction proceeds in this
case via an intermediate di-adduct. Both
the hydrocarbon and the lone-pair do-
nor attack the mono-adduct with the
relevant orbitals aligned in a near-col-
linear fashion, as was also the case for

previously investigated reactions involv-
ing PH,* and CI*. The reaction energies
and the binding energies of the inter-
mediate complexes in the exchange
reactions are primarily determined by
the electronegativities of the lone-pair
donors. The thermochemical data can be

to form a thiiranium or a thiirenium ion,
in most cases without an overall barrier.
In the reactions involving lone-pair
donors, the original lone-pair donor is
expelled from the [SH—X]" mono-ad-

Introduction

The intermediacy of thiiranium and thiirenium ions in
reactions such as Sy2 and Ady-E ring-openings is well
established.l" 2 However, quite apart from being reactive
intermediates, thiiranium and thiirenium ions bearing bulky
substituents (such as tert-butyl or phenyl groups) have been
isolated as shelf-stable salts!:3l and their chemistry has been
investigated both experimentally > and theoretically.l*8] In
particular, Modena and co-workers* have found that water
attacks thiiranium ions at sulfur in an exchange reaction in
which O-protonated methyl sulfenic acid and an alkene are
formed, as shown in Scheme 1.4

The reactions of thiiranium ions with disulfides were
examined in a recent experimental investigation.’! The
products in this case are a new thiiranium ion and a new
disulfide. It was argued that the reaction initially produces an
alkene and an adduct between the disulfide and the alkyl
sulfenium ion. This adduct can then react with the alkene
through two different sulfur atoms, either reforming the

[a] Prof. L. Radom, Dr. T. I. Sglling
Research School of Chemistry, Australian National University
ACT 0200, Canberra (Australia)
Fax: (+61)2-6125-0750
E-mail: radom@rsc.anu.edu.au

Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author: G2 total
energies (Table S1) and GAUSSIAN archive entries for the MP2(full)/
6-31G(d) optimized geometries (Table S2) are available.
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donor—acceptor systems - exchange
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rationalized within the framework of
qualitative molecular orbital theory, and
the results are compared with our pre-
vious findings for the corresponding
reactions involving PH," and CI*.

Bu

{Bu
+ +
S=aCH; + OH, —™ /“/ +  [CH3S-OHjl
s Bu

Bu

Scheme 1. Attack by water at sulfur of thiiranium ions.

original reactants or producing the new thiiranium ion and
disulfide. This is exemplified by Scheme 2. On the basis of
calculations and an investigation of the reaction kinetics, it
was concluded that the reaction is specific with regard to the
approach direction of the base.P!

In recent high-level ab initio investigations, we have
examined related exchange reactions involving PH,™ and
CI* plus a range of bases,>"! for which similar reactions have
been observed experimentally.'*'* Our calculations showed
that exchange proceeds with little or no barrier in these
systems. We found both for the phosphorus and chlorine
systems and for exchange reactions involving thiiranium or
thiirenium ions and unsaturated hydrocarbons that the base
approaches so that the relevant orbitals are aligned in a near-
collinear manner (a, Scheme 3). On the other hand, Modena
et al.l! concluded that for related sulfur systems the base
approaches in a perpendicular manner (b, Scheme 3).

These two sets of results are in apparent conflict.'”> '8l In
order to explore the possible reasons for this apparent
discrepancy, we have embarked on a systematic ab initio
investigation of the exchange reactions between unsaturated
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Scheme 2. Reaction of disulfide adduct with the alkene through two different sulfur atoms.

W4 N7/ hydrocarbons and mono-ad-
SH+ Y —=SH+ ducts of the sulfenium ion, for
T example, [SH—SH,]", to form
Y thiiranium or thiirenium ions.
a b We have previously

found™ ! that the exchange
processes involving Lewis bases
and PH," or CI* mono-adducts
proceed via a di-adduct without
the intervention of transition
structures. This is exemplified by Scheme 4.

Scheme 3. Approach of the
base so that the orbitals are
near-collinear (a) or perpendic-
ular (b).

+ + +
HsN * [CHNH3] —= [HsN-CI-NHg] ——= [HsN-Cll + NHs

Scheme 4. Example of an exchange reaction that involves a Lewis base
and a CI" mono-adduct.

The binding energy of the intermediate di-adduct and the
overall reaction energy were found to be closely related to the
electronegativity of the involved bases. In the present study,
we focus attention on the corresponding sulfur systems in
order to investigate whether they behave in a similar manner
and use the results to assist with our understanding of the
variations encountered in reaction energies and binding
energies of the mono- and di-adducts in the series PH,",
SH™, and CI*. We note that proton transfer from the mono-
adducts represents a plausible alternative pathway to ex-
change. However a detailed investigation of proton-transfer
reactions is beyond the scope of this study and will be
presented elsewhere.

Computational Methods

AD initio molecular orbital calculations® were carried out by using a
modified form of G2 theory? with the GAUSSIAN 94,22 GAUSS-
TAN 98,21 and MOLPRO 96P* systems of programs. G2 theory corre-
sponds effectively to a QCISD(T)/6-311 + G(3df,2p) single-point calcula-
tion on MP2(full)/6-31G(d) optimized geometries, which incorporates
scaled HF/6-31G(d) zero-point vibrational energies (ZPVEs), and a so-
called higher-level correction. G2 theory was developed by Curtiss et al.?!]
with the aim of obtaining thermochemical properties within chemical
accuracy (10 kJ mol ™). It has been shown to perform well in the calculation
of ionization energies, electron affinities, bond energies, proton affinities,
acidities, and reaction barriers.?" 23! We have employed a slightly modified
version of G2 theory to make possible direct comparisons with our previous
results for the corresponding chlorine and phosphorus systems.[' 13 1% The
modification was to use ZPVEs calculated from MP2(full)/6-31G(d)
harmonic vibrational frequencies scaled by a factor of 0.9646/*° rather
than from scaled HF/6-31G(d) frequencies. The method is formally
referred to as G2 (ZPE =MP2),?" but we use the G2 label here for the
sake of brevity. The transition structures for the reactions reported in this
work have been confirmed in each case by the calculation of vibrational
frequencies (one imaginary frequency) and an intrinsic reaction coordinate

Chem. Eur. J. 2001, 7, No. 7
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analysis. Relative energies within the text correspond to G2 values at 0 K
unless noted otherwise. The calculated total energies are available as
Supporting Information (Table S1), which also includes the MP2(full)/6-
31G(d) optimized geometries in the form of GAUSSIAN archive entries
(Table S2).

Results and Discussion

Exchange reactions involving unsaturated hydrocarbons and
mono-adducts ([SH—X]"): We have investigated two series of
prototypical exchange reactions between unsaturated hydro-
carbons and mono-adducts of the sulfenium ion in order to
model the formation of either a thiiranium or a thiirenium ion
(Scheme 5), and (in the reverse direction) the exchange
reactions in Schemes 1 and 2.

e

+ +

H + [SH-X] I>SH +
+

DSH + X

X= NH3, HQO, HF, PH3, st, or HCI

—

[

Scheme 5. Prototypical exchange reactions between unsaturated hydro-
carbons and mono-adducts of the sulfenium ion.

The species involved in the lowest energy pathway are
presented in Figures 1 and 2, in which selected geometrical
parameters optimized at MP2(full)/6-31G(d) are included.
The relevant thermochemical data are given in Tables 1 and 2.

The reactions between ethylene and a mono-adduct to form
a thiiranium ion and a free base are accompanied by a
substantial exothermicity in all but one case (Table 1). In the
exothermic reactions the reactants initially combine, without
a barrier, to form a complex which then dissociates, without a
reverse barrier, to products (Figure 3). The reaction is
endothermic when phosphine is involved. In this case, ethyl-
ene combines with [SH—PH;]" to form a reactant complex
which is connected to a product complex between the
thiiranium ion and phosphine via the transition structure
(TS) 4— 5 (Figure 1) at 35.8 kI mol~! relative to the reactants
(11.6 kJ mol~! relative to the products).

For the acetylene systems, two of the investigated reactions
are endothermic (Table 2), and there is also an energy barrier
between the reactant and product complexes in these cases.
The remaining reactions have exothermicities in the range
437 to 322.1kJmol L. In the least exothermic reaction
(acetylene plus [SH—SH,|"), there is also an intermediate
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Figure 1. Optimized geometries (MP2(full)/6-31G(d)) of the species involved in the exchange reactions between
ethylene and [SH—X]*.
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Figure 2. Optimized geometries (MP2(full)/6-31G(d)) of the species involved in the exchange reactions between
acetylene and [SH—X]*.

barrier, while in the case of the remaining exothermic
reactions it disappears. For all the exchange reactions involv-
ing acetylene in which there is a central transition structure, it
does not impose any additional constraints on the energy
which is required for the reaction to occur.

1518 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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The reaction energies lie be-
tween —375.1 and +242KkJ
mol~! for the reactions involv-
ing ethylene. The range is
—322.1 to +772kJmol™! in
the case of acetylene. We note
that the reaction exothermici-
ties increase as the electroneg-
ativity of the donor within the
mono-adduct increases (within
a row). In addition, the reac-
tions involving first-row donors
are less exothermic (or more
endothermic) than those in-
volving the corresponding sec-
ond-row donors. This largely
reflects the relative stabilities,
which are related to the donor
properties of the Lewis base
(see below), of the mono-ad-
ducts.

Geometries of complexes and
transition structures: The ex-
change reactions of unsaturated
hydrocarbons with mono-ad-
ducts of the sulfenium ion gen-
erally proceed via an intermedi-
ate complex without the inter-
vention of a  transition
structure. The intermediate
generally resembles a product-
like complex in which a Lewis
base is coordinated to the het-
erocyclic ion (Figures 1 and 2).
It is quite common, as in the
present case, that such com-
plexes in exothermic reactions
resemble the lower energy side
of the well, a behavior that has
been referred to as the ana-
logue of Hammond’s postulate
for complexes.?®! There is a
tendency for the coordination
direction in the complexes to be
distorted from collinearity be-
cause of the intervention of a
hydrogen-bonding interaction
between S—H' and the Lewis
base. For X=H,0 and HCI,
this is the key influence in
determining the  structure
(complexes 2 and 7, Figure 1).
In these cases, the structures in

which the base is coordinated in a near-collinear manner do
not correspond to minima. The complex between HF and the
thiiranium ion does exist, however, in two forms, one with the
hydrogen-bonded structure and the other with the near-
collinear structure (3). The latter is formed when the

Chem. Eur. J. 2001, 7, No. 7
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Table 1. Barriers, reaction energies (AE,), and binding energies of reactant (AE,.
comp) and product (AE, ;) complexes in exchange reactions involving ethylene. !

Reaction AE, comp® Barrierl AE, 1Y AE,
+ +
|+ msrnral = S8+ e g 52.1 —477
+ +
|+ tsHoml—= [S8n + om, g 604 ~2100
+ +
|+ sH-FHT —— [>SH + FH M le] 322 —375.1
+ +
| + [sH-PHI — DSH + PHy 245 358 401 242
+
|+ sl —— [S8n s, @ 253 - 967
+
|+ sHeom’ — [>8 + om ® g 259 —2592

[a] G2 values in kJmol ™! at 0 K. [b] Reactant complex, binding energy relative to
reactants. [c] Relative to reactants. [d] Product complex, binding energy relative to
products. [e] Reaction proceeds directly from reactants to product complex without
a barrier.

Table 2. Barriers, reaction energies (AE,), and binding energies of reactant (AE,.
comp) and product (AE, ,n,) complexes in exchange reactions involving acetylene. !

Reaction AE, comp® Barrier!! AE, ., 4 AE,
+ +

|+ [sH-NH — DSH + NHg 521 ~286 433 53
+ +

||+ (sH-OHJ — IDSH + OHp 1 O 482 ~157.1
+ +

I+ w8 v e O x4 -3
+ +

|+ IsH-PHS — DSH + PHg 2338 67.1 319 772
+ +

|+ tsH-sHI — DSH + SHp 359 —289 285 —437
+ +

|+ tsHo —— [>8n + om @ 195 —2062

[a] G2 values in kJmol~! at 0 K. [b] Reactant complex, binding energies relative to
reactants. [c] Relative to reactants. [d] Product complex, binding energy relative to
products. [e] Reaction proceeds directly from reactants to a product complex
without a barrier.

|| +[sHx T

—AEying

JDH ----- x

Figure 3. Schematic potential energy profile for the situation in which
ethylene and a mono-adduct combine to form a complex which then
dissociates to give a thiiranium ion and a free base, with no intermediate
barriers.

Chem. Eur. J. 2001, 7, No. 7
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unsaturated hydrocarbon approaches [SH—FH]*. The hydro-
gen-bonded structure lies 9.6 kI mol~! higher in energy than 3.
For the three reactions in which there is an intermediate
barrier, the transition structures are all quite similar (Fig-
ures 1 and 2) with the relevant donor and acceptor orbitals of
the unsaturated hydrocarbon, SH*, and Lewis base arranged
in a near-collinear manner.

Comparison of the computational and experimental results
for exchange between unsaturated hydrocarbons and mono-
adducts: The exchange reactions between H,O or H,S and a
thiiranium or a thiirenium ion (forming the corresponding
mono-adduct and unsaturated hydrocarbon), that is, the
reverse of the reactions shown in Scheme 1, proceed without
an intermediate energy barrier in addition to the endother-
micities, which are quite substantial (43.7 to 210.0 kJmol').
Thus, it is quite surprising at first glance that related reactions
have been observed to proceed, although with small rate
constants, in the condensed phase.* !

We have considered in the first place whether this apparent
disagreement between experiment and the calculations could
arise because the systems under theoretical study are poor
models for the experimentally investigated reactions between
dialkyldisulfides and thiirenium or thiiranium ions with S-
alkyl substituents and bulky substituents at carbon (the alkyl
substitution in the heterocycles being required in order to
make the systems sufficiently stable for an experimental
study). We have therefore carried out calculations for the
reaction between dimethyldisulfide and a thiiranium ion. At
the B3-LYP/6-31G(d) level,” this reaction is endothermic by
only 5.5 kJmol~!, while at the more reliable (but computa-
tionally much more expensive) G2 level the reaction is
exothermic by 23.9 kJmol~.. This could be taken to indicate
that the experimentally investigated reactions might actually
be exothermic. However, the introduction of a methyl group
on sulfur in the thiiranium ion and of bulky substituents at
carbon work in the opposite direction. For example, the
exchange reactions involving dimethyldisulfide and 17, 18, or
19 are calculated to be endothermic with B3-LYP/6-31G(d)

tBu_' Bu Bu
= +
Ds—w3
By

17 18 19

values®)! of 86.4, 66.7, and 88.4 kI mol !, respectively, suggest-
ing G2 values of 57.0, 37.3, and 59.0 kImol~!, respectively.
These values are smaller than for the parent system.’% The
reduced endothermicities calculated for the dimethyldisulfide
reactions could be taken to indicate that the experimental
observation of the exchange reactions is no longer in conflict
with the calculations.

We have also investigated whether a substantial solvent
effect is in play. For example, the bulky substituents could
possibly result in a relatively poor solvation of the hetero-
cyclic ions. This would cause the heterocycle/base pair to be
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destabilized relative to the [SH—X]/hydrocarbon pair and,
therefore, result in a decreased endothermicity for exchange.
We have employed the polarizable continuum model (PCM)
of Tomasi®! at the B3-LYP/6-31G(d) level as incorporated in
GAUSSIAN 98 to model solvation by CH,Cl,.?*! Single-point
PCM energy calculations on gas-phase B3-LYP/6-31G(d)
geometries do not indicate the existence of a substantial
solvent effect. For example, for the reaction between di-
methyldisulfide and 17, the reaction energy was found to be
reduced only slightly from 86.4 to 81.9 kI mol~'. This was also
the case for the corresponding reactions involving 18 and 19.

The only remaining apparent conflict with experiment
concerns the approach direction of the base to the hetero-
cycle. Modenal! concluded on the basis of the observed
reaction kinetics and from an HF/3-21G(d) natural charge
analysis that a perpendicular approach (b, Scheme 3) is the
appropriate description of the base attack on the heterocycle.
On the other hand, the present theoretical results for the
transition structures and intermediate complexes seem to
indicate that the base preferentially attacks so that the
appropriate orbitals are aligned in a near-collinear fashion
(a, Scheme 3). This was also found to be the case in the
exchange reactions involving unsaturated hydrocarbons and
thiiranium or thiirenium ions® and for the corresponding
phosphorus and chlorine systems that we have investigated
previously.'> 31 Modenal'”! postulated that the apparent
discrepancy with the previous theoretical results® could be
due to a difference in behavior of ¢ and m nucleophiles.
However, our present results show that the approach direc-
tions of o and & nucleophiles are similar.!'®]

The strongest evidence put forward for the perpendicular
attack in the analysis of the reaction kinetics appears to be
that the rate constants for exchange reactions involving
thiiranium ions decrease as the substituents at both carbon
and sulfur become more bulky.P! On the other hand,
ModenaP! found that the rate constants for exchange involv-
ing thiirenium ions are insensitive to whether the thiirenium
ion is substituted with two fert-butyl groups at the carbons or
with one fert-butyl group and one adamantyl group, but that
the rate constant for exchange is highly sensitive to the
bulkiness of the substituent at sulfur.’] These latter results
seem to be more consistent with the near-collinear approach
of the Lewis base.

In order to investigate whether the approach directions in
solution (CH,Cl,) differ from those in the gas phase, we have
(again) employed the PCM to model solvation.’!! This
procedure has previously been shown to give reliable results
for the potential energy profile of Sy2 reactions in solution.*
The reaction between ammonia and the thiiranium ion was
chosen as a model system in the investigation. All our
attempts to find a transition structure corresponding to the
perpendicular approach direction of Modena led eventually
to a collinear transition structure (Figure 4). It is worth noting

Figure 4. Optimized geometry (B3-LYP/6-31G(d), PCM) of the transition
structure for the exchange reaction of the thiiranium ion plus NH; in
methylene chloride.

that the incorporation of solvent introduces a first-order
saddle point on the exchange potential energy surface.

The possibility of a front-side attack on the three-mem-
bered ring was not considered in the experimental study,
even though this mechanism would also seem to be consistent
with the experimental result that the rate constant for
exchange is sensitive to the size of the substituents at both
carbon and sulfur. We find (at the G2 level) that there is
indeed a transition structure corresponding to this mode of
approach. However, it lies very high in energy. In the case of
the reaction between NH; and the thiiranium ion, the
calculated gas-phase barrier relative to the reactants is
144.0 kJmol~'. The optimized geometries of the involved
transition structure and complexes are presented in Figure 5.
It is seen that the product complex yet again is hydrogen
bonded, but because of the large proton affinity of ammonia, a
complex between the ammonium ion and neutral thiirane is
favored in this case. It is noteworthy that we have previously
found two pathways for exchange in the reactions involving
thiiranium or thiirenium ions and unsaturated hydrocar-
bons:Pl a high-energy pathway that corresponds to the mode
of approach depicted in Figure 5 and the near-collinear lower
energy pathway.

1.027
1.062

2211 212

1.345
1.386 —
1
20(Cy TS: 20 - 21(Cy) 21(C))
—453 kI mol™! 144.0 KJ mol™ ! -50.1 kI mol™!

Figure 5. Optimized geometries (MP2(full)/6-31G(d)) of the species involved in the front-side attack of ethylene on [SH-NH;]*. Energies in kJmol™!

(relative to the reactants).
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Exchange reactions involving mono-adducts and lone-pair
donors: In order to obtain a better understanding of how the
donor properties of the reactant influence the exchange
reactions, we have included an investigation of the reactions
involving the possible combinations of first- and second-row
donors (YY), that is, NH;, H,O, HF, PH;, H,S, and HCI, and
mono-adducts thereof ([SH—X]"). The prototypical reaction
is shown in Scheme 6.

+ +
Y + [SH-X] —— [Y-SH] *+ X

Scheme 6. Reaction involving the possible combinations of first- and
second-row donors (Y) and the mono-adducts thereof ([SH—X]").

These reactions are generally found to proceed via an
intermediate di-adduct [ Y-SH-X]* without the intervention of
a transition structure. The only exception to this general
reactivity pattern is found in the reaction involving phosphine
and its mono-adduct [SH—PH;]*. In this case there are two
equivalent asymmetric di-adducts, separated by an intermedi-
ate barrier of 26.3 kJmol™! (relative to the asymmetric di-
adducts). Selected geometrical parameters, optimized at
MP2(full)/6-31G(d), of the mono- and di-adducts are pre-
sented in Tables 3 and 4, while the binding energies and
reaction energies are given in Tables 5, 6, 7, and 8.

Table 3. Selected optimized (MP2(full)/6-31G(d)) geometrical parameters
of the mono-adducts [SH—X]* formed between SH* and a Lewis base.

[SH-X]* r(S—X)ll
[SH-NH.]* (C,) 1.813
[SH-OH,]* (C) 1.804
[SH-FH]* (C) 1.853
[SH-PH,]* (C,) 2.054
[SH-SH,]* (C.) 2.083
[SH-CIH]* (C) 2.108

[a] Bond lengths in A.

Geometries of di-adducts—relation to the exchange reactions
involving unsaturated hydrocarbons: The results for the
geometries of the di-adducts between SHT and two Lewis
bases ([ Y-SH-X]") (Table 4) are in line with the results for the
transition structures and intermediate complexes involved in
the exchange reactions between mono-adducts and unsatu-
rated hydrocarbons. In particular, it is noteworthy that the
YSX angles lie in the range 176.0-153.8°. This is consistent
with the near-collinear alignment of the relevant orbitals
found for the exchange reactions involving SH™ mono-
adducts and unsaturated hydrocarbons in the present study
and for the related chlorine and phosphorus exchange
reactions involving mono-adducts, lone-pair donors, and
unsaturated hydrocarbons investigated previously.['> 1319

Reaction and binding energies of the di- and mono-adducts:
The variations in binding energies with X and Y for the
corresponding di-adducts formed from reactions of Y with
[PH,—X]* or [CI-X]* have been rationalized previously['> 1%

Chem. Eur. J. 2001, 7, No. 7
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Table 4. Selected optimized (MP2(full)/6-31G(d)) geometrical parameters
of the intermediate di-adducts ([Y-SH-X]*) between SH* and two Lewis
bases (Y and X).

[Y-SH-X]* r(Y-S) HS—X)l X YSXD!
[H,N-SH-NH;]* (C,,) 2.061 2.061 171.6
[H:;N-SH-OH,]" (C,) 1.880 2302 167.0
[H:;N-SH-FH]* (C,) 1.829 2517 162.8
[H,0-SH-OH,]* (C) 2,002 2.007 1712
[H,0-SH-FH]* (C,) 1.854 2280 165.1
[HF-SH-FH]* (C,) 2,008 2.008 169.1
[H;P-SH-PH,]* (C,) 2,074 3270 172.0
[H,P-SH-SH,]* (C,) 2.066 3278 164.6
[H,P-SH-CIH]* (C,) 2.056 3369 158.5
[H,S-SH-SH,]* (C,) 2.489 2385 176.0
[H,S-SH-CIH]* (C)) 2101 3111 166.1
[HCI-SH-CIH]* (C,) 2.406 2.406 1747
[H,N-SH-PH,]* (C,) 2.540 2.107 1722
[H,N-SH-SH,|* (C,) 1.921 2.700 170.7
[H,N-SH-CIH]* (C,) 1.829 3.068 167.8
[H,0-SH-PH,]* (C.) 2.683 2.061 1579
[H,0-SH-SH,]* (C,) 2339 2.155 170.0
[H,0-SH-CIH]* (C,) 1.889 2.656 1704
[HF-SH-PH,]* (C.) 2.761 2.053 153.8
[HF-SH-SH,]* (C,) 2.582 2.095 159.4
[HF-SH-CIH]* (C,) 2263 2188 1692

[a] Bond lengths in A. [b] Angles in degrees. [c] Connected to an equiv-
alent C; structure by a C,, transition structure with r(S—P)=2.427 A,
XPSP=178.7°.

Table 5. Reaction energies (AE,) for exchange processes involving first-
row donors and binding energies (AEy;,) of the intermediate di-adduct.?)

Y [SH-X]* AEg " AEJ

NH, [SH-NH,]* 100.4 0.0
H,0 54.7 162.4
HF 292 327.4
NH, [SH-OH,]* 217.1 —162.4
H,0 97.6 0.0
HF 39.4 1652
NH, [SH-FH]* 356.6 —374
H,0 204.4 ~165.0
HF 759 0.0

[a] G2 values in kJmol~! at 0 K. [b] Binding energy of [Y-SH-X]* relative
to Y plus [SH=X]". [c] Energy of [Y-SH]" plus X relative to Y plus
[SH-X]*.

Table 6. Reaction energies (AE,) for exchange processes involving second-
row donors and binding energies (AE,;,s) of the intermediate di-adduct.[?

Y [SH-X]* AE ;" AEJ

PH, [SH-PH,]* 26.84 0.0
S 244 120.9
HCl 16.6 283.0
PH, [SH-SH,]* 145.3 ~ 1209
S 459 0.0
HCl 24 162.5
PH, [SH—CIH]* 300.0 —2834
S 184.9 1625
HCl 525 0.0

[a] G2 values in kJmol~! at 0 K. [b] Binding energy of [Y-SH-X]* relative
to Y plus [SH—X]". [c] Energy of [Y-SH]" plus X relative to Y plus
[SH—X]*. [d] Two intermediate complexes are connected by a C,,
transition structure at 26.3 kJmol~! relative to the di-adduct.
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Table 7. Reaction energies (AE,) for exchange processes between first-row
donors plus mono-adducts of SH* and a second-row donor, and binding
energies (AEy;,) of the intermediate di-adduct.[?

Y [SH-X]* AE ™ AE

NH, [SH-PH,]* 486 71.8
H,0 409 234.2
HF 26.8 399.3
NH, [SH-SH,|* 98.9 —49.1
H,0 444 1133
HF 29.6 278.4
NH, [SH-CIH]* 2349 —211.6
H,0 97.3 —492
HF 36.7 1159

[a] G2 values in kJmol~! at 0 K. [b] Binding energy of [Y-SH-X]* relative
to Y plus [SH-X]". [c] Energy of [Y-SH]* plus X relative to Y plus
[SH-X]".

Table 8. Reaction energies (AE,) for exchange processes between second-
row donors plus mono-adducts of SH* and a first-row donor, and binding
energies (AE,;,q) of the intermediate di-adduct.l?!

Y [SH-X]* AE ;" AE/

PH, [SH-NH,]* 120.5 718
H,S 498 49.1
HCl 233 211.6
PH, [SH-OH,]* 2752 2342
H,S 157.9 ~1133
HCl 48.1 492
PH, [SH-FH]* 426.1 ~399.3
H,S 308.0 —278.4
HCl 152.6 —115.9

[a] G2 values in kJmol~"! at 0 K. [b] Binding energy of [Y-SH-X]* relative
to Y plus [SH—X]". [c] Energy of [Y-SH]" plus X relative to Y plus
[SH-X]*.

within the framework of qualitative molecular orbital theo-
ry.?3 It was noted that the lone-pair (HOMO) energies of the
donors decrease along a row and up a column in the periodic
table and that the stabilization, which results from the
interaction between an acceptor orbital and a donor orbital,
is inversely proportional to the energy gap between them.?3 34
In this manner, it would be expected that the binding energies
of the di-adducts formed from a particular mono-adduct and
donors from a particular row decrease with the electro-
negativity of the donor atom, for example, [H;N-SH-X]" >
[H,O-SH-X]" > [HF-SH-X]*, and this is indeed observed
(Tables 5-8).

The magnitude of the binding energies of the SH* mono-
adducts (Table 9) can be rationalized in a similar manner.
Thus, the binding energies of the mono-adducts formed
between SH* and donors from a particular row decrease with
the electronegativity of the donor atom. Similarly, because the
energies of the acceptor orbitals of the mono-adducts
decrease (within a row) with the electronegativity of the
donor (Figure 6), the binding energies of the di-adducts
formed from a particular donor Y and a series of mono-
adducts [SH—X]* with bases from a particular row increase
with the electronegativity of X.

In addition to the effect of the HOMO-LUMO energy
gap, the overlap also influences the strength of the interaction
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Table 9. Binding energies of mono-adducts formed from a Lewis base and
either PH,*, SH™, or CI*.[2]

Mono-adduct AEy,q Mono-adduct AEu,a Mono-adduct AEing
[PH,~NH]" (C,) 347.4 [SH-NH]" (C,) 466.3 [CI-NH;]* (C;,) 801.1
[PH,~OH,]* (C,) 230.1 [SH-OH,]* (C,) 3034 [CI-OH,]" (C,) 573.3
[PH,-FH]* (C,) 1103 [SH-FH]'(C,) 1388 [CI-FH]' (C;) 360.0
[PH,~PH;]* (C,) 340.7 [SH-PH;]* (C,) 5381 [CI-PHs]" (C;,) 947.0
[PH,—SH,]" (C,) 2634 [SH-SH,]* (C,) 4111 [CI-SH,]" (C,) 779.5
[PH,—CIH]* (C,) 1592 [SH—CIH]* (C;) 2547 [CI-CIH]* (C,) 5523
[a] G2 values in kJmol~' at 0 K. Binding energies are given relative to the

separated cation plus Lewis base. We have used the 'A; state of PH,", the 'Z,
state of SH*, and the 'D state of Cl* because we are mainly interested in the
interaction between the empty p-orbital on the cation and the lone pair on the
base. Binding energies relative to the *Z, ground state of SH* or the *P ground
state of CI* would be decreased by 131.2 and 144.3 kJ mol !, respectively.

Energy of mono-adduct
acceptor orbital decreases
with donor
electronegativity

Figure 6. Schematic representation of the interaction of the donor orbitals
of Lewis bases with the acceptor orbital of SH*.

between two orbitals. The overlap effect seems to be most
important when weak donors (e.g., HF) or weak acceptors
(e.g., [SH—PHj;] ") are involved, since the energy gap is large in
such cases and results in a smaller contribution from the
energy-gap term to the overall binding energy.

The trends in the reaction energies are determined by the
relative stabilities of the mono-adducts. This means that when
exchange involves donors from a particular row, the reaction
proceeds towards the more electronegative donor. The mixed
exchange reaction is generally more likely to be exothermic in
the direction in which the first-row donor is expelled. The
likelihood of observing the di-adduct experimentally is
affected by both the reaction and binding energies of the di-
adduct. The symmetric di-adducts (e.g., [NH;-SH-NH;]*)
would appear to offer the best prospects for experimental
observation.

Comparisons of the exchange reactions involving PH,", SH™,
and CI": The binding energies of the mono-adducts (Table 9)
increase in the series [PH,—X]' < [SH—X]" < [CI-X]*, con-
sistent with the better acceptor ability of C1*.1% The sensitivity
towards changes in donor abilities increases in the same
direction. Variation of X along a row in the periodic table
changes the binding energies of [Cl-X]* quite significantly,
whereas the change is less pronounced for [SH—X]" and
somewhat smaller yet for [PH,—X]" (Table 9). Again, this can
be rationalized in terms of the inverse proportionality of the
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interaction energy with the energy gap from the donor to the
acceptor orbital: since the energy gap is smaller in the case of
the Cl* systems, there is a larger response from changes in the
energy of the donor orbital.

The thermochemistry of the exchange reactions between
mono-adducts and Lewis bases follows the trends of the
mono-adducts, that is, the chlorine systems give rise to the
largest reaction energies, which again is consistent with the
large sensitivity towards changes in donor properties for
[CI=X]*. The binding energies of Y with [PH,—X]*, [SH—X]",
and [CI-X]* in the di-adducts increase in the order P < S < Cl
when first-row donors Y are involved in the exchange
reaction.l' 131 In the case of the second-row donors the trends
are less evident, but in most cases the binding energies of the
Cl* di-adducts are the largest. This indicates that the energies
of the acceptor orbitals decrease along the row [PH,—X]t >
[SH—X]* > [CI-X]*. Consistent with this, the effect of overlap
is found to be the key influence in determining the binding
energies of [Y-PH,-X]", whereas [ Y-SH-X]" is less sensitive to
overlap and [Y-CI-X]" even less so.

The reaction energies of the exchange reactions involving
mono-adducts and unsaturated hydrocarbons!'> ¥l do not
follow the trends of the mono-adduct binding energies, that
is, they do not increase along the row [PH,—X]" < [SH-X]' <
[CI=X]*. This is because these reaction energies express the
energy of the lone-pair donor/three-membered ring combi-
nation relative to the hydrocarbon/mono-adduct combina-
tion. Therefore the binding energy of the three-membered
ring also has a key influence on the reaction energies. In the
case of the exchange reactions between [PH,—X]" mono-
adducts and unsaturated hydrocarbons, an intermediate
barrier is found in seven instances;® this number reduces to
three in the present investigation and in the case of [CI-X]*
there is only an intermediate barrier for a single reaction.['?!
This could possibly be due to higher energy demands for the
electronic reorganization for the PH," systems in going from
two single bonds in the three-membered ring to a lone pair
and a i bond. This expectation is based on the fact that PH,*
is a ground-state singlet, whereas SH* and CI* are actually
ground-state triplets.

Conclusion

Exchange reactions involving mono-adducts of the sulfenium
ion and either unsaturated hydrocarbons or Lewis bases
proceed in a similar manner to one another and to the
previously investigated reactions involving the corresponding
chlorine and phosphorus systems. Depending on the reaction
energy, exchange for the reactions that involve the unsatu-
rated hydrocarbons proceeds either through a single well or
(in the case of the strongly bound mono-adducts leading to
endothermic reactions) through a double well.

The transition structures and intermediate complexes
generally correspond to a direction of attack on the mono-
adduct or three-membered ring such that the relevant orbitals
are aligned in a collinear or nearly collinear fashion. This was
also the case for the exchange reactions involving PH,* and
CI*. This result contrasts with the experimental findings of
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Modena et al.l# 1 who concluded that the base attacks in a
perpendicular manner. This apparent disagreement has been
discussed in recent articles.'> ¥l We have addressed the
problem further here, but find no evidence for a perpendic-
ular approach direction.

The binding energies of the mono-adducts and intermediate
di-adducts and the reaction energies generally increase (in
magnitude) in the sequence PH," < SH" < ClI*. This can be
rationalized in terms of qualitative molecular orbital theory.
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Change of the Reaction Pattern by Methodological Variations in
a Multicomponent Assembly Promoted by Ni Complexes
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Abstract: The m-allylnickel complex
formed by the addition of trimethylsilyl
chloride (TMSCI) to a mixture of [Ni-
(cod),] (cod =1,5-cyclooctadiene) and a
vinyl ketone (Mackenzie complex) car-
bometalates an acetylene in a complete-
ly regioselective manner resulting in the
formation of the corresponding vinyl
nickel species. This intermediate is ca-
pable of controlled quenching in a

of compounds: under a CO atmosphere,
an acylnickel species is formed that
ensues from the carbometalation of the
enol ether double bond to form cyclo-
pentenone derivatives. Alternatively, if
acetylene is present in excess and CO is
absent, another acetylene moiety will

Keywords: allyl complexes - car-
bonylation - cyclization - nickel

replace the CO and cyclohexadienes will
result instead. Finally, if only an excess
of the vinyl ketone is used, the product
from a slow double addition of the vinyl
ketone across the triple bond is formed.
The regioselectivities obtained by the
present method are different from those
obtained by the involvement of nickel
acyclopentadienes as intermediates
when the order of addition is reversed.

variety of ways to give different types

Introduction

Reactions in which three or more different and independent
components are assembled in a controlled single synthetic
operation are rare, because of the high entropy barrier that is
usually involved. However, they represent the highest chem-
ical efficiency and atom economy for forming at least two new
bonds in any designed path to a target moleculel' (two or
more simultaneous disconnections in a given retrosynthetic
analysis). One of the ways to overcome the disorder
parameter is to use metals. Alkaline ions, for instance, which
are able to be solvated by reacting ligands, have been used to
control the size of a crown ether that was obtained by
dehydration, but these metals are not applicable to hetero-
components. Transition metals, on the other hand, are suitable
orienting templates since they simultaneously allow different
ligands to bond to their coordination sphere (heteroleptic
complexes), the reactivities of which are usually altered by the
bonding to the metal. Both ligand affinity and ligand
activation have been found to be susceptible to modulation
(ligand tailoring). Moreover, the preferred orientation in their
coordination may be conveyed to the product that, in many

[a] Dr. J. M. Moret6, G. Garcia-Gémez
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cases, brings a high degree of selectivity to the reaction.
Owing to this inherent feature, transition metals are almost
exclusively the mediators for heterocomponent multibond
formation (copolymerization, telomerization, etc.). However,
it is hard to proceed further with the assembly of three
different components through consecutive nonidentical reac-
tions. To facilitate the formation of the necessary bonds and
the selection of the desired substrates by the metal, very often
one has to turn to intramolecularity as a major tool to obtain
proficient yields (tandem processes).”) Even the Pauson-—
Khand reaction, which can be considered as a three-compo-
nent reaction, has been applied in the vast majority of cases in
its intramolecular version.P! Other efficient three-component
metal-mediated reactions have been recently reported.! In
this context, we have studied the interaction of Mackenzie’s
m-allylnickel complexes with CO and alkynes and report
herein how the knowledge of the reacting species and the
suspected mechanism that rules them allows a convenient
manipulation of the mode of interaction, leading to a
controlled formation of different types of compounds.

Results and Discussion

Our initial purpose in this study was to extend the carbon-
ylative cycloaddition of Mackenzie’s m-allylnickel complexes
of aldehydes with alkynes to form cyclopentenones? to those
derived from ketones. As reported,l! the formation of the -
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allylnickel complex from vinyl ketones was found to be more
difficult and the reaction was more sluggish. We also observed
no reaction of methyl vinyl ketone (2a) with either tri-
methylsilyl chloride (TMSCI) or bromide (TMSBr) in aceto-
nitrile. However, the corresponding m-allylnickel iodide
complex, which was generated in situ in a toluene-rich
mixture (1:4 acetonitrile/toluene), reacted with a polarized
alkyne, methyl 2-butynoate (1a), to give the corresponding
cyclopentenone 3a in 26 % yield (Scheme 1). However, for

- , CH3;CN J:<
Pt
/\[( + Nal + TMSC | ™S

2a O
|Ni(cod), ]

- - ~_-OTMS

MeO 3a (26 %)
0

Scheme 1. Cyclopentenone formation from m-allylnickel iodide.

phenylacetylene (1h), there was no cyclopentenone forma-
tion and various phenylacetylene oligomers were obtained.
To avoid phenylacetylene self-interaction, we introduced
methodological changes: 1 mol of TMSI and 1 mol of methyl
vinyl ketone (instead of two) in toluene (instead of acetoni-
trile) were used to generate the m-allylnickel complex (in this
case, there was no need to use a polar solvent for halide
substitution), and CO was introduced before acetylene
addition. Again, cyclopentenone was not produced. However,
a considerable amount of the starting material was recovered
as its Michael adduct, 4-iodo-2-butanone (52 % yield), which
led to the conclusion that although the presence of CO had
prevented polyinsertion of phenylacetylene it had also
precluded its insertion in the allyl ligand. Clearly, the metal
selects the most suitable ligand. We then turned to a more
polarized alkyne, ethyl 2-butynoate (1b). Using the same
reaction procedure, this alkyne (2 mol) added prior to the
introduction of CO yielded a new product, 5b, in 48 % yield
(Scheme 2). From its structure, it is clear that CO had either
not been coordinated during the process or its coordination
had taken place once a second moiety of the alkyne had
already been inserted. In other words, the second mole of
alkyne replaced CO in the metal’s coordination sphere, thus
leading to a different type of product after its insertion.

Abstract in Catalan: E/ complex m-al - lilic format per l'addicio
de clorur de trimetilsilil a una vinil cetona en presencia de
Ni(cod), (complex de Mackenzie) carbometal - la regioselecti-
vament un alqui per a donar una especie vinil niquel. Aquest
intermedi pot derivar cap a la formacio de productes diversos
segons la variant metodologica emprada. Aixi, s'obtenen
ciclopentenones per tractament subsegiient amb CO; ciclohe-
xadiens si un exces d'alqui hi es present en absencia de CO o be
Z-olefines procedents d'una doble addicio de la vinil cetona si
aquesta es la que hi es present en exces.

1504

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

O
Ni =——F
\ _
OTMS
E

(

o)

E
o
E = CO;Et
—_
.
© E
0
/Ny sb

Scheme 2. Non-carbonylative cycloaddition of ethyl 2-butynoate.

Ni OTMS

Thus, the cyclohexenyl ketone structure derives from the
interception of the Z-allylalkenyl nickel intermediate by
excess alkyne. Now we could also check whether some of the
“polyinserted” products obtained from phenylacetylene ac-
tually correspond to the cyclocodimer for this acetylene. In
these introductory experiments, we found that there was a fine
balance in the selection of ligands, which we could manipulate
with the proper choice of the order of addition and the
solvent. The formation of cycloadducts related to Sb has been
the subject of results recently reported by Ikeda et al.”! As will
be commented on further, they also obtained similar products
through a three-component non-carbonylative intermolecular
reaction, but, the methodology was essentially different—the
components assemble in another manner and the regioselec-
tivities obtained are completely different. Therefore, our
results complement theirs according to the following general
strategic motto: When dealing with fairly stable intermediates,
the experimentalist can, in principle, control the product
formation on the coordination sphere of a metal by selecting
the reagents (ligands) and their order of addition. Since both
types of products, 3a and 5b, arise from the common
intermediate 4, which, in turn, originates from insertion
of the m-allylnickel complex to one moiety of acetylene,
we decided to reference all results to the same reaction
conditions, namely those that seemed more convenient
from the bibliographic precedentsl® 728 for the forma-
tion of intermediate 4. These conditions are: generation of
the m-allylnickel complex with TMSCI in THF at 0°C.
Under these conditions, we established three different proto-
cols that lead to three compound types as depicted in
Scheme 3.

Protocol 1: Addition of CO prior to the addition of the alkyne
and with 2:1 ketone/alkyne stoichiometry: in this case,
cyclopentenones (e.g. 3b) are exclusively formed in high
yield (See Table 1). Regioselectivity is complete when polar-
ized acetylenes are used. The regiochemistry of the adducts
is easily ascertained from the chemical shift of the
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Scheme 3. Three different synthetic paths from a common intermediate.

Table 1. Cyclopentenones from carbonylative cycloaddition with alkynes.
0

OH
[Ni(cod)2| Ry /
R CO, TMSCI
== 7 . R
f ot /\[( THF \
1 2 0 R; 3
Entry  Acetylene  R! R? R Products [%]
1 1a Me CO,Me  Me (2a)l  3a (26)
2 1b Me  COEt  Me (2a)  3b (%)
5 1b Me  COEt  Et(2b) 3bb (95)
3 1c Et COMe Me (2a) 3¢ (97)
4 1d Ph COMe Me (2a)  3d (98)
6 le Et Et Me (2a) -
7 1f T™S H Me (2a) -

[a] As an exception, this reaction was performed in acetonitrile/toluene
with addition of the alkyne prior to introduction of CO.

enone carbon atoms in the 3C NMR spectrum, the chemical
shift for the vinyl methyl protons in the 'H NMR spectrum
and, especially, the homoallyl coupling that is displayed by
this methyl group when it is at the a-keto site.”?) Nonpolarized
acetylenes do not interact under these general conditions and
they are recovered unchanged. These results match well with
previous findings as does the reaction with (trimethylsilyl)-
acetylene. We assume that the lack of reactivity is due to both
electronic and steric effects.[”) The cyclopentenone ring arises
from the insertion of a carbonyl ligand on the vinyl nickel
bond followed by a 5-exo-trig cyclization (Scheme 4).

Ni
OTMS

Scheme 4. 5-exo-trig cyclization under carbonylative conditions.

Unlike similar cycloadditions using allyl halides,””! there is
no second carbonylation and the metal is removed by (-
elimination. During work-up, the resulting enol ether is
quantitatively hydrolyzed to the corresponding ketone. Since
(trimethylsilyl)acetylene is active under non-carbonylative
conditions, the inhibition of cyclopentenone formation in this
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case would result from the preferred coordination of a
carbonyl ligand blocking that of the acetylene.

Protocol 2: In the absence of CO, the only species competing
for insertion of the m-allyl ligand are the acrylic ketone and
the alkyne. Of these, the alkyne is, by far, more reactive than
the ketone and, if the molar ratio is 1:1 (or superior in alkyne),
the vinyl nickel intermediate regiospecifically inserts a second
alkyne which is followed by a second carbometalation of the
enol ether double bond. Again, S-elimination (in either
direction) restores the enol ether and allows isolation as the
corresponding ketone 5 after work-up (Scheme?2 and 3;
Table 2 entries 1, 2, 4, 8, 11, and 12). A strict regiocontrol

Table 2. Optional quenching of the vinyl nickel intermediate by alkynes or
vinyl ketones that leads to cyclohexanediene adducts (5) or Z-disubstituted
alkenediones (6).

R O Q
. OTMS I 2 N
R, e [ +
~s Mo R——R; RN Ry >
R: 1 R
5 6

OTMS

Entry  Acetylene Ketone ratio 5 (yield[%]) 6 (yield[%])
1 1b 2a 1:1  5b(48) -
2 1b 2a 2:1  5b(90) -
3 1b 2a 12 - 6b (81)
4 1t 2a 2:1 5£(85) -
5 1t 2a 1226 5f(40) 6 (20)
6 1t 2a 12 5£(17) 6 (56)
7Ml 1f 2a 1:2 traces 6 f (40)
8 1g 2a 2:1 5g(98) -
9 1g 2a 1:2 - 6g (66)!
10 1g 2a 1:14 5¢(8) 6g(23),7g(27)
1 1h 2a 2:1  5h(60) -
12 1i 2a 11 537 6i (13)
13 1i 2a 122 6i (63)

[a] The acetylene was quickly added after m-allyl complex formation.
[b] TMSCI was replaced by trifluoroacetic acid. [c] Product 6 was isolated
as the corresponding diketone. [d] The m-allyl complex was prepared with a
1:1 ratio of vinyl ketone/fert-butyl acetylene and then methyl crotonate
(2mol) were added. [e] Product 5 underwent aromatization during
chromatographic purification.

occurs in all cases and only one regioisomer is obtained. It is
remarkable that in compounds 3a and 5b, the allyl compound
inserts in the acetylene at the most negative end of the alkyne.
This exceptional reactivity of the m-allylnickel complex as an
electrophile has been previously reported by our groupl® and
others.' Similar cyclohexadiene adducts have been prepared
by Ikeda et al.l"! Although they also observed regioselectivity,
it arose from the steric restrictions of the formation of a nickel
acyclopentadiene intermediate and, therefore, the major
isomers obtained were different from the ones reported
herein for (trimethylsilyl)acetylene and fbutylacetylene.

Protocol 3: Finally, the last variant of this reaction counts on
the use of an excess of the vinyl ketone. In this case,
intermediate 4 is the main product. The vinyl nickel bond in 4
has nucleophilic character and can react only with another
vinyl ketone moiety.l'!l Thus, products of type 6 are predom-
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inantly formed by conjugate addition (see Scheme 3; Table 2,
entries 3, 6, 9, and 13). Again, the regioselectivity is complete
and electronically controlled (steric effects were synergic in
some cases). However, in some cases, it was difficult to
completely prevent the interaction of 4 (after its formation)
with the acetylene. Thus, for (trimethylsilyl)acetylene, even
though the vinyl ketone/acetylene ratio was 2:1, the major
product was 5f when the acetylene was quickly added after
formation of the st-allyl complex (Table 2, entry 5). This result
is due to the higher reactivity of the alkyne compared to that
of the vinyl ketone. In contrast, when the acetylene addition
took place slowly, up to 4 h (Table 2,entry 6), the product ratio
was reversed. This result pointed to a high stability of
intermediate 4 that we attribute to a coordinative assistance
of the distal double bond to the metal.l'’l A better chemo-
selectivity at the expense of lower yield could be attained for
these products by using trifluoroacetic acid (TFA) instead of
TMSCI (Scheme 5; Table 2, entry 7).

A~ OH TMS. Ni
o)
T
\ ~0,CCF;
Ms

T]

> 6f

\
0

Scheme 5. Replacement of TMSCI by a protonic acid (TFA).

In this case, there is no stabilization of the vinyl Ni
intermediate by the distal double bond and it therefore reacts
with excess methyl vinyl ketone to afford adduct 6 f.

The corresponding open chain adduct (6g) could be
obtained in good yield (Table 2, entry 9) from fert-butylace-
tylene (1g) in the presence of excess methyl vinyl ketone.

The Z stereochemistry of the double bond for product 6 was
ascertained in 6 f and 6g by the strong NOE effect between
the equivalent trimethyl groups and the lone vinyl proton in
close proximity. Although we failed to prepare m-allylnickel
complexes of crotonic esters, we could use them as quenchers
(Table 2, entry 10). However, even by using an excess of methyl

crotonate, the interaction of the

0 vinyl intermediate 4 with acety-

/Bu OMe lene or vinyl ketone could not
be completely prevented, and

H considerable amounts of ad-
0 ducts 5g and 6g were found

7g together with the expected

product 7g in the final mixture.

With phenylacetylene (1h) in the absence of CO, we
obtained a good yield of the cyclohexadiene adduct Sh
(Table 2, entry 11) and realized that this adduct was also
present in a substantial amount in the crude reaction mixture
from the reaction in the presence of CO (vide supra). Finally,
we tried the intramolecular version with diacetylene methyl
bis(2-propyne)malonate (1i) in both variants. In both cases,

1506 ——
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we obtained moderate yields of the expected adducts
(Table 2, entries 12 and 13). Ikeda an co-workers and others
have isolated products similar to 5i by using the same
stoichiometry (alkyne/vinyl ketone 1:2) as was used in the
present methodology for the preparation of linear adduct
6i.%1 [ This difference is clearly due to the different
protocols applied and the involvement of the different
intermediates. The stereochemistry of product 6i should also
be discussed. Mechanistically, the two ketone chains were
expected to have Z configuration. However, one of the two
chains was found to have E geometry. We think that there is
significant strain between the two vinylic chains of the original
di-Z isomer" and it rearranges to the more stable E,Z isomer
by the known Ni-mediated H addition—elimination mecha-
nism (Scheme 6).

isomerization
and
hydrolysis

MeO,C Y

Me0;C N
6i

Scheme 6. Formation of adduct 6i.

Unlike what has been reported,['”l we found in all cases that,
while the Mackenzie m-allyl complexes of vinyl ketones may
not be of trivial preparation as are those of vinyl aldehydes,
they are, however, very keen to insert the preferred ligand by
the metal under the given conditions. Sometimes, the
reactivity was so high that it was difficult to control the
reaction and an undiscriminated amount of products were
produced (similar to those reactions with phenylacetylene in
the presence of carbon monoxide).

Conclusion

By careful analysis of the putative mechanism and variation of
the reaction conditions, while considering the mutual reac-
tivity of the reagents (ligands), we have been able to divert the
regioselective reaction from formation of cyclopentenones
towards that of 2,4-cyclohexadienes or 1,8-diketo-4-ethylene
systems.

Experimental Section

General details: IR spectra were recorded with a Bomem MB-120 with
Fourier transform instrument. 'H and 3C NMR spectra were recorded in
CDCl, solutions (unless otherwise indicated) with Varian Gemini 200 and
Unity 300 machines, operating at 200 and 300 MHz for 'H spectra and 50
and 75 MHz for '3C spectra, respectively. Chemical shifts are reported in &
units, parts per million (ppm) downfield from Me,Si, or in ppm relative to
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the singlet at 6 =7.26 for CDCI; for 'H, and in ppm relative to the center
line of a triplet at 6=770 of CDCl; for "*C. Splitting patterns are
designated as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b,
broad; *, apparent multiplicity. Elemental analyses were performed with a
Carlo Erba apparatus (1106 and 1108 models). GC-MS was performed on a
Fisons MD800 mass spectrometer coupled to a gas chromatograph
equipped with a fused silica capillary column SPB-5 (30 m x 0.32 mm
i.d.). High-resolution MS (EI) spectra (70 eV) were obtained on an
Auto Spec-Q instrument. TLC was run on Merck 60 F,s, silica gel plates.
Flash chromatography was performed on 230-400 mesh Merck 60 silica
gel. Commercial analytical-grade reagents were obtained from commercial
suppliers and were used directly without further purification. Solvents were
distilled under argon prior to use and dried by standard methods.

Methyl (4Z)-4-(1-hydroxyethylidene)-2-methyl-3-oxocyclopent-1-ene-1-
carboxylate (3a): (As an exception to the general procedure, this reaction
was carried out in 20:5 toluene/acetonitrile). [Ni(cod),] (0.53 g, 1.93 mmol)
and anhydrous toluene (20 mL) were introduced in a 100 mL Schlenk flask.
In another 25 mL flask under Ar, 2a (0.27 g, 3.85 mmol), Nal (0.63 g,
4.24 mmol), and TMSCI (0.46 g, 4.24 mmol) in anhydrous acetonitrile
(5 mL) were mixed. After the mixture had been stirred for 5 min at room
temperature, the contents of the second flask were transferred by cannula
to the first flask that contained the [Ni(cod),] suspension at —10°C. A deep
red color developed quickly, which indicated formation of the m-allyl
complex. The temperature was kept at — 10 °C for about 1 h, at which point
the temperature was lowered to —78°C and acetylene 1la (0.19 g,
1.93 mmol) was added. The Ar atmosphere was immediately replaced by
CO by bubbling CO through the solution for approximately 10 min. The
system was allowed to evolve until the bath temperature had reached room
temperature, at which point methanol (2 mL) was added. Stirring at room
temperature was continued overnight. The crude reaction mixture was
evaporated to dryness!'”) in vacuo and the residue was treated with brine
and the solution was extracted with diethyl ether (3 x 15 mL). The organic
extracts were combined and the resulting residue was purified by flash
chromatography (Hexane/EtOAc 6:1) to obtain 3a as a white solid
(96 mg). Yield: 26 %; m.p. 61 °C; IR (film): 7 = 1720, 1668, 1616, 1436 cm™;
'"H NMR (300 MHz, CDCl;): 6 =3.86 (s, 3H), 3.35 (q,/=2.4 Hz,2H), 2.23
(t, J=2.4Hz, 3H), 2.15 (s, 3H); C NMR (75 MHz, CDCl;): 6 =189.8,
180.2, 165.2, 149.2, 141.4, 110.4, 51.8, 32.4, 21.7, 10.3; MS (40 eV, EI): m/z
(%): 196 (33) [M]*, 154 (100), 121 (70), 94 (70); elemental analysis calcd
(%) for C,,H,,0, (196.20): C 61.22, H 6.12; found: C 61.18, H 6.35.

General procedure for cyclization reactions: To a 100 mL Schlenk flask
initially filled with Ar, [Ni(cod),] (0.64 g, 2.33 mmol) and anhydrous THF
(10 mL) were added and kept at 0°C, while 2a (0.326 g, 4.65 mmol) was
added dropwise. This led to a red solution. After 20 min Me;SiCl (0.303 g,
2.79 mmol) was added dropwise. After one hour, the oxidative addition was
over. At this point, Ar was replaced by CO by bubbling CO under
atmospheric pressure into the flask. The color faded considerably. Then, 1
(2.33 mmol) was added dropwise. The reaction was allowed to proceed for
an additional 4 h. The solvent was removed completely in vacuo.'] The
residue was treated with brine, and the resulting mixture was extracted
several times with diethyl ether. The combined organic phases were dried
over Na,SO, and evaporated to dryness in vacuo. The crude oil was either
crystallized from diethyl ether/methanol or purified by flash chromatog-
raphy (hexane/EtOAc).

Ethyl (4Z)-4-(1-hydroxyethylidene)-2-methyl-3-oxocyclopent-1-ene-1-car-
boxylate (3b): As per the general procedure above, 2a (0.27 g, 3.85 mmol),
[Ni(cod),] (0.53 g, 1.93 mmol), TMSCI (0.25 g, 2.31 mmol), and 1b (0.2 g,
1.93 mmol) were allowed to react. After crystallization (diethyl ether/
MeOH 10:1), 3b was isolated as a white solid (0.397 g). Yield: 98 %; m.p.
52°C; IR (film): #=1714, 1660, 1614, 1371 cm~'; "H NMR (300 MHz,
CDCl;): 0=4.30 (q, J=72Hz, 2H), 333 (q, /=24 Hz, 2H), 2.21 (t, J=
2.4 Hz, 3H), 2.15 (s, 3H), 1.36 (t, /=72 Hz, 3H); C NMR (75 MHz,
CDClL): 6=190.2, 179.8, 164.8, 148.9, 142.0, 110.3, 60.8, 32.3, 21.7, 14.2,
10.3; elemental analysis calcd (%) for C;;H,,0, (210.22): C 62.86, H 6.67;
found: C 62.86, H 6.76.

Ethyl (4Z)-4-(1-hydroxypropylidene)-2-methyl-3-oxocyclopent-1-ene-1-
carboxylate (3bb):

As per the general procedure above, 2b (0.45 g, 5.38 mmol), [Ni(cod),]
(0.74 g,2.69 mmol), 1b (0.30 g, 2.69 mmol), and TMSCI (0.35 g, 3.20 mmol)
were alllowed to react. After crystallization (diethyl ether/MeOH 10:1),
3bb was obtained as a white solid (0.573 g). Yield: 95%; m.p. 47°C;
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'H NMR (300 MHz, CDCL,): 6=4.30 (q, J=72Hz, 2H), 334 (q, J=
2.4 Hz, 2H), 2.45 (q, J=75 Hz, 2H), 2.23 (t, J=2.4 Hz, 3H), 1.37 (t, J =
72 Hz,3H), 1.21 (t,J =75 Hz, 3H); ®C NMR (75 MHz, CDCl;): 6 =188.7,
185.6, 164.8, 148.8, 141.1, 109.7, 60.8, 32.3, 28.9, 14.2, 10.3, 9.4; elemental
analysis caled (%) for C,,H,,0, (224.22): C 64.28, H 7.14; found: C 64.01, H
7.36.

(5Z)-3-Acetyl-2-ethyl-5-(1-hydroxyethylidene)cyclopent-2-en-1-one (3 ¢):
As per the general procedure above, 2a (0.18 g, 2.54 mmol), [Ni(cod),]
(0.35 g, 1.27 mmol), 1¢ (0.12 g, 1.27 mmol), and TMSCI (0.16 g, 1.53 mmol)
were allowed to react. After flash chromatography (hexane/EtOAc 6:1), 3¢
was obtained as a yellow oil (0.239 g). Yield: 97 %; 'H NMR (300 MHz,
CDCly): 6=3.37 (t, /=12 Hz, 2H), 2.70 (qt, /=12, 7.5 Hz, 2H), 2.45 (s,
3H),2.17 (s,3H), 1.14 (t,/ =75 Hz, 3H); 3C NMR (75 MHz, CDCL,): d =
187.8, 182.9, 152.2, 146.7, 110.7, 33.1 29.6, 22.5, 18.2, 12.9; MS (40 eV, EI):
m/z (%): 194 (65) [M]*, 151 (69), 137 (100), 109 (36); high-resolution MS
for C;;H,,05, calcd: 194.094294; found: 194.093361.

Methyl (4Z)-4-(1-hydroxyethylidene)-3-oxo-2-phenylcyclopent-1-ene-1-
carboxylate (3d): As per the general procedure, 2a (0.17 g, 2.40 mmol),
[Ni(cod),] (0.33 g, 1.2 mmol), 1d (0.19 g, 1.2 mmol), and TMSCI (0.16 g,
1.44 mmol) were reacted. After crystallization (diethyl ether/MeOH 10:1),
3d was obtained as a white solid (0.303 g). Yield: 98%; m.p. 107°C;
'"H NMR (300 MHz, CDCl,): 6 =742 (m, 5H), 3.74 (s, 3H), 3.54 (s, 2H),
2.20 (s, 2H); *C NMR (75 MHz, CDCl;): 6 =188.9, 180.2, 165.0, 148.7,
142.8, 130.3, 129.2, 128.9, 1279, 127.8, 110.4, 52.0, 33.0, 21.8; elemental
analysis calcd (%) for C;sH,,0, (258.27): C 69.77, H 5.42; found C 70.18, H
5.48.

Diethyl 5-acetyl-2,4-dimethylcyclohexa-1,3-diene-1,3-dicarboxylate (5b):
As per the general procedure in the absence of CO, 2a (0.102 g, 1.45 mmol),
[Ni(cod),] (0.40 g, 1.45 mmol), TMSCI (0.19 g, 1.74 mmol), and 1b (0.32 g,
2.91 mmol) were allowed to react. After flash chromatography (hexane/
EtOAc 9:1), 5b was obtained as a colorless oil (0.385 g). Yield: 90 %; IR
(film): 7= 1714 cm™!; '"H NMR (300 MHz, CDCl;): 6 =4.27 (q,J =72 Hz,
2H), 4.18 (q, /=72 Hz, 2H), 3.04 (ddd, /=12, 3.9, 17.1 Hz, 1H), 2.94 (dd,
J=3.9,78 Hz, 1H), 2.63 (ddd, J=2.7, 7.8, 17.1 Hz, 1H), 2.15 (s, 3H), 2.08
(dd, 7=12, 2.1 Hz, 3H), 1.96 (s, 3H), 1.32 (t, /=72 Hz, 3H), 1.28 (t, /=
72 Hz, 3H); BC NMR (75 MHz, CDCl;): 6 =207.2, 168.2, 1673, 139.7,
138.9, 133.3, 121.0, 61.0, 60.4, 52.7, 28.6, 26.8, 20.8, 17.2, 14.2, 14.1; MS
(20 eV, EL): m/z (%): 295 (3) [M+1]*, 253 (100), 238 (20), 224 (17), 107 (20).

Diethyl 5-acetyl-2,4-dimethylisophthalate (derived from 5b by oxidation):
"H NMR (300 MHz, CDCl;): 6 =8.18 (s, 1H), 4.42 (q, /= 7.2 Hz, 2H), 4.40
(q,/=72Hz,2H),2.59 (s,3H),2.53 (s,3H),2.44 (s,3H), 1.40 (t,/ =72 Hz,
3H), 1.39 (t, /=72 Hz, 3H); *C NMR (75 MHz, CDCl,): 6 =200.7, 169.2,
166.5, 139.2, 139.1, 137.8, 131.2, 128.4, 61.5, 61.3, 29.8, 18.2, 17.9, 14.2, 14.1;
MS (40 eV, EI): m/z (%): 292 (60) [M]*, 277 (100), 263 (42), 247 (96), 103
(26), 77 (20); high-resolution MS for C,sH,,Os, calcd: 292.131074; found:
292.131693.

Ethyl  (2E)-2-[(2Z)-3-trimethylsiloxybut-2-enyl]-3-methyl-6-oxohept-2-
enoate (6b): As per the general procedure in the absence of CO,
2a (0.38 g, 5.40 mmol), [Ni(cod),] (0.75g, 2.70 mmol), 1b (0.302 g,
2.70 mmol), and TMSCI (0.35 g, 3.24 mmol) were allowed to react. After
flash chromatography (hexane/EtOAc 9:1), 6b was obtained as a colorless
oil (0.721¢g). Yield: 81%; IR (film): #=1714, 1672 cm™!; 'H NMR
(300 MHz, CDCl;): 6 =4.40 (dt, /=12, 6.9 Hz, 1H), 420 (q, /=72 Hz,
2H),2.96 (d,J=6.9 Hz, 2H), 2.50 (m, 2H), 2.40 (m, 2H), 2.16 (s, 3H), 1.90
(s, 3H), 1.75 (d, J=12Hz, 3H), 130 (t, J=72Hz, 3H), 0.18 (s, 9H);
13C NMR (75 MHz, CDCly): 6 =207.7, 169.7, 146.8, 142.8, 128.5, 105.8, 60.1,
41.5,29.8,29.3,25.9, 22.5, 20.6, 14.2, 0.62; elemental analysis calcd (% ) for
C,7H;,0,Si (326.50): C 62.48, H 9.19; found: C 62.30, H 9.44.

Ethyl (2E)-3-methyl-6-0x0-2-(3-oxobutyl)hept-2-enoate (from acid hydro-
lysis of 6b): IR (film) #=1712 cm~!; '"H NMR (300 MHz, CDCl;): 6 =4.20
(q, /=72 Hz, 2H), 2.60 (m, 6H), 2.40 (m, 2H), 2.19 (s, 3H), 2.15 (s, 3H),
1.90 (s,3H), 1.30 (t,/ =7.2 Hz, 3H); *C NMR (75 MHz, CDCl;): 6 =208.6,
208.0,169.4,144.0,127.5,60.4, 42.8,41.3,29.9, 29.8, 28.9, 23.5, 20.5, 14.1; MS
(40 eV, EI): m/z (%): 236 (2), 208 (98), 165 (98), 151 (100), 122 (79), 109
(71), 95 (99), 79 (63).
1-(2,4-Bistrimethylsilylcyclohexa-2,4-dien-1-yl)ethanone (5f): As per the
general procedure in the absence of CO, 2a (0.17 g, 2.40 mmol), [Ni(cod),]
(0.66 g,2.40 mmol), 1£(0.47 g, 4.80 mmol), and TMSCI (0.31 g, 2.88 mmol)
were allowed to react. After flash chromatography (hexane/EtOAc 9:1), 5 f
was obtained as a colorless oil (0.544 g. Yield: 85%; IR (film) ¥ =1716,
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1455 em~!; '"H NMR (300 MHz, CDCl;): 6 =6.48 (s, 1H), 6.12 (dd, J = 3.0,
5.7 Hz, 1H), 3.04 (dd, J=3.0, 9.0 Hz, 1H), 2.53 (ddd, J=3.0, 5.7, 18.0 Hz,
1H), 2.37 (ddd, J =3.0, 9.0, 18.0 Hz, 1H), 2.09 (s, 3H), 0.11 (s, 9H), 0.10 (s,
9H); *C NMR (75 MHz, CDCl,): 6 =211.6, 136.7, 136.2, 135.7, 134.7, 47.5,
280,271, — 1.6, —2.2; MS (20 eV, EI): m/z (%): 295 (3) [M+1]*, 253 (100),
238 (20), 224 (17), 107 (20); elemental analysis caled (%) for C,H,,OSi,
(266.53): C 63.03, H 9.75; found: C 62.59, H 9.95.

1-(2,4-Bistrimethylsilylphenyl)ethanone (aromatic product arising from
the oxidation of cyclohexadiene derivative 5 f as per the method of Ikeda
et al.l'l): Compound 5f (1 mmol) was added to a solution of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) (2.3 mmol) in methanol. The mix-
ture was stirred in air for approximately one day. The solution was
concentrated in vacuo and diethyl ether (15 ml) was added, the mixture was
then extracted with 1N HCI (10 ml) and then the organic phase was
evaporated to dryness in vacuo. Yield: 93%; 'H NMR (300 MHz, CDCl,):
0=791(dd,J=0.6,1.2 Hz, 1H), 7.86 (dd, J=0.6, 7.5 Hz, 1 H), 7.64 (dd, J =
1.2, 75 Hz, 1H), 2.62 (s, 3H), 0.31 (s, 18 H); *C NMR (75 MHz, CDCl,):
0=200.5, 145.0, 142.7, 140.7, 140.3, 133.9, 128.5, 27.3, 0.27, —1.36; MS
(20 eV, EI): m/z (%):291 (2) [M —1]F, 275 (28), 259 (30), 187 (50), 147 (70),
73 (100).

(SE, 8Z)-9-Trimethylsiloxy-5-trimethylsilyldeca-5,8-diene-2-one (6f): As
per the general procedure in the absence of CO, 2a ( 0.22 g, 3.13 mmol),
[Ni(cod),] (0.43 g, 1.56 mmol), 1 £ (0.15 g, 1.56 mmol), and TMSCI ( 0.20 g,
1.88 mmol) (or alternatively, the corresponding amount of TFA for the
experiment in entry 7 of Table2) were allowed to react. After flash
chromatography (9:1 hexane/EtOAc), 6 f was obtained as a colorless oil
(0.274 g, 56 %) together with 5f (71 mg, 17%) (or 6f (ca. 40%) in the
alternative experiment). 'H NMR (300 MHz, CDCL): 6=5.70 (t, J=
6.9 Hz, 1H), 4.41 (dt, J=1.2, 72 Hz, 1H), 2.76 (ddd, /=12, 6.9, 7.2 Hz,
2H),2.39 (br.s,4H),2.14 (s,3H), 1.78 (d,/ = 1.2 Hz, 3H), 0.19 (s, 9H), 0.05
(s, 9H); BC NMR (75 MHz, CDCl,): 6 =208.6, 147.0, 140.0, 138.6, 106.5,
43.9, 29.8, 24.8, 23.3, 22.6, 0.6, —1.4; elemental analysis calcd (%) for
CisH3,0,81, (312.59): C61.42, H 10.24; found: C 61.54, H 10.41; a part of the
isolated product was found as the hydrolyzed product after chromatog-
raphy.

(5E)-5-Trimethylsilyldec-5-ene-2,9-dione (6 f hydrolyzed): 'H NMR
(300 MHz, CDCL;): 6=5.65 (t, J=6.9 Hz, 1H), 2.51 (m, 2H), 2.36 (m,
4H), 2.14 (s, 6H), 0.04 (s, 9H); *C NMR (75 MHz, CDCl;): 6 =208.4,
208.2,140.7,138.9,43.7,43.1,29.9,29.8,23.3,22.6, — 1.4; MS (40 eV, EI): m/z
(%): 225 (43), 182 (28), 167 (27), 143 (67), 130 (34), 115 (96), 73 (100).

1-(2,4-Di-tbutylcyclohexa-2,4-dien-1-yl)ethanone (5g): As per the general
procedure in the absence of CO, 2a (81 mg, 1.16 mmol), [Ni(cod),] (0.32 g,
1.16 mmol), 1g (95 mg, 1.16 mmol), and TMSCI (0.15 g, 1.40 mmol) were
allowed to react. After flash chromatography (hexane/EtOAc 9:1), 5g was
obtained as a colorless oil (0.267 g). Yield: 98%; 'H NMR (300 MHz,
CDCL): 6=6.14 (d, J=12 Hz, 1H), 5.37 (ddd, J=12, 4.2, 4.8 Hz, 1 H),
3.05 (dd, /=42, 6.0 Hz, 1H), 2.45 (dd, J=4.8, 6.0 Hz, 2H), 2.10 (s, 3H),
1.07 (s, 18 H); *C NMR (75 MHz, CDCl;): 6 =212.3, 145.8, 145.6, 119.1,
112.5, 475, 36.1, 34.0, 29.1, 28.9, 28.8, 27.7; elemental analysis calcd (%) for
CisHa0 (234.38): C 81.91, H 11.09; found: C 81.93, H 11.22.

(SE)-5-tert-Butyldec-5-ene-2,9-dione (6 g): As per the general procedure in
the absence of CO, 2a (97 mg, 1.38 mmol), [Ni(cod),] (0.19 g, 0.69 mmol),
1g (57 mg, 0.69 mmol), and TMSCI (90 mg, 0.83 mmol) were allowed to
react. After flash chromatography (hexane/EtOAc 6:1), 6g was obtained as
ayellow oil (0.102 g). Yield: 66 %; IR (film): 7= 1716, 1478 cm~'; '"H NMR
(300 MHz, CDCl;): 0 =5.14 (t,/ =6.9 Hz, 1H), 2.49 (m, 2H), 2.30 (m, 4 H),
2.22 (m, 2H), 2.16 (s, 3H), 2.15 (s, 3H), 1.01 (s, 9H); *C NMR (75 MHz,
CDCl;): 6 =208.5, 1472, 120.9, 44.3, 43.7, 36.6, 30.3, 29.8, 29.1, 22.3, 21.5.

Methyl (4E)-5-tert-butyl-8-oxonon-4-enoate (7g): As per the general
procedure in the absence of CO, 2a (0.185g, 2.65 mmol), [Ni(cod),]
(0.729 g, 2.65 mmol), 1g (0.218 g, 2.65 mmol), TMSCI (0.345 g, 3.18 mmol),
and methyl crotonate (0.48 g, 5.30 mmol) were allowed to react. After flash
chromatography (hexane/EtOAc 6:1), 7g was obtained as a yellow oil
(0.174 g). Yield: 27 %, together with 5g (52 mg, 8%) and 6g (0.140 g,
23%); 'H NMR (300 MHz, CDCl;): 6 =5.17 (t, J=6.9 Hz, 1H), 3.68 (s,
3H),2.49 (m,2H),2.37 (m, 4H), 2.25 (q*,J =7.2 Hz,2H), 2.15 (s, 3H), 1.02
(s, 9H); BCNMR (75 MHz, CDCL): 6 =208.3,173.7, 146.7,121.5, 51.5, 43.7,
36.5, 34.6, 30.0, 29.5, 29.1, 23.0, 22.3.

1-(2,4-Diphenylcyclohexa-2,4-dien-1-yl)ethanone (5h): As per the general
procedure in the absence of CO, 2a (65 mg, 0.91 mmol), [Ni(cod),] (0.25 g,
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0.91 mmol), 1h (0.18 g, 1.82 mmol) and TMSCI (0.12 g, 1.09 mmol) were
allowed to react. After flash chromatography (hexane/EtOAc 9:1), Sh was
obtained as a colorless oil (0.128 g). Yield: 60%; 'H NMR (300 MHz,
CDCl;): 0 =740 (m, 10H), 6.93 (s, 1H), 6.15 (ddd, J=1.2,3.3, 6.3 Hz, 1 H),
3.60 (dd,J=2.7,9.0 Hz, 1H), 3.03 (ddd, J=2.7,6.3,18.0 Hz, 1 H), 2.80 (ddd,
J=33, 9.0, 18.0 Hz, 1H), 2.10 (s, 3H); C NMR (75 MHz, CDCL): 6 =
209.8, 140.0, 139.8, 136.8, 136.2, 128.8, 128.5, 127.8, 127.3, 125.6, 125.5, 124.7,
121.8, 48.8, 28.2, 27.7; elemental analysis calcd (%) for C;sH,,0 (234.38): C
81.91, H 11.09; found: C 81.93, H 11.22.

Dimethyl 5-acetyl-1,3-dihydro-2H-indene-2,2-dicarboxylate (5i): (By pass-
ing through the chromatography column, the total amount of diene
aromatized and, therefore, was characterized as the corresponding dehydro
derivative). As per the general procedure, 2a (0.06 g, 0.87 mmol),
[Ni(cod),] (0.24 g, 0.87 mmol), 1i (0.18g, 0.87 mmol), and TMSCI (0.11g,
1.05 mmol) were allowed to react. After flash chromatography (hexane/
EtOAc 7:1), 5i was obtained (89 mg, 37 %) together with 6i (40 mg, 13%);
for 5i (colorless oil): IR (film): ¥ =3002, 1735, 1681, 1434 cm~'; '"H NMR
(300 MHz, CDCl,): 6 =7.80 (m, 2H), 7.30 (d, / =8.1 Hz, 1 H), 3.77 (s, 6 H),
3.64 (bs, 4H), 2.58 (s, 3H); C NMR (75 MHz, CDCL;);  =197.8, 171.7,
145.6, 140.5, 136.5, 1277, 124.3, 124.1, 60.3, 53.1, 40.5, 40.2, 26.7; MS (40 eV,
EI): m/z (%): 276 (23) [M]*, 216 (65), 201 (100), 115 (42).

Dimethyl (3Z,4E)-3,4-bis(4-oxopentylidene)cyclopentane-1,1-dicarbox-
ylate (6i): As per the general procedure in the absence of CO, 2a (0.26 g,
3.70 mmol), [Ni(cod),] (0.51 g, 1.85 mmol), 1i (0.38 g, 1.85mmol), and
TMSCI (0.22 g, 2.04 mmol) were allowed to react. After flash chromatog-
raphy (hexane/EtOAc 7:1), 6i was obtained as a yellow oil (0.409 g). Yield:
63%; IR (film): #=1735, 1716, 1434 cm~'; '"H NMR (300 MHz, CDCl,):
0=5.63 (tt, J=2.1,75 Hz, 1H), 5.30 (t, /= 6.0 Hz, 1 H), 3.76 (s, 6H), 3.01
(bs,2H), 2.92 (d, J=2.1 Hz, 2H), 2.54 (m, 6 H), 2.35 (m, 2H), 2.15 (s, 3H),
2.14 (s, 3H); BC NMR (75 MHz, CDCl;): 6 =208.3, 207.9, 171.7, 136.8,
136.4,125.8,123.3, 57.1, 52.8, 43.5, 42.9, 42.7, 38.3, 29.9, 29.8, 24.2, 23.3; MS
(40 eV, EI): m/z (%): 351 (38) [M+1]*, 292 (26), 215 (55), 189 (95), 129
(100), 117 (54), 91 (59).
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Synthesis of Aluminum Hydrazides by Hydroalumination
of 2,3-Diazabutadienes—Formation of an Al,(N,); Cage Compound
and an Al;(N,); Macrocyclic Ligand
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Abstract: Treatment of 1,1,4,4-tetra-
methyl-2,3-diazabutadiene  with the
alane adduct [AIH;(NMe,Et)] yielded
the hydrazine derivative (AlH,),-
(AIH),(N,iPr,); (1) by the hydroalumi-
nation of both C—N double bonds.
Compound 1 has a complicated cage
structure formed by three hydrazido
groups and four aluminium atoms. As a
particularly interesting structural motif
it contains a N—N group side-on-coordi-

1 gave a heterocubane-type compound
(HAINiPr), (2) by the complete cleav-
age of all N—N bonds, one face of which
is bridged by weakly coordinated diiso-
propyldiazene with a N—N double bond.
Repeated sublimation gave the pure,
unsupported heterocubane molecule 3.
Heating of the rough product of the

Keywords: aluminum - cage com-
pounds - heterocycles - hydrazides

reaction of alane and diazabutadiene to
90°C in a closed vessel yielded another
product Al(AIH,);(N,iPr,); (4), which
contains a cyclic chelating ligand formed
by three hydrazido groups and three
aluminium atoms. This heterocycle co-
ordinates a fourth aluminum atom in the
molecular center by close contacts to all
six nitrogen atoms. A strongly flattened,
distorted  octahedral  coordination
sphere results for the inner metal atom.

nated to one aluminium atom through

. . .. + N ligands -
its lone pairs of electrons. Sublimation of

Introduction

Aluminum and gallium hydrazides have attracted consider-
able interest because they are potentially useful as starting
materials for the formation of the corresponding nitrides by
chemical vapor deposition or by thermolysis of macroscopic
samples. Several methods for the synthesis of these com-
pounds have been published, such as the treatment of
hydrazines with trialkylelement compounds by the release
of alkane,['*! the formation of hydrogen in a similar reaction
by employing dialkylaluminum hydridel* ! or LiAIH, [ the
reaction of lithium hydrazides with dialkylelement chlor-
ides,[*® the hydroalumination of azobenzene,”) and the
treatment of adducts of trimethylsilylhydrazine and dialkyl-
aluminum chlorides'”) with n-butyllithium.['!l At present, we
are very interested in hydroalumination reactions of polyenes
or polyynes which open a facile method for the syntheses of
polyaluminum compounds. These studies have led to the
formation of carbaalanes containing novel clusters of alumi-
num and carbon atoms!'” or compounds with two or more

[a] Prof. Dr. W. Uhl, J. Molter, Prof. Dr. B. Neumiiller
Fachbereich Chemie der Philipps Universitét
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
Fax: (+49)6421-2825653
E-mail: uhl@chemie.uni-marburg.de
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rearrangement

coordinatively unsaturated aluminum atoms,? the latter are
very effective chelating Lewis acids and have already been
employed for the coordination of nitratel' and azide
anions.'”! In continuation of this work we treated 2,3-
diazabutadiene derivatives with aluminum hydrides to hydro-
aluminate the C—N double bonds and to open a new and facile
route for the synthesis of aluminum hydrazido derivatives
which may also be suitable as chelating ligands. We report
here on reactions starting with the alane adduct [AIH;(N-
Me,Et)].

Results and Discussion

[AIH;(NMe,Et)] is only sparingly soluble in nonpolar solvents
such as n-pentane, and in our initial investigations we
employed toluene as a solvent in the reaction of 1,1,4,4-
tetramethyl-2,3-diazabutadiene with the alane adduct at low
temperature. But in all cases, only oily residues were obtained
which contained mixtures of several unknown products, none
of which could be isolated by recrystallization or distillation.
Therefore, we dissolved the organic component in n-pentane,
cooled that solution to —50°C and added two molar
equivalents of the alane adduct dissolved in a small quantity
of toluene [Eq. (1)]. After warming to room temperature and
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evaporation of the solvent an amorphous residue remained
which rapidly decomposed in pure toluene by gas evolution.
Because of its insolubility in pure n-pentane it was dissolved
in a warm (50°C) mixture of n-pentane and toluene. The
solution was rapidly cooled to — 40 °C, but nevertheless partial
decomposition occurred. Colorless crystals of the product 1
were isolated in a small, but reproducible yield of 14 %.
Decomposition occurred in benzene or other polar solvents so
that the NMR spectroscopic characterization failed. Five
sharp symmetric and asymmetric Al-H stretching vibrations
were detected in the IR spectrum between 1775 and
1917 ecm~! which clearly exclude the occurrence of hydrido
bridges and verify a complicated molecular structure. The
decomposition of the crystals of 1 was observed at low
temperature (45°C); an amorphous powder of 1 decomposed
slowly even at room temperature to give a mixture of several
unknown products.

The molecular structure of compound 1 (Figure 1) was
clarified by an X-ray crystal structure determination. It
contains a complicated, asymmetric cage which is schemati-
cally shown in Equation (1) and comprises three hydrazido
groups and four aluminum atoms. The hydrazido groups are
attached to two isopropyl groups and two aluminum atoms in
1,2-position; they may formally be considered as dianionic
and were formed by the complete hydroalumination of all
C—N double bonds of the starting diazabutadiene derivative.
The aluminum atoms All and AI2 are bonded to only one
hydrogen atom, while Al3 and Al4 are attached to two
hydrogen atoms. Al2 has a coordination number of five and
N2 a coordination number of three, all remaining Al and N
atoms of the cage are tetracoordinate. The N—N bonds (av
153.0 pm) are longer than usually detected in monoaluminum
and monolithium hydrazides;>= © 8 10.11.16 this may be caused
by the electrostatic repulsion between both negatively
charged nitrogen atoms and was similarly observed before
in a dilithium hydrazidel' or the tricyclic compound
[(Me;C),Al],[N,H,],, which also contained dianionic hydra-

Chem. Eur. J. 2001, 7, No. 7
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Figure 1. Molecular structure of 1; the thermal ellipsoids are drawn at the
40% probability level; carbon and hydrogen atoms with arbitrary radius;
methyl hydrogen atoms omitted. Selected bond lengths [pm]: Al1-N2
183.5(2), AI1-N6 195.1(2), Al1-N4 200.1(2), AI2-N1 200.9(2), AI2-N3
204.3(2), AI2-N5 203.8(2), AI2-N6 191.9(2), AI3—N4 198.7(2), AI3—N5
188.1(2), Al4—N1 191.5(2), Al4-N3 196.5(2), N1-N2 151.5(2), N3-N4
153.2(2), N5—N6 154.4(2).

zido groups.’! One of the hydrazido groups (N5,N6) is side-
on-coordinated to an aluminum atom (Al2) through the the
lone pairs of electrons on its nitrogen atoms. This is a quite
unusual structural motif which to the best of our knowledge
was observed before only in the aluminum dihydrazide
Me;CAI[N(SiMe;)N(H)(SiMe;)[,!!¥1 and the tricyclic com-
pound [(Me;C),Al][N,H,],.0! The AI-N distances differ
markedly by 20.8 pm between 183.5 and 204.3 pm, but all
are in the normal range of polar covalent and dative AI-N
interactions.'”] The shortest distance is observed between All
and the three-coordinate nitrogen atom N2, the longest one is
between the five-coordinate AI2 and N3 atoms. The side-on-
coordinated N, group is asymmetrically attached to Al2 with
AI-N distances of 191.9 and 203.8 pm.

Product 1 has the aluminum and hydrazido components in a
four to three molar ratio; however, carrying out the reaction
of the starting compounds in the corresponding molar ratio
did not lead to a higher yield of 1. To further investigate the
decomposition reaction we heated 1 in vacuo between 30 and
70°C [Eq. (2)]. Colorless crystals of 2 sublimed which were
embedded in a colorless highly viscous liquid. An X-ray
crystal structure determination of the solid 2 revealed a
remarkable adduct of the heterocubane-type molecule (HAI-
NiPr), with an azopropane (1,2-diisopropyldiazene) molecule
iPrN=NiPr (Figure 2). The diazene molecule adopts a Z
configuration, and its N=N bond length (123.6 pm) is similar
to that of other diazenes.?"! It is located above the diagonal of
one face of the Al,N, heterocubane, and each nitrogen atom
of the diazene coordinates to one aluminum atom of the cage.
However, the resulting Al—N distances are very long (Al1-N6
246.6 pm, AI2—NS5 246.4 pm) indicating only a weak bonding
interaction. Owing to that weak coordination the heterocu-
bane is only slightly distorted, and two bonds at the bridged
face (AlI1-N3 and AI2—N4) are lengthened to 199.6 pm
compared to the average value of the remaining AI-N bonds
(191.5 pm). The isolation of compound 2 gives some insight
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) Figure 2. Molecular structure of compound 2; the thermal ellipsoids are
'Tr H drawn at the 40% probability level; carbon and hydrogen atoms with
N AI/ arbitrary radius; methyl hydrogen atoms omitted. Selected bond lengths
iPr [pm] and angles [°]: AI1-N1 194.5(3), A11-N2 193.9(3), A11-N3 199.6(3),
H\ | AI2-N1 194.0(2), AI2-N2 193.3(3), AI2-N4 199.6(3), AI3-N1 191.1(3),
Ali| AI3-N3 190.4(3), AI3—N4 189.0(3), Al4—N2 189.9(3), Al4—N3 189.5(3),
H ~Al— N Al4—N4189.0(3), N5—-N6 123.6(3), A11-N6 246.6(3), AI2—N5 246.4(3); N5-
/ ~ipr N6-C6 124.1(3), N6-N5-C5 124.6(3).
N——Al . .
P ~h would further require the release of one equivalent of
3 elemental hydrogen, and indeed gas evolution was observed

into the decomposition mechanism of 1. Evidently, the N—N
bonds are partially cleaved by the insertion of Al atoms into
N—-N bonds. One hydrazido group is transformed to the
corresponding diazene which was trapped here as an adduct
with a heterocubane molecule. The proposed mechanism

in the course of the sublimation.

Repeated sublimation of the product finally gave the pure
heterocubane compound (HAINiPr), (3) [Eq. (2)] which has
been reported.’] We found a different crystal system and
space group (orthorhombic, Pccn in reference [21]), thus
details of the crystal structure determination are included in
Table 1. Compound 3 (Figure 3) has an almost regular

Table 1. Crystal data, data collection parameters and structure refinement of compounds 1, 2, 3 and 4.1%

1 2 3 4
formula CigHysAlNg CisHysAlNg C,H3»ALN, CigHysAlNg
crystal system monoclinic monoclinic monoclinic triclinic
space group!?¥ P2,/n (no. 14) I2/a (no. 15) C2/c (no. 15) P1 (no. 2)
VA 4 8 8 2
temperature [K] 212(2) 212(2) 212(2) 212(2)
Peatea [g €M) 1.146 1.065 1.076 1.096
a [pm] 1547.6(1) 1851.73(15) 3254.8(4) 981.3(1)
b [pm] 986.3(1) 945.90(6) 1023.7(1) 1011.8(1)
¢ [pm] 1882.3(1) 3264.5(2) 1309.3(2) 1467.7(1)
a[°] 90 90 90 90.64(1)
A1 112.90(1) 97.337(9) 105.56(1) 91.20(1)
7 [] 90 90 90 108.18(1)
V [nm?] 2.6467(3) 5.6710(7) 4.2026(9) 1.3840(2)
u [mm™] 0.192 0.179 0.219 0.184
crystal size [mm] 0.5x%0.5x%x0.25 0.55 x 0.55 x 0.45 0.44 x 0.40 x 0.32 0.44 x 0.40 x 0.32
diffractometer CAD4 STOE IPDS CAD4 CAD4
radiation Moy,; graphite monchromator
20 range [°] 43<20<50.3 44<20<52.0 5.0<260<50.0 5.0£20 £50.1
index ranges 0<h<18 —22<h<22 —38<h<0 —11<h<11
0<k<I11 —11<k<11 —12<k<0 —12<k<12
—22<1<20 —39<1<39 —15<I<15 0<I<17

independent reflections

reflections /> 20([)
parameters

R

wR2le]

max./ min. residual [10¥ em~3]

4611 [R(int) = 0.0315]
3802

289

0.0367

0.0998

0.293/ — 0.264

5528 [R(int) = 0.1960]
2814

3746 [R(int) = 0.0375]
2580

4869 [R(int) = 0.0247]
3480

345 205 289

0.0544 0.0645 0.0461

0.1477 0.1801 0.1409

0.285/ —0.345 0.793/ —0.422 0.309/ —0.282

[a] Program: SHELXTL-Plus, SHELXL-97;>lsolutions by direct methods; full matrix refinement with all independent structure factors. [b] R=X || F, |-

|F | |IZ]| F,|(I>20(])). [c] wR?={Ew(F2 — F2)*/Zw(F2)*}'”? (all data).
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Figure 3. Molecular structure of compound 3; the thermal ellipsoids are
drawn at the 40 % probability level; methyl hydrogen atoms are omitted;
carbon and hydrogen atoms with arbitrary radius. Selected bond lengths
[pm]: AII-N1 192.0(3), Al1-N2 193.0(3), All-N4 192.3(3), AI2-N1
192.7(3), AI2-N2 192.2(3), AI2-N3 191.9(3), AI3—N1 191.6(3), AI3—N3
192.4(2), AI3—-N4 191.8(3), Al4—N2 191.6(3), Al4—N3 192.3(3), Al4—N4
193.1(3); Al-N-Al (av) 89.4, N-AI-N (av) 90.6°.

heterocubane structure with AI-N distances between 191.6
and 193.1 pm, and AIl-N-Al and N-AIl-N angles of 89.4 and
90.6°, respectively. It melts at 63°C, and decomposition was
observed only above 150°C.

Another main product (4) was formed upon heating of the
crude product of the reaction of diazabutadiene with the alane
adduct in a closed vessel so that gas evolution was prevented
[Eq. (3)]. Compound 3 was detected by NMR spectroscopy

CHs
ch—c\\
4[AIHsNMeED)] +3 N—N melt
\ - 4NMesEt
Cc—CH
/ 3
HsC
3
H CH: H H
\C/ \/ H3C\ H

only as a minor component of the reaction mixture. The
product 4 was isolated in a pure form by recrystallization from
n-hexane in 62 % yield. It is thermally stable in solution, and

Chem. Eur. J. 2001, 7, No. 7
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the crystals melt at 95°C. As was shown by NMR spectros-
copy all isopropyl groups and all Al-H hydrogen atoms are
chemically equivalent. But interestingly the Al NMR
spectrum showed two resonance signals at  =—9 and +113
in the characteristic ranges of aluminum atoms with coordi-
nation numbers of six and four, respectively.??!

The result of the X-ray crystal structure determination of 4
is depicted in Figure 4. A remarkable, highly symmetric new
molecule was formed in which a central six-coordinate

Figure 4. Molecular structure of compound 4; the thermal ellipsoids are
drawn at the 40% probability level; methyl hydrogen atoms omitted;
carbon and hydrogen atoms with arbitrary radius. Selected bond lengths
[pm]: AI1-N1 191.9(2), AI1-N2 191.6(2), AI1-N3 192.0(2), All-N4
192.4(2), AI1-N5 192.6(2), AI1-N6 191.9(2), AI2-N2 194.8(2), AI2-N3
195.5(2), AI3—N4 195.0(2), AI3—N5 194.1(2), Al4—N1 195.1(2), Al4-N6
195.7(2), N1-N2 152.7(3), N3—-N4 151.6(3), N5—-N6 152.5(3).

aluminum atom All is surrounded by a nine-membered cyclic
chelating ligand formed by three hydrazido groups and three
aluminum atoms. All nitrogen atoms of the hydrazido groups
are attached to the inner aluminum atom, thus, once again
three-membered AIN, heterocycles are formed. The N—N
distances are 152.3 pm on average, which as shown above is
quite normal for dianionic hydrazido groups with electrostatic
repulsion between both negatively charged nitrogen atoms.
The relatively small distance between the coordinating atoms
leads to a distorted octahedral coordination sphere of All,
which may be described best as a strongly flattened trigonal
antiprism or as a trigonal-planar coordination of aluminum by
three hydrazido ligands. The aluminum atoms are exactly
within the molecular plane, but the nitrogen atoms are located
alternately only 55 pm (av) above or below that plane. Very
acute angles of 46.7° at the central atoms result in AIN,
triangles that include the N—N bonds, while between these
triangles values of 92.0° are observed. The AI-N distances
differ only slightly: within the AL;N, ring a value of 195.0 pm
(av) was determined, while the distances to the inner
aluminum atom All are little shorter (192.1 pm). The three
aluminum atoms of the chelate ring are attached to two
hydrogen and two nitrogen atoms to give a distorted
tetrahedral coordination sphere. The diisopropylhydrazido
groups adopt a characteristic gauche conformation with
torsion angles of 83° (av). Owing to the molecular symmetry
the nitrogen atoms have a chiral environment. This constitu-
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tion remained unchanged in solution, and we observed
diastereotopic methyl groups in the 'H and *C NMR spectra.
Compound 4 is an isomer of the cage compound 1 and may be
generated formally by the migration of one hydrogen atom of
one AIH group to the second AIH group of the cage.
However, pure 1 could not be transformed into 4 on heating.
Evidently, a component of the crude product of the reaction,
for instance excess [AlH;(NMe,Et)], is needed to facilitate
the rearrangement. A structure similar to that of 4 was
observed for the ethylene diamido compound
[AI(HNCH,CH,NH),(AlMe,);],*! in which, however, the
coordinating nitrogen atoms are separated by ethylene groups
and in which a more regular octahedral coordinating sphere of
the inner atom results.

Experimental Section

General: All procedures were carried out under purified argon in dried
solvents (toluene over Na/benzophenone; n-hexane and n-pentane over
LiAlH,). The starting compounds are commercially available and were
used without further purification: alane adduct [AlH;(NMe,Et)] (MO-
CHEM, Marburg) and 1,1,4,4-tetramethyl-2,3-diazabutadiene (Aldrich).

Synthesis of 1: A solution of [AIH;(NMe,Et)] (5.62 g, 54.6 mmol) in
toluene (5SmL) was added dropwise to a cooled (—50°C) solution of
1,1,4,4-tetramethyl-2,3-diazabutadiene (3.6 mL, 3.03 g, 27.1 mmol) in n-
pentane (20 mL). The solution was warmed to 5 °C over a period of 8 h. At
this temperature, all volatile components of the mixture were distilled off in
vacuo. The residue was rapidly dissolved in a warm (50°C) mixture of
toluene and n-hexane, and the solution was cooled to —40°C. Colorless
crystals of 1 were obtained after about 1 h. Yield: 0.59 g (14 %, based on
diazabutadiene); m.p. (argon, sealed capillary) 45°C (decomp); IR (CsBr,
paraffin): ¥ =1917 m, 1888 m, 1829 m, 1812 s, 1775 m vAIH; 1461 vs, 1378 vs
paraffin; 1349 w, 1303 w 6CHj; 1167 w, 1142 m, 1125 m, 1112 m vCC; 1041
vw, 999 w, 976 w, 944 w, 924 w, 888 vw, 833 m vCN, VNN ; 811 vw, 780 s, 751 s,
739 m, 720 s, 669 m, 650 m 0AIH; 575 w, 516 vw, 486 vw, 456 w cm~' vAIN;
346 vw 0CC; MS (EI); m/z (%): 4552 (2) [MT—H], 341.8 (1) [M*—
N,iPr,H,].

Synthesis of 2 and 3: A cooled (—50°C) solution of 1,1,4,4-tetramethyl-2,3-
diazabutadiene (1.31 g, 11.7 mmol) in n-pentane (20 mL) was treated with
the alane amine adduct (2.44 g, 23.7 mmol) in toluene (5 mL). The mixture
was warmed to room temperature (4 h). All volatile components were
removed in vacuo, the residue was evacuated (0.5 Torr) and heated to 70°C
over a period of 4 h. Colorless crystals of compound 2 embedded in a
colorless oil sublimed at a constant pressure to a water-cooled glass wall.
The end of sublimation was indicated by a spontaneous decrease of the
pressure to 0.1 Torr. Repeated sublimation of the product at 0.01 Torr and
70°C gave the pure product 3. Yield: 0.34g (26% of 3, based on
diazabutadiene). Compound 2 was not obtained in a pure form free of the
highly viscous liquid and was therefore not characterized further.
Characterization of 3:? M. p. argon, sealed capillary) 63°C; 'H NMR
(C¢Ds, 300 MHz): 6 =1.29 (d, 3y =6.3 Hz, 6H; Me), 3.27 (septet, 3Jyy=
6.3 Hz, 1H; NCH); BC NMR (C4Dy, 75.5 MHz): 6 =29.3 (Me), 46.2 (NC);
IR (CsBr, paraffin): 7= 1861 vs, 1462 vs, 1380 vs paraffin; 1365 vs, 1336 vs,
1283 w 0CH;; 1164 vs, 1135 vs, 1087 w, 1012 vs, 846 vs vCN, vCC; 687 vs, 640
sh, 606 sh OAIH; 558 vw, 524 m, 481 w, 462 w, 446 w, 431 w vAIN; 381 vw, 343
vwem™' 0CC; MS (EI); m/z (%): 339.1 (33) [1/2M*+—H], 326 (100)
[12M+ — Me].

Synthesis of 4: A solution of the alane amine adduct (2.45 g, 23.8 mmol) in
toluene (5mL) was added to a cooled (—50°C) solution of 1,14.4-
tetramethyl-2,3-diazabutadiene (1.6 mL, 1.35 g, 12.1 mmol) in n-pentane
(20 mL). The mixture was warmed to +5 °C over a period of 10 h. At this
temperature all volatile components were distilled off in vacuo. The residue
was warmed to 90°C in a closed glass vessel in 30 min. After cooling to
room temperature the solid crude product was recrystallized from n-
hexane (20/—40°C). Yield: 1.14 g (62 %, based on diazabutadiene), m.
p- (argon, sealed capillary) 95°C; '"H NMR (C¢Dy, 200 MHz): 6 = 1.35 and

1514

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

1.33 (each 3H, d, *J; =7 Hz, diastereotopic methyl groups), 3.99 (1H,
septet, 3yy=7Hz; NCH), 472 (1H, br.; AlH); C NMR (C,Dq,
75.5 MHz):  =25.1 and 25.5 (diastereotopic methyl groups), 57.1 (NC);
Al NMR (C4Dg, 104.3 MHz): 6 =113 (four-coordinate Al atoms), —9
(six-coordinate Al atom); IR (CsBr, paraffin): 7 = 1860 vs, 1834 vs, 1820 vs
vAIH; 1461 vs, 1378 vs paraffin; 1344 m, 1319 w 0CHj3; 1169 s, 1144 5, 1119 s,
10105, 971 5,932 m, 835 m vCN, vCC; 783 s, 723 vs, 631 s, 613 s OAIH; 579 s,
553's, 505 s, 465 s VAIN; 398 m cm™! 0CC; MS (EI); m/z (%): 342.2 (55)
[M* —N,iPr,]; molar mass (cryoscopically in benzene) calcd 456.5; found
440 gmol .

Crystal structure determinations: Single crystals were obtained by recrys-
tallization from hot n-hexane/toluene on rapid cooling to —40°C (1), from
n-hexane (4) or by sublimation in vacuo (2 and 3). Crystal data and
structure refinement parameters are given in Table 1.2°l One isopropyl
group of compound 2 (C4) showed a disorder; the methyl group C42 was
refined on split positions with occupancy factors of 0.66 to 0.34.
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Facilitated Olefin Transport by Reversible Olefin Coordination to Silver Ions
in a Dry Cellulose Acetate Membrane

Jae Hee Ryu,!”! Hyunjoo Lee,™ Yong Jin Kim,™ Yong Soo Kang,'*! and Hoon Sik Kim*!® !

Abstract: The highly selective dry com-
plex membrane AgBF,—cellulose ace-
tate (CA) was prepared and tested for
the separation of ethylene/ethane and
propylene/propane mixtures. The max-
imum selectivity for olefin over paraffin
was found to be 280 for the ethylene/
ethane mixture and 200 for the propyl-
ene/propane mixture. Solid-state inter-
actions of AgBF, with cellulose acetate
(CA) and/or olefins have been inves-

silver ions are coordinated by carbonyl
oxygen atoms among three different
types of oxygen atoms present in CA—
two in the acetate group and one in the
ether linkage. Upon incorporation of
AgBF, into CA, the carbonyl stretching
frequency of the free cellulose acetate at
1750 cm~! shifts to a lower frequency by
about 41 cm~'. The binding energy cor-

Keywords: cellulose acetate - facili-

responding to a carbonyl oxygen atom in
the O 1s XPS spectrum shifts to a more
positive binding energy by the incorpo-
ration of AgBF,. Reversible olefin co-
ordination to silver ions has been ob-
served by FT-IR and UV studies. Treat-
ment of the AgBF,—-CA membrane
placed in a gas cell with propylene
produces a  propylene-coordinated
membrane in which coordinated propyl-
ene is easily replaced by other olefins

tigated by using FI-IR, UV, and X-ray
photoelectron spectroscopy (XPS). FT-

IR and XPS studies clearly show that the 0 SIS o

Introduction

Olefin/paraffin separation is one of the most important
processes in the petrochemical industry.l! The conventional
method for separating olefin/paraffin mixtures is highly
energy-intensive low-temperature distillation.>3 Among a
number of alternative separation processes, separation by
facilitated transport membranes in which silver salts are used
as carriers has attracted much interest because of the low
energy consumption, compact apparatus, and simple opera-
tion.> ¥ The basis for the separation is the ability of a silver
ion to react reversibly with olefin by forming silver - olefin
complexes.l>*¥ There have been many reports on the
facilitated transport of olefins by using various membranes
such as supported liquid membranes and ion-exchange
membranes;’) however, those membranes exhibit high ole-

[a] Dr. H. S. Kim, J. H. Ryu, Dr. Y. S. Kang
Center for Facilitated Transport Membrane
Korea Institute of Science and Technology
P.O. Box 131, Cheongryang
Seoul 130-650 (Korea)

Fax: (+82)2-958-5859
E-mail: khs@kist.re.kr

[b] Dr. H. S. Kim, H. Lee, Y. J. Kim
CFC Alternatives Research Center
Korea Institute of Science and Technology
P.O. Box 131, Cheongryang
Seoul 130-650 (Korea)
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such as 1,3-butadiene.

IR spectroscopy
silver

fin/paraffin selectivity only in the presence of water, requiring
costly and undesirable humidification and dehumidification
steps in the practical applications.[’) A solution to this problem
is the development of dry polymer membranes such as a Ag
salt/poly(ethylene oxide) membrane in which the silver ion
can reversibly interact with olefin even in the absence of
water.['%] Many investigators have studied facilitated transport
phenomena in water free state, but only a limited number of
reactive dry polymer membranes with high olefin/paraffin
selectivity have been developed.

Accordingly, very little information is provided about the
phenomena occurring on the solid polymer membrane.[''-13]
The following three interactions should be considered in the
investigation of the phenomena on the solid polymer mem-
brane for facilitated olefin transport: silver salt/polymer,
silver salt/olefin, and olefin/silver salt/polymer interactions.
Since the degree of each interaction seems to be strongly
dependent on the type of donor atom present in the polymer
atoms, the choice of the polymer material with an appropriate
functional group would be one of the most important factors
in determining the performance of the membrane. For this
reason, we have been interested in polymer materials that
contain various types of donor atoms to elucidate the
favorable coordination site of silver ions.

We report here the spectroscopic characterization of the
solid-state interaction between AgBF, and cellulose acetate
(CA), which contains various types of oxygen donor atoms,
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and the reversible coordination of olefins to silver ions in dry
CA by using FT-IR, UV, and X-ray photoelectron spectros-
copy. We also report that the facilitated transport membrane
consisting of AgBF, and CA exhibits the highest selectivity
for propylene over propane and ethylene over ethane
reported to date.

Results and Discussion

Figure 1 shows the IR spectra of the AgBF,— CA membranes
for various molar ratios of AgBF,/CA (1:1 to 3:1). The peak at
1750 cm™! in Figure 1a, associated with the C=O stretching

W
1750 1233 1050
W
1711
1747 1239
<)
8
c 1710 1249
29
£
2
& 1709 1255
| e)
17424712 1241 1052
f) 1586
9) 1551
T T T T T T T T T T T T T 1

2000 1800 1600 1400 1200 1000 800 600
Wavenumbers/cm””

Figure 1. IR spectra of AgBF,— CA membranes containing different molar
ratios of AgBF,/CA as well as those of olefin-coordinated membranes
(AgBF,/CA=3:1): a) CA, b) AgBF/CA=1:1, c) AgBF,/CA=21,
d) AgBF/CA=3:1, e) AgSbF/CA=1:1, f) propylene-coordinated
AgBF,—-CA membrane, g) 1,3-butadiene-coordinated AgBF,—CA mem-
brane.

frequency of uncoordinated cellulose acetate, shifts to a lower
frequency by the incorporation of AgBF,. This result
indicates that the carbonyl groups coordinate to silver ions

Abstract in Korean:

AgBF, % CA & ©o|Foj7 44529 old/dig 2 me2d/xe
¥ EYIIAY ol Abgsk AF 24zt 280 2 2009 Hoid AE4
g N3

FT-IR, UV R XPS & Z& BF8H WS Agstd 2ol&3 CA
R e J3ALS G7 Ay o] shRdr) 9 Seu
7t oz ghgstn] 2ol AYd gHBE dhE FF &4
Va4 g4A AgEE & F Afh
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through electron donation from oxygen atoms to the vacant 5s
orbital of the silver ion. The degree of shift of the carbonyl
absorption band increases with increasing molar ratio of
AgBF,/CA. At a higher molar ratio of AgBF,/CA, carbonyl
groups have more chances to interact with silver ions, which
leads to a reduction of C=0 bond order. Such an interaction
between silver ions and carbonyl groups has been well
described in the dense membrane consisting of AgBF, and
poly(vinyl methyl ketone).! The two carbonyl absorption
bands observed in the molar ratio range from 1:1 to 2:1 can be
assigned to free and coordinated carbonyl groups, respective-
ly. Interestingly, the peak centered at 1233 cm™! correspond-
ing to a C—O single-bond stretching band of the acetate group
continuously shifts to a higher frequency with increasing
molar ratio of AgBF,/CA. The peak shift to a higher
frequency implies that AgBF, is not directly coordinated to
the oxygen atom of the C—O single bond, and the shift can be
ascribed to the increased C—O bond strength resulting from
the resonance structures shown in Equation (1).

Ag Ag
o o~
I L I @
(P—0-C—CHy == ®—0=C—CH;,
O

I
(®—0-C—CHj;: Cellulose Acetate

RO OR 0
- R —C-CHz,or H
o) ---O>7R
o n

CH,OR

RO  OR

Due to the overlap of BF,~' and C—O absorptions in the
range 1000-1100 cm™!, the interaction between silver ions
and oxygen atoms in ether linkages has been investigated by
using a AgSbF;—CA film (AgSbF/CA =1:1). Unlike in
AgSbF,—poly(ethylene oxide), the C—O absorption frequen-
cy in the ether linkage of free CA, which is centered at
1050 cm™, remains unchanged upon incorporation of AgSbF,
into CA, indicating that there is no interaction between silver
ions and oxygen atoms in ether linkages (Figure 1a, e).'¥

Figure 1 also demonstrates the rapid and reversible olefin
coordination to silver ions dissolved in the solid AgBF,— CA
membrane. When the membrane (AgBF,/CA =3:1) was
exposed to propylene (2 atm) for a couple of seconds and
then purged with N,, a new IR absorption peak appeared at
1586 cm™! (Figure 1f). This new peak, which is at lower
frequency than the C=C stretching of free propylene,
represents the C=C stretching vibration of coordinated
propylene. Interestingly, the peak at 1586 cm~! remains even
after degassing at 107 Torr for 4 h at room temperature.
However, exposure of the propylene-coordinated membrane
to 1,3-butadiene (2 atm) followed by a N, purge gives a new
peak at 1551 cm~! with the concomitant disappearance of the
peak at 1586 cm~!. The peak at 1551 cm™! can be assigned to
the C=C stretching frequency of coordinated 1,3-butadiene
(Figure 1g). This behavior indicates that the coordinated
olefin is not rigidly bound to the AgBF,. Therefore, olefins
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can diffuse from the feed stream across the membrane
thereby resulting in selective separation of olefin from
olefin/paraffin mixtures. Likewise, the absorption band at
1586 cm™' reappeared when propylene was introduced into
the gas cell containing the 1,3-butadiene-coordinated
AgBF,— CA membrane. The coordination of olefins to silver
ions also results in some significant changes in the carbonyl
absorption band. The band at 1709 cm~!, associated with
carbonyl groups coordinated to silver ions, shifts to a higher
frequency at 1740 cm~' (Figure 1d). The appearance of the
peak at 1740 cm™! can be related to the formation of a silver
ion/carbonyl oxygen/olefin complex.l'l It is also conceivable
that the olefin and carbonyl group compete with each other
for the coordination to silver ions, because the frequency of
1740 cm™ is close to 1750 cm™! for the uncoordinated
carbonyl group. A similar coordination profile has been
observed in the THF solution containing AgBF, and cellulose
acetate.

The reversible olefin coordination was also observed by the
spectral changes in the UV absorption spectra (Figure 2).
Figure 2d shows a strong and broad absorption band at 220—
230 nm for propylene-coordinated AgBF,-CA (AgBF,/
CA =3:1). When the propylene-coordinated membrane was

202
a)
215
b)
(U]
[$]
c
(0]
L0
[
2 2
e
<
d)
260
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T T T T 1
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Figure 2. UV spectra showing the effects of olefin coordination on the
AgBF,-CA membrane: a) propylene, b) 1,3-butadiene, c) AgBF,—CA
membrane (AgBF,/CA=3:1), d) propylene-coordinated AgBF,-CA
membrane, ¢) 1,3-butadiene-coordinated AgBF, - CA membrane.

exposed to a 1,3-butadine atmosphere, followed by a N, purge,
the absorption band at 220-230 nm disappeared and a new
band appeared at around 260 nm for the coordinated 1,3-
butadiene (Figure 2¢). This result again indicates that coor-
dinated propylene is labile enough to be easily replaced by
another olefin. In the same manner, the absorption band of
coordinated propylene at 220-230 nm reappeared when

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

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

propylene was introduced into the cell containing the 1,3-
butadiene-coordinated membrane.

X-ray photoelectron spectroscopy (XPS) was applied to
clearly identify the coordination site and chemical states of
the silver ion in AgBF,— CA membranes with a varying molar
ratio of AgBF,/CA. The high-resolution Ag core spectra of
these samples are shown in Figure 3. The Ag 3ds, core

Intensity

367.6
e)
T T T T

T LS 1
378 376 374 372 370 368 366 364
Binding Energy/eV

Figure 3. Ag 3ds, XPS spectra of AgBF,—CA membranes containing
different molar ratios of AgBF,/CA: a) AgBF,, b) AgBF,/CA=6:1,
c) AgBF,/CA =3:1,d) AgBF,/CA=15:1, ¢) AgBF,/CA=1:1.

spectrum of uncoordinated AgBF, shows a single peak at
369.2 eV (Figure 3a). The incorporation of AgBF, into CA
results in the decrease of silver binding energy, and the degree
of shift to a lower binding energy increases with increasing
amounts of CA. It is reasonable to assume that the increased
electron density on silver atoms by the coordination of oxygen
atoms in CA is responsible for the decrease in the binding
energy of the silver atoms.

Cellulose acetate has three different types of oxygen atoms
that can donate electrons to silver ions—two in acetate groups
and one in the ether linkage [Eq. (1)].['5 ¢

The O 1s XPS spectrum of CA can be fitted to three
components as shown in Figure 4a. The peaks at 531.4 eV,
532.2 eV, and 532.8 eV correspond to the C=0 in the acetate
group (O1), the oxygen atom in the ether linkage (O2), and
the oxygen atom of the C—O single bond in the acetate group
(03), respectively. Upon incorporation of AgBF, into CA, the
intensities of components O1 and O3 decrease and two new
peaks appear at about 533.2 ¢V and 534.1 eV. As the molar
ratio of AgBF,/CA increases, the peaks of the new compo-
nents shift to more positive binding energy and the relative
peak intensities of the new peaks increase. These results
indicate that the two new peaks are associated with coordi-
nation of the O1 and O3 atoms in the acetate groups to silver
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Binding Energy/eV
Figure 4. O 1s XPS spectra of AgBF,— CA membranes containing differ-
ent molar ratios of AgBF,/CA: a) CA, b) AgBF,/CA=1:1,c) AgBF,/CA =
1.5:1, d) AgBF,/CA =3:1, e) AgBF,/CA=6:1.

ions. On the other hand, the intensity of the O2 component
remains unchanged with the increasing amounts of AgBF,,
implying that silver ions are not directly bonded to oxygen
atoms in the ether linkage.

The separation of an olefin/paraffin mixture was performed
to evaluate the facilitated transport effect of silver ions in the
cellulose acetate membranes. Figure 5 shows the effect of

—@— Ethylene/Ethane
—i— Propylene/Propane

€ 300
250
200 H
150 A
100

Selectivity of olefin/paraffin

(4]
o o
I Il

AgBF ,/CA molar ratio

Figure 5. Effect of the molar ratio of AgBF,/CA on the selectivity for
olefin over paraffin.

increasing the molar ratio of AgBF,/CA on the selectivity for
olefin over paraffin. The selectivity for propylene over
propane and ethylene over ethane increases with increasing
molar ratio of AgBF,/CA up to 3:1 and then gradually
decreases with further increase in the molar ratio. The
maximum selectivity at the molar ratio of AgBF,/CA =3:1
implies that the coordination environment of silver ions in the
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cellulose acetate membrane has a significant effect on the
facilitated transport of olefin. The monomer unit of cellulose
acetate (acetyl content: 39.8 wt%) has approximately 4.9
carbonyl groups and thus, in principle, each silver ion in the
membrane (AgBF,/CA =3:1) is coordinated by about 1.6
carbonyl groups. From this result and the spectroscopic data,
it is likely that the silver ions in the AgBF,- CA membrane
should be approximately twofold coordinated by carbonyl
groups for the membrane to be highly selective in the
facilitated transport of ethylene and propylene. Considering
the maximum coordination number of four for a silver ion, it
is interesting to note that the membrane with the molar ratio
of AgBF,/CA of 1:1 exhibits some selectivity for propylene
over propane and for ethylene over ethane because there are
4.9 carbonyl groups around each silver ion in the membrane.
This result implies that propylene or ethylene can coordinate
to the fully coordinated silver ion by replacing carbonyl
group(s). This is supported by a separate IR experiment in
which the interaction of propylene with the fully coordinated
silver ions in the membrane (AgBF,/CA =1:1) was studied;
an absorption peak for the coordinated propylene occurs at
1586 cm~'. The higher selectivity for ethylene/ethane over
that for propylene/propane can be ascribed to the difference
in diffusion rates of mixture gas and/or to the difference in
affinities of olefins for silver ions in the membrane.

Experimental Section

All the samples were prepared in a dry box under argon and the
spectroscopic measurements except the X-ray photoelecton spectra were
performed by using a specially designed gas cell because silver—olefin and
silver—polymer interactions are sensitive to moisture.l'’-!"]

The dense membranes with different molar ratios of AgBF,/CA were
prepared as follows: AgBF, (Aldrich, 98%) was mixed with 10 wt%
cellulose acetate (Aldrich, acetyl content: 39.8 wt %) in THF (Baker, 99 +
% ) solution. The solution was cast onto a glass plate and dried for 2 h in air
and then vacuum-dried at 40°C for 6 h. The prepared membrane was
placed between two 25x3mm KBr windows located in a specially
designed gas cell. FT-IR spectra were recorded on a Mattson Infinity
spectrophotometer equipped with a MCTA detector.

The XPS measurements were conducted with a VG Scientific ESCALAB
220 spectrometer equipped with a hemispherical energy analyzer. The
nonmonochromatized Aly, X-ray source (hv =1486.6 eV) was operated at
12.5 kV and 16 mA. Before data acquisition, the membranes were degassed
for 3 h at 298 K under a pressure of about 1.0 x 10~° Torr to minimize the
surface contamination.

The samples for UV spectra were prepared by coating 1 wt % AgBF,—CA
solution in THF onto a 25 x3 mm quartz window. The coated quartz
window was vacuum-dried for 2 h at room temperature. UV spectra were
taken on a Scinco UV S-2100 spectrophotometer using the gas cell
equipped with two 25 x 3 mm quartz windows.

Separation measurements were performed with the dense membranes
placed in a stainless steel separation module with an olefin/paraffin (50/50)
mixture gas as described elsewhere.?”! The flow rates of mixed gas and
sweep gas (helium) were controlled by using mass flow controllers. The
total feed pressure of mixed gas was set at 1.4 atm by back pressure
regulators. Average fluxes of ethylene/ethane and of propylene/propane
through the membranes at the molar ratio of AgBF,/CA =4:1 were 1.6 x
107 and 1.2 x 10~° ecm*cm~2s~'cm Hg !, respectively at room temperature.
The permeated gas was analyzed by using a Gaw-Mac gas chromatograph
equipped with a TCD and unibead 2S 60/80 column.
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SiCNN—A New Stable Isomer with Si=C Triple Bonding

Yi-hong Ding,* Ze-sheng Li, Xu-ri Huang, and Chia-chung Sun!!

Abstract: To predict potentially stable
molecules with Si=C triple bonding,
theoretical calculations at the B3LYP/
6-311G(d) and CCSD(T)/6-311G(2df)
(single-point) levels were employed to
study the structures, energetics, and
isomerization of various SiCN, isomers.
A schematic potential energy surface
(PES) of SiCN, was established to dis-
cuss the kinetic stability of the isomers.
A new isomer SiCNN was found to
possess a typical Si=C triple bond, as

at the B3LYP, QCISD, QCISD(T),
CCSD, and CCSD(T) levels on the bond
lengths of SiCNN and other experimen-
tally or theoretically known species of
RSiCH (R=H, F, Cl, OH). Moreover,
SiCNN resides in a very deep potential;
the stabilization barrier is at least
53.2 kcalmol~!. Thus, SiCNN may be

Keywords: ab initio calculations -
isomerization multiple bonds
silicon

considered as the most kinetically stable
isomer with Si=C triple bonding known
to date, and it may represent a very
promising molecule for future experi-
mental characterization. In addition, the
stability of the other isomers, such as the
four linear species SiINCN, SiNNC,
NSiCN and NSINC, a three-membered
NNC ring isomer with exocyclic C—Si
bonding, and a four-membered SiCNN
ring isomer is discussed and compared
with SiCNN.

confirmed by comparative calculations

Introduction

The synthesis and characterization of multiply bonded silicon
compounds have remained a continuous challenge to organic
chemists.l The first double-bonded silicon species was
synthesized in 1981, and since then, numerous experimen-
tall®l and theoretical™ studies have followed. In sharp contrast,
species with triply bonded silicon are still much less known
with very few exceptions. In 1994, the stable isomer HSi=N
was characterized by matrix isolation spectroscopy.P! The first
firm evidence for the existence of two new species, FSiCH and
CISiCH, with formal Si=C triple bonding was presented by
means of neutralization—reionization mass spectrometry in
1999.19 Tt has been recognized”®l that the difficulty in
obtaining triply bonded silicon compounds generally results
from their lower kinetic stability towards conversion to more
stable doubly bonded silicon species. For the well-known [Si,
C, H,] system, the HSi=CH isomer can easily rearrange to the
much lower energy isomer Si=CH,, as the barrier is just a few
kcalmol . As a result, only the Si=CH, isomer has been
detected and characterized spectroscopically in the gas
phase.™ 1l Theoretical calculations!® 7 ° % have been under-
taken on many substituent molecules of the parent HSi=CH

[a] Dr. Y.-h. Ding, Prof. Dr. Z.-s. Li, Prof. Dr. X.-r. Huang, Prof. C.-c. Sun
State Key Laboratory of Theoretical and Computational Chemistry
Institute of Theoretical Chemistry
Jilin University, Changchun, Jilin 130023 (P. R. China)

Fax: (+86)431-8923907
E-mail: dyhwlhdsn@163.net, dyh-wlh-dsn@sina.com

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

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

in order to predict potentially detectable isomers with
considerable kinetic stability. However, to our knowledge,
the previously predicted conversion barriers of the isomers
that contain Si=C are all less than 30 kcalmol~'. The promis-
ing candidates RSi=CH with R=F, Cl, and OH, have been
predicted to be separated from their corresponding Si=C(H)R
species by the barriers 24.9, 15.1, and 24.5 kcalmol~!, respec-
tively at the QCISD(T)/6-31G(d,p)//QCISD/6-31G(d,p)+
ZPE level.l> 72 Although bulky substitutions may protect the
Si=C triple bond from isomerization to the Si=C double bond,
the rotation of the bulky substitutions may, on the other hand,
minimize the steric stabilization. Thus the search is continuing
for other candidates containing Si=C triple bonding with
higher kinetic stability.

Recently, the last linear CCNN (diazodicarbon) isomer ['!]
of the analogous C,N, family has attracted attention; the
other three linear isomers NCCN (dicyanogen), CNCN
(isocyanogen), and CNNC (diisocyanogen) have been well
studied. It has been shown that CCNN may be described as a
species containing C=C and N=N triple bonding, and despite
its high energy, CCNN may be considered as the second
kinetically stable isomer of the C,N, family.l!'® Therefore, one
of our objectives was to establish whether SiCNN, the silicon
analogue of CCNN, contained Si=C and N=N triple bonding
and whether it is kinetically very stable.

In addition to SiCNN, other isomers of SiCN, may also be
of interest. Intuitively, four linear isomers can be proposed:
NSiCN (analogue of NCCN), SiNCN, NSiNC (analogues of
CNCN), and SiNNC (analogue of CNNC), and indeed,
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Ignatyev and Schaefer!*?! calculated the structures, vibrational
frequencies, and energetics of the four isomers to aid future
identification. However, the kinetic stability of the four
isomers towards isomerization and dissociation is still un-
certain, although the three analogous C,N, isomers are all
kinetically very stable. The second objective of the present
paper is an attempt to determine the kinetic stability of these
four linear isomers. Furthermore, from a theoretical view-
point, it is desirable to see if other nonlinear isomers of SiCN,
exist and if they are thermodynamically or kinetically stable.
This is the third objective of our paper.

Computational Methods

The fully optimized geometries and vibrational frequencies of various
SiCN, isomers and their interconversion transition states were obtained at
the B3LYP/6-311G(d) level. The reliable energetics were evaluated at the
single-point CCSD(T)/6-311G(2df) level. To test whether the transition
state corresponds to the right isomers, the intrinsic reaction coordinate
(IRC) calculations were also carried out at the B3LYP/6-311G(d) level.
Further calculations at the QCISD, QCISD(T), CCSD, and CCSD(T)
levels were performed on the structures of SICNN (with the 6-311G(d)
basis set) and other related species, namely RSi=CH and Si=C(H)R (R =
H, F, Cl, OH) for comparison (with the 6-311G(d,p) basis set). All these
calculations were carried out with the Gaussian98 program package.['*]

Results and Discussion

For the SiCN, system, we searched the possible isomeric
forms. Yet, we only located seven isomers as minima with real
frequencies. They are denoted as linear SINCN (1), linear
SiNNC (2), linear NSiCN (3), linear NSiNC (4), linear SICNN
(5), a four-membered SiNCN ring (6), and a three-membered
NNC ring with exocyclic C—Si bonding (7) (Figure 1). To
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Figure 1. Structures of SiCN, isomers at the B3LYP/6-311G(d) level. The
values in parentheses are CCSD/DZP values taken from ref. [12].
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inspect the isomerization processes of various isomers,
thirteen transition states (TS) were located, which are
denoted as TSm/n with m and n being the corresponding
isomers (Figure 2). The discussions are organized as follows.
In the first section, the structure and bonding nature of
SiCNN is described and compared with other related species.
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Figure 2. Structures of SiCN, interconversion transition states at the
B3LYP/6-311G(d) level.
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In the second section, the stability of SICNN is discussed, and
in the third section, the structure and stability of the other
SiCN, isomers are briefly discussed and compared with
SiCNN.

It should be pointed out that the structures, energetics and
spectroscopies of the isomers 1, 2, 3, and 4 have been
previously discussed by Ignatyev and Schaefer.'2l As can be
seen from Figure 1 and Table 3, our B3LYP/6-311G(d) bond
lengths and vibrational frequencies are in good agreement
with the respective CCSD/DZP and B3LYP/DZP values
calculated by Ignatyev and Schaefer!'? (they did not calculate
the CCSD/DZP frequencies). Also, Table 5 shows that the
relative energies of the four isomers at our CCSD(T)/6-
311G(2df)//B3LYP/6-311G(d) and their CCSD(T)/TZP2t//
CCSD/DZP levels are very close.

Structure and bonding of SiCNN: The optimized bond lengths
of SiCNN and the separate species SiC, SiC~, N,, and N, " are
given in Table 1. At all the levels considered, the Si—C bond
length in SiCNN is very close to that in the singlet SiC
molecule, while the N—N bond length in SiCNN is somewhat
longer than that in the singlet N, molecule. At the 6-311G(d)
B3LYP, QCISD and QCISD(T) levels, the central C—N bond
length of SiCNN is shorter than that of CCNN (within
0.003 A) and the terminal N-N bond length of SiCNN is
~0.01 A longer than that of CCNN. Also, we can see from
Table 2 that at all the levels considered, the Si—C bond length
in SiCNN is very close to that in RSi=CH and significantly
shorter than that in Si=C(H)R. At the CCSD(T) level, the
Si—C bond length in SiCNN is much closer to that in RSi=CH
(R=H 0011 A longer, R=0OH 0.001 A longer; R=F
0.005 A shorter; R =ClI 0.002 A shorter). The natural bond
order analysis indicates that both Si—C and N—N within
SiCNN possess triple-bonding character similar to the sit-
uation in CCNN. Therefore, from both the structural and
bonding analyses, SiCNN can be classified as an isomer that
contains a typical Si=C triple bond.

Table 1. Bond lengths [A] of SiCNN, SiC, N,, SiC-, and N, at various levels.

The interatomic overlap density plots of the species SICNN,
SiC, and N, at the QCISD/6-31G(d) level are given in
Figure 3. It can be seen that the electrons are transferred from
N, to SiC. This may lead to an ionic structure (SiC)~(N,)*.
Actually, both the Si—C and N—N bond lengths are much
closer to the values of SiC~ and N, " than to those of SiC* and
N,, respectively.

Figure 3. Interatomic overlap density plots of the species SiCNN, SiC, and
N, at the QCISD/6-31G(d) level.

This Lewis description is also consistent with the natural
atomic charge distribution of SiCNN; however, it is in
contrast to the Mulliken charge distribution of SiCNN. At
the QCISD/6-311G(d) level, the natural charges of Si, C, N,
and N are 0.8012, —0.9080, 0.0827, and 0.0241 c, respectively,
whereas the corresponding Mulliken charges are 0.4225,
—0.3895, 0.0566, and —0.0896 c. At the QCISD/6-311G(d)
level, SICNN has two intense vibrational bands at 2160 and
1575 cm~! with the corresponding IR intensities 1024 and 316
kmmol~! (Table 3). However, the dipole moment of SiCNN,
0.8525 Debye, is much smaller than that of CCNN at the same
level (3.349 Debyel!']). Therefore, SICNN is much less polar

than CCNN. The direction of
the dipole moment points to
the terminal Si atom. Interest-

ingly, this direction is contrary

Levels . SiCNN Sic N; Sic” Ny to the above description of
Si-C CN N-N Si-C N-N Si-C N-N : .

SiCNN as an ionic structure
B3LYP6-311G(d) 1.6700 1.2663 1.1382 1.6458 1.0954 1.6767 L1086 (SiC)~(N,)*, although it is con-
QCISD/6-311G(d) 1.6634 1.2789 11371 1.6536 1.1041 1.6872 L1240 o e simple idea of
QCISD(T)/6-311G(d) 1.6811 12763 11521 1.6634 1.1099 1.6958 1.1304 : p
CCSD/6-311G(d) 1.6614 1.2789 11357 1.6554 11029 1.6877 11214  dipole moments based on
CCSD(T)/6-311G(d) 1.6794 12761 1.1509 1.6647 11093 1.6989 11291  atomic electronegativity and

Table 2. Si—C bond lengths [A] of SiCNN, RSi=CH, and Si=C(H)R at the B3LYP, QCISD, QCISD(T), CCSD,

and CCSD(T) levels calculated with the 6-311G(d,p) basis set.[?

consistent with the Mulliken
charge distribution. It is wor-
thy of note that for CCNN, the
direction of the dipole mo-

ment points to the terminal N

Levels SICNN RSi=CH Si=C(H)R

R=H R=F R=Cl R=OH R=H R=F R=Cl R=0OH atom, which is consistent with
B3LYP 16700 16474 16733 16664 16655 17130 17478 17350  1.7444 both the ionic description
QCISD 16634 16701 16872  1.6835  1.6803 17478 17527 17388 1.7473 (C))"(Ny)* and the natural
QCISD(T) 16811  1.6747 16909  1.6889  1.6837 17257 17614 17475  1.7535 atomic charge distribution./!1®!
CCSD 16614 16531 16739 16678  1.6680 17182 17513 17376 1.7455
CCSD(T)  1.6794  1.6685 1.6841  1.6809  1.6789 17257 17611 17469  1.7533

[a] The 6-311G(d) basis set was used in the calculations of SiICNN.
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Stability of SICNN: To inspect
the kinetic stability of SiCNN,
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Table 3. Calculated vibrational frequencies [cm~'] with infrared intensities in parentheses [kmmol~'], dipole moments [Debye], and rotational constants
[GHz] of SiCN, isomers.

Species Levels Frequencies and IR intensities Dipole moment Rotational constant
W A W, A w; A w, A ws A wy A
SiNCN (1) B3LYP/6-311G(d) 2292 62 1502 81 724 14 559 26 176 1 5.3267 2.899035
B3LYP/DZPlI 2280 78 1506 87 725 13 552 21 193 1
SiNNC (2) B3LYP/6-311G(d) 2148 102 1495 57 722 15 423 11 182 1 4.4331 3.068038
B3LYP/DZPl! 2136 88 1493 59 721 14 471 14 182 2
NSiCN (3) B3LYP/6-311G(d) 2275 21 1266 0 565 24 274 4 86 23 1.6838 2.944567
B3LYP/DZPl! 2249 19 1254 0 565 25 276 3 70 21
NSiNC (4) B3LYP/6-311G(d) 2091 418 1275 8 636 50 192 0 93 18 2.2040 3.250271
B3LYP/DZPI 2081 413 1262 7 638 47 240 0 74 18
SiCNN (5)  B3LYP/6-311G(d) 2184 805 1590 189 671 19 3587 21 158 4 1.5055 2.790250
QCISD/6-311G(d) 2160 1024 1575 316 675 4 577 25 146 7 0.8525 2.782081
60! B3LYP/6-311G(d) 1573 13903 37 532 16 412 24 318 18 193 0 32324 19.44409, 7.58110, 5.92383
7l B3LYP/6-311G(d) 1783 27 1128 49 592 11 532 3 303 13 164 1 0.5739 49.14590, 3.88301, 3.59868

[a] From ref. [12]. [b] Species 6 denotes the four-membered SiNCN ring isomer. [c] Species 7 denotes the three-membered NNC ring isomer with exocyclic

C—=Si bonding.

the whole potential energy sur-
face (PES) of the SiCN, system
involving the seven minimum
isomers 1-7 was constructed
(Figure 4). The structures of all
the obtained SiCN, isomers and
interconversion transition
states are depicted in Figure 1
and Figure 2, respectively, and
their corresponding vibrational
frequencies are listed in Table 3
and Table 4. From Table 5 and
Figure 4, we can see that the
order of thermodynamic stabil-
ity of the seven SiCN, isomers is
1 (0.0)>2 (48.1)>5 (51.2)>3
(65.5)>4 (72.0)>6 (90.1)>7
(95.3). The values in parenthe-
ses are relative energies in
kcalmol~! with reference to

120 5

100

— SINKCN
(1463)

L)

SINCN 1

0.0

TS1/2* TS1/2++
®78) K2 1

TS1/7

2/5

SINCN 1
0.0)

TSL/7*
(115.7) (117.9)  (118.5)
g

TS57  SiCH
(1 17.2%

Figure 4. Schematic plot of the potential energy surface of SiCN, at the CCSD(T)/6-311G(2df)//B3LYP/6-
311G(d) level.

the lowest energy isomer 1 at the CCSD(T)/6-311G(2df)//
B3LYP/6-311G(d) level. The thermodynamic stability order
1>2>3>4is quite different from that of the corresponding
G,N, isomers, which is NCCN > CNCN > CNNC. This dis-

crepancy was rationalized by Ignatyev and Schaefer!'” as
follows: the unpaired electron is mainly localized on the
carbon center in the CN radical, while it is localized on the
nitrogen center in the SiN radical, this means that for the CN

Table 4. Calculated B3LYP/6-311G(d) vibrational frequencies [cm~'] and infrared intensities in parentheses [km mol~'] of interconversion transition states

of SiCN,.
Species Frequencies and IR intensities
W, A w, A [0S A [oR A ws A (o8 A

TS1/2 1785 6 1119 11 616 28 428 30 258 7 206i 5
TS1/2* 1773 4 1194 74 580 6 256 10 218 6 194i 6
TS1/2:%* 1798 51 1017 55 533 1 312 4 105 2 106i 18
TS1/3 2265 3 1037 11 572 15 289 2 267 7 264i 19
TS1/4 1900 6 1052 8 629 58 291 6 224 6 264i 17
TS1/6 1751 29 988 54 508 2 339 7 145 20 121i 2
TS1/7 1556 70 809 93 675 49 596 56 401 14 400i 63
TS1/7* 1418 26 1055 103 616 37 400 1 298 16 1108i 182
TS1/1 1671 243 1276 0 951 38 617 18 552 57 330i 4
TS2/4 2096 235 951 9 588 25 196 0 171 1 304 14
TS2/5 1424 310 1148 52 819 69 556 7 518 31 615i 60
TS3/4 2019 4 1244 4 541 56 117 11 114 11 248i 20
TS5/7 1833 371 1226 199 591 25 201 23 167 15 843i 360
1542 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0707-1542 $ 17.50+.50/0  Chem. Eur. J. 2001, 7, No. 7
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Table 5. Total [a.u.] and relative [kcalmol™, in parentheses] energies of
SiCN, isomers and interconversion transition states. The values given in
italics in the parentheses are at the CCSD(T)/TZ2Pf//CCSD/DZP level
from ref. [12].

Species B3LYP/6-311G(d) CCSD(T)/6-311G(2d)
/IB3LYP/6-311G(d)
SiNCN (1) — 437.1331271 (0.0) — 436.3846695 (0.0)
SiNNC (2) — 437.0572242 (47.6) — 436.3079883 (48.1, 48.5)
NSIiCN (3) — 437.0136792 (75.0) — 4362803265 (65.5, 64.1)
NSiNC (4) — 437.0037442 (81.2) — 436.2700080 (72.0, 70.2)
SiCNN (5) — 437.0557233 (48.6) — 436.3030121 (51.2)
6l — 4369805232 (95.8) — 4362411013 (90.1)
i — 4369772466 (97.8) — 4362328384 (95.3)
SiN + CN — 436.8932347 (150.5) — 436.1511874 (146.5, 144.4)
SiC + N, — 4369180380 (135.0) — 4361975155 (117.4)
TS1/2 — 4369875112 (91.4) — 436.2458214 (87.1)
TS1/2+ — 4369929493 (88.0) — 4362450473 (87.6)
TS1/25+ — 4369794064 (96.5) — 4362409789 (90.2)
TS1/3 — 436.9944032 (87.1) — 4362726086 (70.3)
TS1/4 — 436.9706456 (102.0) — 4362503602 (84.3)
TS1/6 — 436.9790391 (96.7) — 436.2380712 (92.0)
TS1/7 — 4369371732 (123.0) — 4362003682 (115.7)
TS1/7+* — 4369334637 (125.3) — 436.1968306 (117.9)
TS1/1 — 437.0652551 (42.6) — 436.3257529 (37.0)
TS2/4 —436.9711022 (101.7) — 4362404432 (90.5)
TS2/5 — 4369565378 (110.8) — 436.2183434 (104.4)
TS3/4 — 436.9754104 (99.0) — 436.2474928 (86.1)
TS5/7 — 436.9470117 (116.8) — 436.1958092 (118.5)

[a] Species 6 denotes the four-membered SiNCN ring isomer. [b] Species 7
denotes the three-membered NNC ring isomer with exocyclic C-Si
bonding.

radical the structure *C=N: is “good”, while :C=N"is “bad”,
and for the SiN radical the structure "Si=N: is “bad”, while
:Si=N" is “good”. Notably, 1 and 2 are 51.2 and 3.1 kcalmol~},
respectively, lower than 5, whereas the isomers 3 and 4 are
14.3 and 20.8 kcal mol~}, respectively, higher than 5. The high
thermodynamic stability of S relative to 3 and 4 may be
ascribed to the inherent strong N—N bonding in § and the
unfavorable N—Si bonding in 3 and 4.

Compound 5 lies in a moderately deep potential well
(Figure 4); its dissociation energy to give two singlet mole-
cules SiC and N, is at least 66.2 kcalmol~'. Two isomerization
pathways of 5 may take place: migration of the Si atom to the
opposite end gives the lower energy isomer 2, while a simple
NNC ring closure gives the high-energy three-membered ring
7. The conversion barriers for 5—2 and 5§— 7 are 53.2 and
67.3 kcalmol~!, respectively. In spite of numerous attempts,
the search for the direct isomerization pathways of 5 to the
linear isomers SINCN (1), NSiCN (3), and NSiNC (4) was
unsuccessful. However, these conversion processes may either
involve very complicated atomic rearrangements or concerted
cleavage and formation of strong multiple bonds. Thus, direct
conversion of 5 to these isomers is expected to overcome
much higher barriers than those for the 5—2 and 5—7
conversions.

Usually, the smallest isomerization or dissociation barrier
governs the kinetic stability of an isomer. Thus, given the
smallest isomerization barrier of 53.2 kcalmol~!, the linear
isomer SiCNN (5) possesses very high kinetic stability. This
finding is interesting since SICNN bears a typical Si=C triple
bond and a very short N—N bond that is close to the N=N

Chem. Eur. J. 2001, 7, No. 7
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triple bond. This indicates that when the two singlet molecules
SiC and N, approach one another, they are able to form a very
stable molecule in which the strong Si=C and N=N triple
bonding is almost retained rather than the formation of a
weakly bound van der Waals species. Thus, a comparison of
the kinetic stability with other species that contain Si=C triple
bonding may be useful. The isomerization barriers from
RSi=CH to Si=C(H)R for R=H, F, Cl, OH, CHj;, and SiH,
have been calculated to be 9.0 (6.0), 22.5 (24.9), (15.1), 25.0
(24.5), 17.5, and 3.2 kcalmol !, respectively.[ 7 Note that the
energetic values without parentheses are at the MP4SDTQ/6-
31G(d,p)//IMP2/6-31G(d,p) + ZPE level, while those in pa-
rentheses are at the QCISD(T)/6-31G(d,p)//QCISD/6-
31G(d,p) + ZPE level. Our calculated barriers for SiCNN
for both the isomerization and the dissociation are signifi-
cantly higher than those of RSi=CH with all substituents R. It
seems that bulkier R substituents, such as rBu(CHj,),C and
2,4,6-tri-tert-butylphenyl or 2.4,6-tris[bis(trimethylsilyl)me-
thyl]phenyl may increase the thermodynamic stability of
RSi=CR’ relative to Si=C(R")R, and may even prevent their
interconversion by large barriers as a result of steric
hindrance. However, the bulky substituents may, on the other
hand, rotate to minimize such steric stabilization. To our
knowledge, no detailed calculations on the barriers for
RSi=CR’ — Si=C(R’)R conversion with bulky substituents
have been reported. Therefore, SICNN may be considered as
the most kinetically stable isomer with typical Si=C triple
bonding known to date. We hope that the synthesis of such an
interesting isomer may open a new pathway to the issue of
stable Si=C triple bonding. Since HSi=N was characterized by
matrix-isolation spectroscopy from a silyl azide precursorl®
and RSi=CH (R =F, Cl) by neutralization —reionization mass
spectrometry with a 1,1-dihalosilacyclobutanes precursor,
we suggest that SICNN may be identified under similar
conditions from precursors which contain Si, C, and N
components. For the cationic system [SiCN,]*, SiCNN* is
the second stable isomer both thermodynamically and kineti-
cally,"¥ which makes its detection by mass spectrometry very
promising. During the vaporization of silicon carbide!™ in the
presence of N, at high temperatures, the formation of SICNN
may also be possible. In addition, to examine the possibility of
the formation SiCNN by the direct addition of SiC and N,
(both have been detected in interstellar space), we calculated
the dissociation curve of SiCNN to SiC and N, at both the
6-311G(d) B3LYP and MP2 levels. These two methods were
chosen since B3LYP usually underestimates the association
barrier, whereas MP2 may overestimate it. The dissociation
curves in Figure 5 and Figure 6 clearly show that SiC and N,
can associate without a barrier to give SICNN, especially in
dark interstellar clouds in which the temperature is very low
and much collisional stabilization occurs. This is in sharp
contrast to the situation for CCNN where there is a distinct
barrier of 5.5 kcalmol~! for the association of C, and N, to
form CCNN at all the ab initio levels employed.'"® Therefore,
the observation of SiCNN under laboratory and interstellar
conditions appears very promising.

Properties of other isomers: Other valuable information can
also be obtained from the PES of SiCN, (Figure 4). Although

0947-6539/01/0707-1543 $ 17.50+.50/0 1543





FULL PAPER

Y.-h. Ding et al.

43690

260kt
'

‘ 436.94

[ ]
43696 |- f
E, 33698 f
-437.00 | l‘
L ]
|

-437.02

-437.04 - L

-437.06

-437.08 L
0

4 5 6 7 8 9 10 1
Ren/A
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Ignatyev and Schaefer!?l have studied the structures, ener-
getics, and frequencies of the isomers SINCN (1), SINNC (2),
NSICN (3), and NSiNC (4), they did not consider the kinetic
stability, which might be very important for the prediction of
their possible existence. Actually, our calculations show that
the isomers 3 and 4 may be kinetically unstable compared to 5.
The smallest conversion barriers for 3 and 4 are 4.8 (3—1)
and 12.3 kcalmol! (4—1), respectively. Therefore, the
observation of the isomers 3 and 4 seems much less likely.
The lowest lying isomer 1 is also kinetically the most stable
with the smallest barrier of 70.3 kcalmol~! for 1—3 con-
version. The second low-lying isomer 2 at 48.1 kcalmol™~' is
stabilized by the smallest isomerization barrier 39.0 kcalmol !
(2—1). As both 1 and 2 have high kinetic stability, they may
be experimentally observable. NBO analysis indicates that
both isomers still contain conjugate Si=N and C=N triple
bonding, although for the SiN radical, the “:Si=N*’ structure
may have more weight than the “"Si=N:” structure. Since both
SiN and CN radicals have been observed in interstellar space,
their direct addition to form SiNCN (1) and SiNNC (2) is
quite feasible. Therefore, the isomers 1 and 2 may also be
promising candidates with silicon multiple bonding for future
detection. Interestingly, the kinetic stability of 2 is
14.2 kcalmol ! less than that of 5, although the former is
3.1 kcal mol~! lower in energy than the latter. The newly found
four-membered SiNCN ring isomer 6 at 90.1 kcalmol™ is
presumably not detectable since its barrier to the isomer-
ization to isomer 1is only 1.9 kcalmol . Interestingly, another
new isomer 7, which has a three-membered NNC ring
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structure, resides in a moderately deep potential well stabi-
lized by the smallest barrier 20.4 kcalmol! (7—1) even
though its relative energy is rather high, 95.3 kcalmol~'. If
isomer 7 is converted to isomer 1, a large exothermicity
95.3 kcalmol~' will be released, which makes isomer 7 a
potential high-energy-density (HED) molecule.

Conclusions

We have investigated the structures, spectroscopies, and
stabilities of SICNN and its isomers at different levels of
theory. By comparison with other molecules (RSi=CH (R =
H, F, Cl, OH)), SiCNN was shown to possess a typical Si=C
triple bond. Furthermore, the potential energy surface of
SiCN, indicates that SiCNN is kinetically very stable with the
smallest conversion barrier of 53.2 kcalmol~!. Therefore,
SiCNN may be considered as the most kinetically stable
isomer with Si=C triple bonding known to date, and awaits
future experimental and interstellar detection. In addition,
SiCNN has a strong N=N triple bond. We anticipate that the
present theoretical study will stimulate future experimental
considerations on this interesting molecule. The calculated
structure, vibrational frequencies, dipole moments, and rota-
tional constants may assist its future characterization. The
properties of other SiCN, isomers are also discussed.

Acknowledgements

This work was supported by the National Natural Science Foundation.

[1] For comprehensive reviews, see: a) The Chemistry of Organic Silicon
Compounds (Eds.: S. Patai, Z. Rappoport), Wiley, New York, 1989;
b) The Chemistry of Organic Silicon Compounds, Vol.2 (Eds.: Z.
Rappoport, Y. Apeloig), Wiley, New York, 1998.

[2] a) A. G. Brook, F. Abdesaken, B. Gutekunst, G. Gutekunst, R. K.
Kallury, J. Chem. Soc. Chem. Commun. 1981, 191; b) R. West, M. J.
Fink, J. Michl, Science 1981, 214, 1343.

a) G. Raabe, J. Michl in The Chemistry of Organic Silicon Compounds

(Eds.: S. Patai, Z. Rappoport), Wiley, New York, 1989, p. 1015; b) H.

Sakurai in The Chemistry of Organic Silicon Compounds, Vol. 2 (Eds.:

Z. Rappoport, Y. Apeloig), Wiley, New York, 1998, p. 827; c¢) T.

Miiller, W. Ziche, N. Auner in The Chemistry of Organic Silicon

Compounds, Vol. 2 (Eds.: Z. Rappoport, Y. Apeloig), Wiley, New

York, 1998, p. 857; d) N. Tokitoh, R. Okazaki in The Chemistry of

Organic Silicon Compounds, Vol. 2 (Eds.: Z. Rappoport, Y. Apeloig),

Wiley, New York, 1998, p. 1063; ¢) M. Driess, Adv. Organomet. Chem.

1996, 39, 193; f) R. Okazaki, R. West, Adv. Organomet. Chem. 1996,

39, 232.

a) Y. Apeloig in The Chemistry of Organic Silicon Compounds (Eds.:

S. Patai, Z. Rappoport), Wiley, New York, 1989, p. 103; b) Y. Apeloig,

M. Karni, T. Miiller in Organosilicon Chemistry I1I. From Molecules to

Materials (Eds.: N. Auner, J. Weis), VCH, Weinheim, 1996, p. 263.

[5] G. Maier, J. Glatthaar, Angew. Chem. 1994, 106, 486; Angew. Chem.
Int. Ed. Engl. 1994, 33, 473.

[6] M. Karni, Y. Apeloig, D. Schroder, W. Zummack, R. Rabezzana, H.
Schwarz, Angew. Chem. 1999, 111, 344; Angew. Chem. Int. Ed. 1999,
38, 332.

[7] a) Y. Apeloig, M. Karni, Organometallics 1997, 16, 310; b) Y. Apeloig,

K. Albrecht, J. Am. Chem. Soc. 1995, 117, 7263.

a) S. Koseki, M. S. Gordon, J. Phys. Chem. 1988, 92, 364; b) S. Koseki,

M. S. Gordon, J. Phys. Chem. 1989, 93, 118; c) B. T. Colgrove, H. F.

[3

—_

4

[l

8

=

0947-6539/01/0707-1544 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 7





SiCNN

1539-1545

[10]

[11

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

Schaefer, II, J. Phys. Chem. 1990, 94, 5593; d)R. Grev, H.F.
Schaefer, III, J. Chem. Phys. 1992, 97, 7990.

a) M. S. Gordon, J. A. Pople, J. Am. Chem. Soc. 1981, 103, 2945;
b) M. S. Gordon, J. Am. Chem. Soc. 1982, 104, 4352; c)M.R.
Hoffmann, Y. Yoshioka, H. F. Schaefer, 111, J. Am. Chem. Soc. 1983,
105, 1084; d) A. C. Hopkinson, M. H. Lien, I. G. Csizmadia, Chem.
Phys. Lett. 1983, 95, 232; ¢) B. T. Luke, J. A. Pople, M.-B. Krogh-
Jespersen, Y. Apeloig, M. Karni, J. Chandrasekhar, P. von R. Schleyer,
J. Am. Chem. Soc. 1986, 108, 270; f) W. W. Schoeller, J. Strutwolf, J.
Mol. Struct. 1994, 305, 127; g) M. T. Nguyen, D. Sengupta, L. G.
Vanquickborne, Chem. Phys. Lett. 1995, 244, 83; h) C. D. Scherril,
H. F. Schaefer, 111, J. Phys. Chem. 1995, 99, 1949; i) R. Stegmann, G.
Frenking, J. Comput. Chem. 1996, 17, 78.

a) R. Damrauer, C. H. DePuy, S. E. Barlow, S. Gronert, J. Am. Chem.
Soc. 1988, 110,2005; b) K. P. Lim, F. W. Lampe, Int. J. Mass. Spectrom.
Ion. Processes 1990, 101, 245; ¢) R. Srinivas, D. Siilzle, H. Schwarz, J.
Am. Chem. Soc. 1991, 113, 52; d) M. Izuha, S. Yamamoto, S. Saito, J.
Chem. Phys. 1996, 105, 4923.

See: a) Y. H. Ding, X. R. Huang, Z. S. Li, C. C. Sun, J. Chem. Phys.
1998, 108, 2024; b) Y. H. Ding, Z. S. Li, X. R. Huang, C. C. Sun, J.
Chem. Phys. 2000, 113, 1745, and references therein.

[12] I.S. Ignatyev, H. F. Schaefer, II1, J. Chem. Phys. 1997, 107, 5776.
[13] Gaussian98, Revision A.6: M. J. Frisch, G. W. Trucks, H. B. Schlegel,

(14]
[15]

G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A.D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle,
J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.

Y. H. Ding, Z. S. Li, X. R. Huang, C. C. Sun, unpublished results.

N. Herlin, M. Lefebvre, M. Pealat, J. Perrin, J. Phys. Chem. 1992, 96,
7063.

Received: July 21, 2000 [F2613]

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

0947-6539/01/0707-1545 $ 17.50+.50/0 — 1545






FULL PAPER

Time-Resolved Spectroscopy of Sulfur- and Carboxy-Substituted

N-Alkylphthalimides
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Abstract: The photophysical and pho-
tochemical properties of N-phthaloyl-
methionine (1), S-methyl-N-phthaloyl-
cysteine methyl ester (2) and N-phtha-
loyltranexamic acid (3) were studied by
time-resolved UV/Vis spectroscopy, us-
ing laser pulses at 248 or 308 nm. The
quantum yield of fluorescence is low
(®@;<107?) for 1-3 in fluid and glassy
media, whereas that of phosphorescence
is large (0.3-0.5) in ethanol at —196°C.
The triplet properties were examined in

than for 3 or N-methyltrimellitimide (5")
at ambient temperatures. The quantum
yield (@,) of singlet molecular oxygen
0O,('A,) formation is substantial for 3
and §' in several air- or oxygen-saturated
solvents at room temperature, but small
for 2 and 1. The quantum yield of
decomposition is substantial (0.2-0.5)
for 3 and small (<0.05) for 2 and 1. It is
postulated that photoinduced charge
separation in the spectroscopically un-
detectable 3n,mt* state may account for

the cyclization products of 1 and 2. In
aqueous solution, this also applies for 3,
whereas in organic solvents cyclization
involves mainly the lower lying 3m,t*
state. Triplet acetone, acetophenone and
xanthone are quenched by 1-3 in ace-
tonitrile; the rate constant is close to the
diffusion-controlled limit, but smaller
for benzophenone. While the energy
transfer from the triplet ketone occurs
for 3, a major contribution of electron
transfer to the N-phthalimide derivative

several solvents, at room temperature
and below. The spectra and decay ki-
netics are similar, but the population of
the mt,mt* triplet state, as measured by T—
T absorption, is much lower for 1 and 2

tochemistry
phthalimide -

Introduction

The photochemical behaviour of N-phthaloylmethionine (1),
S-methyl-N-phthaloylcysteine methyl ester (2) and a phthal-
imidocarboxylic acid containing a trans-cyclohexane-1,4-diyl
spacer group between the nitrogen and the carboxyl group (3)
has been intensively investigated.l'"!] Phthalimides have been
the subject of various intramolecular photoprocess studies
and some photophysical properties of N-substituted phthali-
mides have been reported.'>?’l N-Alkylphthalimides exhibit
fluorescence with a quantum yield of 0.01 or less and a
lifetime of 0.2 -4 ns in solution at room temperature.[> 182 In
aprotic media, fluorescence is absent for N-methylphthal-
imide (5) and N-propylphthalimide (5”).2*2!1 For N-phthal-
oylvaline methyl ester (4) we have proposed that the

[a] Dr. H. Gorner
Max-Planck-Institut fiir Strahlenchemie
45413 Miilheim an der Ruhr (Germany)

[b] Prof. Dr. A. G. Griesbeck, Dipl.-Chem. T. Heinrich, Dr. W. Kramer,
Dr. M. Oelgemoller
Institut fiir Organische Chemie der Universitdt zu Koln
Greinstrasse 4, 50939 Koln (Germany)
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Keywords: electron transfer -
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is suggested for 1 and 2, where the
radical anion of benzophenone or
4-carboxybenzophenone is observed in
alkaline aqueous solution.

pho-

formation of a photoisomer as the main product upon direct
excitation occurs through an upper excited n, triplet state.['!]

Charge separation prior to cyclization was assumed to occur
either upon direct irradiation of 1-3 in acetonitrile or after
energy transfer from triplet acetone or benzophenone, but
different distributions of products were obtained for 1 and 2 in
the absence and in the presence of high energy sensitizers.[" 2]
The role of energy and/or electron transfer has been discussed
for various systems.?3! Examples for electron transfer
substrates include sulfur-containing amino acids, in which, in
alkaline aqueous solution, transfer occurs from the sulfur
atom in methionine or cysteine derivatives to the triplet state
of 4-carboxybenzophenone (CB).% 31 A further example for
energy transfer versus electron transfer is the combination of
ketones and DNA bases.[*?

In this study, the photophysics and photochemistry of three
N-phthaloyl aliphatic amino acid derivatives (1-3) and, for
comparison, N-methyltrimellitimide (5") was studied by time-
resolved spectroscopy. The features of the observable triplet
states of 1-3 in polar solvents are discussed and the quantum
yield of triplet formation (@) is compared with the quantum
yields of decomposition (®,) and formation of singlet
molecular oxygen (®,). Measurements of the quenching by
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1-3 of the triplet states of acetone, acetophenone, xanthone,
CB and benzophenone were carried out in aqueous solution,
acetonitrile or mixtures thereof.

Results

Photolysis: Phthalimides have two absorption maxima,
around 220 and 295 nm. Upon irradiation (290 nm) of 3 in
argon-saturated ethanol, the 290 nm absorption disappears
and a new maximum appears at <250 nm (Figure 1, part a).

1.0

A
Amax

05—

a)

350
A/ nm

Figure 1. Absorption spectra of 3, a) in argon-saturated ethanol prior to
(full line) and after irradiation at 290 nm (broken and dashed lines: 1 and
2 min) and b) in aqueous solution at pH 7 (1-11: 2 s interval).

Similar changes were obtained for 3 in water (Figure 1, part b)
and acetonitrile, and for 3’ and 4,'] whereas the degree of
conversion is much smaller for 1, 2 and the other compounds
under examination. The quantum yield of decomposition
ranges from @4 < 0.001 for 5 or 5" to @;=0.4 for 3 in ethanol
(Table 1). In contrast to 41 and 3, in which the @, values are
not significantly changed in the presence of oxygen, @, of 3
depends on the oxygen concentration. The value of @, is
drastically reduced in oxygen-saturated ethanol, but the effect
of oxygen is smaller in aqueous solution (Table 1).
Practically no photoproducts were found for 1 and 2.2 For
2 in deoxygenated acetonitrile, @, is<0.005, but upon
acetone-sensitized excitation the quantum yield is 0.12, of
which a value of 0.08% is accounted for by the major
photoproduct 2a (Scheme 1). Acetone-sensitized photolysis

Chem. Eur. J. 2001, 7, No. 7
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Table 1. Quantum yield @, of decomposition of phthalimide derivatives.?]

1 2 3 3 4lb] 5lb] 5
CH,CN -1 <0.005 0.2 0.06 0.08 0.001 <0.01
EtOH <0.04 <0.04 0.4 (0.05) 0.1(0.09) 0.16 (0.14) <0.02 <0.01
H,O <0.01 0.3(0.2) el 0.12 (0.1) 0.01 0.003

[a] In argon-saturated solution upon irradiation at 290 nm. [b] Taken from
ref. [11]. [c] Solubility too low. [d] Values in parentheses refer to oxygen-
saturated solution.

- S+
W 3* o) / e / o *CH,
S A S .yt S
e O e
CO,CH, CO,CH, CO,CH,
o] 0 0
+H* l . + H+l .
oH OH P
v y s gt > §
S O
CO,CH, CO,CH,
0 0
O / ¢
s HO N
al o
\ oL CO,CH,
2 O
2a

Scheme 1. Photocyclization of 2 by intramolecular charge separation
between the thiomethyl and phthalimide moieties, yielding 2a as the
major product.

of 3 in the presence of 1 M water yielded 3a as the major
cyclization product (68%) and 3b (12%), the product of
decarboxylation without cyclization (Scheme 2).>7 The re-
sults were similar when CB was used as sensitizer.[!

Emission: The literature values for 5 in acetonitrile are A;=
390 nm, @;=8 x 10~* and 7, = 0.19 ns, while the rate constants
are k;=4x10°s™" and k=4 x 10°s 1% The fluorescence
properties are sensitive to solvent polarity and, in protic
solvents, to hydrogen bonding.?" 21 In ethanol or acetonitrile
solutions at room temperature, the N-alkylphthalimides
exhibit a weak fluorescence with quantum yields of <1 x
103 for 1-5. In aqueous solution, in which @; is low for 1, 2
(or 2') and &', but larger than in ethanol, the emission maxima
are around 430 nm (Figure 2 and Table 2).

Phosphorescence lifetimes (z,) of approximately 1s at
—196°C and triplet energies of Er=286-297 kImol~! are
known for several phthalimides.'®?] The phosphorescence
spectra of 1-5 and 5’ in ethanol at —196°C are very similar
(Figure 2). They have a maximum at approximately 450 nm
and an onset at ~405 nm, corresponding to £1=293 kI mol .
The phosphorescence excitation spectrum generally coincides
with the absorption spectrum (at 24 °C). The decay follows a
first-order law for 1-5 below —150°C and 7,=0.7-0.9 s at
—196°C. The quantum yield is @,=0.3-0.7 (Table 2), where-
as fluorescence is practically absent (on the overall lumines-
cence intensity scale).
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Figure 2. Absorption, fluorescence and phosphorescence spectra, in
ethanol, in water, both at 24°C and in ethanol at —196°C (left, middle
and right, respectively), of a) 5, b) 1 and c¢) 3; 4., =290 nm.

Table 2. Fluorescence and phosphorescence maxima, quantum yields and
phosphorescence lifetime of phthalimide derivatives.[?!

Compound  Solvent 4; D (x10°) 4, P, T,
[nm] [nm] [s]

1 H,O <420 <1

EtOH <420 <01 445 03  0.85(>03)M
2 H,O <420 0.2

EtOH <420 <01 450 03 0.85(>0.3)
2 EtOH <420 <01 452 04 0.86
3 H,O 430 4

EtOH <420 <02 450 03 0.75 (0.6)
4l EtOH <400 <02 450 0.5 0.85

H,0 45 2
Sl EtOH <405 <05 450 0.6 0.75(0.3)
5 EtOH <400 <05 455 0.6 0.73

H,0O 422 0.5
5/l EtOH <400 <05 453 0.7

[a] In air-saturated solution at 24 and —196°C for fluorescence and
phosphorescence, respectively. [b] Values in parentheses: triplet lifetime
(absorption) at —170°C. [c] Values for 4, 5 and 5" were taken from ref. [11].

Transients observed upon direct excitation: The triplet
properties of 3, 4 and 5 are similar, and the assignment of
the observed main transient to the lowest triplet state is based
on the similarities with 5 (Table 3). The T-T absorption
spectra of 3 in acetonitrile (Figure 3c) and other solvents show
a Amax <330 nm; that of 1 (Figure 3a) is rather weak. Virtually

1532
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no triplet could be detected for

o
. 2 or 2’ in acetonitrile upon 248

q N/\A\\‘;' . p. .
or 308 nm laser excitation, in

0] contrast to the case of 2 in

ethanol (Figure 3b) or water.
The transient absorbance at
Amax (AA™X) in acetonitrile, us-
0 ing optically matched condi-
tions and A.,. = 308 nm, increas-
es from <0.04 to 0.3 and 1.0
(relative values) for 2 (or 1) 3
and 5, respectively. They are
converted into quantum yields
of population of the observable
triplet (@) based on @=0.8 for 5 in acetonitrile. Similar
values were obtained using 4., =248 nm (Table 3). The A4 ™

3b

Table 3. Properties of the triplet state of phthalimide derivatives.?!

Com-  Solvent A, Tr Koy @b
pound [nm] [us] [109m~'s7!]
1 CH;CN 310 3 1.5 0.05 (< 0.05)
EtOH 315 [32019 3 15 0.15 (<0.05)
H,O 310 3 1.2 0.05 (<0.05)
2 CH,CN <330 <0.03 (<0.05)
EtOH 325 [340]91 2 16 0.03 (<0.05)
H,O 325 3 1.2 0.08 (0.05)
2 CH;CN <330 3 <0.05
3 dioxane 330 3 0.8
CH,Cl, 320 (3) (L1 (0.4)
CH;CN 330 5 1.5 0.6 (0.4)
EtOH 340 [335]1 5 1 0.5 (0.4)
H,0 340 8 15 03 (0.2)
3 CH;CN 330 5 1.2 0.5
5 dioxane 350 5 0.2
CH,Cl, 360 (12) (03) (0.8)
CH;CN 350 5 0.5 0.8
EtOH 350 8 0.3 0.4

[a] In argon-saturated solution at room temperature, 4., =248 nm. [b] Us-
ing ®@:=0.8 for 5 in acetonitrile. [c] Values in parentheses refer to A=
308 nm. [d] Values in brackets refer to —165°C. [e] A second (faster)
component appears below —130°C.

1.0 = o
o o 2)
0.5 — o
e®%e .O OOO Sus
0 |- 00 ,00INRERREREPaG
a OoO .
o o©
l
i o
.00...000 I
- *e R eescrrnerces
1.04— Op
e} <)
o
o
05— ee O
O_ e "e 5us
o’ *.0 —
0 \ *¥9000acacactanean
300 400 5 500

Figure 3. Transient absorption spectra in argon-saturated solution of a) 1
in ethanol, b) 2 in ethanol and c) 3 in acetonitrile (in the absence of
additives) at 30 ns (0) and 5 us (@) after the 248 nm pulse, A, ~2; insets:
decay kinetics at 330 nm.
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values of 1 and 2 are much smaller than those of 3, the last of
which is fairly independent of solvent polarity. The triplet
lifetimes of 1-3 in several solvents are in the 1-10 us range.
The decay is quenched by oxygen with rate constants of k,, =
(1-2) x10°M~!s7". For 3 in water an additional minor
transient was observed, with the two 4., =248 or 308 nm.
The T-T absorption of 5 in ethanol is observable in the
temperature range down to —196°C; the triplet lifetime
under argon changes by five orders of magnitude (Figure 4).
The AAs;, value increases only slightly on going from 25 to
—196°C, using 308 or 248 nm laser pulses. This could be due
to changes in the ground state at A.,. and indicates that @ at
room temperature is close to its maximum value, which should
be almost unity (assuming that internal conversion does not
take place). For 1-5 in the — 150 to —196°C range, virtually
the same lifetime was observed both for phosphorescence and
for T-T absorption (Table 2), demonstrating that the triplet
states, observed by emission and absorption, are identical. The
T-T absorption spectrum and triplet lifetime of 1-3 at
intermediate temperatures under the same conditions are also
similar to those of 5, whereas the yield (measured by the AA s,
value) is significantly smaller and increases on decreasing the
temperature (Figure 4). It is noteworthy that for 2 a second

25 100 < 150 Temperature/OC 196
‘n T I = - 1
T L 5. -
(%3 [ ] P <
5 - 3 AA
107 — R 7/ AAT
°
m 1
/
104 %% —0.5
;] @
;A
[ ]
1w+ .
A
/ I.
0t ‘e -0
[
“———— A
[ ]
10" Q
LNe)
[ ] QAOI o
® “oa
1 & | | | i Qs °d
3 5 7 9 11 13
1°TYRKT ——

Figure 4. Effect of temperature on @' (right scale) and the reciprocal
triplet lifetime (left scale) of 5 (circles), 1 (triangles), 2 (diamonds) and 3
(squares) in argon-saturated ethanol; open and full symbols refer to
phosphorescence and absorption, respectively; 4., =248 nm.

decay component appears below —130°C; its spectrum does
not differ markedly from that of the major one, but the
lifetime is about two orders of magnitude shorter. This species
could be tentatively assigned to a second, higher-lying excited
triplet state.

Formation of singlet molecular oxygen: The quantum yield
@, in several air- or oxygen-saturated solvents at room
temperature is 0.1-0.25 for 3, up to 0.7 for § and §, but
virtually zero for 1 and 2’ (Table 4). The largest change on
going from air-saturated to oxygen-saturated solution was
found for &', for which the @, values in dichloromethane are
0.18 and 0.44, respectively. This is in agreement with the k,,
and 7 values (Table 3), since only 80 % of the molecules in

Chem. Eur. J. 2001, 7, No. 7
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Table 4. Quantum yield of singlet molecular oxygen, ®,.1"]
1 2 3 4] 5
toluene 0.4 0.3
(0.32) (0.18)1
CH;CN <0.04 0.15 0.4 0.9
(0.10) (0.38) (0.65)
EtOH <0.04 0.04 0.2 0.5
(0.20) (0.38)
D,O <0.05 <0.05 0.1 0.2 -
(0.06)

[a] In oxygen-saturated solution (unless otherwise indicated), A..=
308 nm. [b] Taken from ref.'!] [c] Values in parentheses: in air-saturated
solution. [d] Solubility too low.

the triplet state are intercepted by oxygen. Generally, the
fraction of the triplet state intercepted by oxygen is larger
(typically >98%), on the basis of the triplet lifetimes of
<70 ns and 3-10 us in oxygen-saturated and argon-saturated
solutions, respectively.

Photoreactions upon ketone-sensitized excitation: In addition
to energy transfer from the triplet state of the ketone (°K*) to
the acceptor molecule (Q), electron transfer to *K* may also
occur; that is, the two are, in principle, competing processes
(Scheme 3).231 When T-T annihilation can be ignored, the
decay of the triplet state is influenced by self-quenching and
quenching by oxygen (Scheme 3, reaction 3). In the presence
of an electron donor, the two major subsequent transients are
the ketyl radical (‘KH)—diphenylhydroxymethyl radical in
the case of CB or benzophenone—and the radical anion
(K*7). Electron transfer (Scheme 3, reactions 4,5) or hydro-

K .o+t
() —— K
* @ (5 7
3K* + Q T__’SK'..- Q — -H‘*u”{‘*
) -Q(H
v &) (8)‘ K (H) “kH
+0, Gl
30‘
10, (*0,)
K

Scheme 3. Primary ketone-sensitized reactions pathways of N-phthal-
imides (Q).

gen-atom abstraction (Scheme 3, reactions 4,6), both coupled
by equilibrium (7) (Scheme 3), energy transfer (Scheme 3,
reactions 4,8) or physical quenching of the collision complex
may also occur.

The pK, of equilibrium (7) for benzophenone or acetophe-
none in aqueous solution is ~9—10 and for CB, pK, = 8.3.53% 34
Acetone or xanthone, due to their low & values for '"KH and
K-, are not appropriate sensitizers for the detection of
hydrogen-atom and/or electron transfer reactions in the
presence of N-phthalimides.'!' These processes can be
observed with acetophenone or benzophenone and even
better with CB.
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Transients observed with benzophenone and the carboxy
derivative: Excitation of benzophenone in argon-saturated
acetonitrile (or in a mixture with water) in the presence of 1,2
or 3, using 248 or 308 nm laser pulses, produces *K* (with
Amax =325 and 525 nm) as an initial species. For 3, a second
transient with 4., =330 nm appears after a few us (Figure 5,
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Figure 5. Transient absorption spectra of benzophenone in argon-saturat-
ed acetonitrile/water 4:1 in the presence of a)3 (0.5mwm, pH7), b)1
(0.1 mm, pH 7) and c) 1 (pH 10) at 30 ns (0) and 3 us (@) after the 248 nm
pulse; insets: kinetics at 340 nm (left) and 530 nm (right).

part a); we assign this to the lowest triplet state of 3, reactions
(4) and (8) (see Scheme 3). As secondary transients "KH
(Amax =550 nm) and K~ (4, = 640 nm) could be detected for
1 in acetonitrile-water mixtures at pH 4-6 (Figure 5, part
b) and pH 10-11 (Figure 5, part c), respectively (Table 5).
Virtually no signal appears for 2 after triplet quenching; that
is, decay of *K* occurs through physical quenching of the
collision complex. The rate constant of decay increases
linearly with the quencher concentration, and the rate
constants k, are obtained from the slope (Table 6).

Table 5. Transients obtained with phthalimide derivatives in the presence
of ketones.?l

Ketone Phthalimide Conditions® 1, [nm] 7,,!9 [us] Species
benzophenone none I 320, 520 6 K]
1 1 550 >3 KH*
1 1 660 >10 K-
3 1 330 4 33k
5 1T 330 5 35
CB 1 I 570 >3 KH-*
1 r 660 >10 K-
2 I 660 >10 KH-
2 r 570 >3 K-
xanthone 3 1 330 4 33
acetophenone 1 1r 440 >5 K-
3 1 330 4 33k
acetone 3 I 330 <10 33
3 I 330 <10 33

[a] In argon-saturated solution, using [phthalimide] >1 mMm and A(A.,.) =
1-3 for ketones; A, =248 nm. [b] I: in acetonitrile, II': CH;CN/H,O 1:1 at
pH > 9, III: water at pH <7, III": pH > 9. [c] No remaining acceptor triplet
was observable for 1 or 2. [d] Half-life for the cases of radicals. ['The 3K*
triplet is the precursor in all cases.

1534
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Table 6. Rate constant for quenching of ketone triplet states by phthal-
imides, k, [10° m~'s~'].[0

1 2 3 4l 5(t)
benzophenone 3 2 1 0.9 2
CBl 4 4 2 2
xanthone 6 4 6 4 6
acetophenone 6 10 7
acetoneld! 5(9)tl 9 9(9)

[a] In acetonitrile (unless otherwise indicated), A...=248 nm. [b] Taken
from ref. [11]. [c] In water. [d] Build-up kinetics for the phthalimide triplet.
[e] Values in parentheses refer to 4., =308 nm.

Similar results were registered with CB, in which the three
transients (°K*, ‘KH and K*~) have maxima in the 335-
360 nm range and, in addition, at A, =550, 570 and
660 nm, respectively. The respective molar absorption coef-
ficients are e550=25.2%x 103, £5,,=52x10° and g4, =6.0 x
10° M~'cm~. 231 Excitation of CB in argon-saturated aque-
ous solution in the presence of 1 yields ‘KH (Figure 6, part

1.0 — o0
o~ O
oOO “o Sp.LsM 2)
056 L% " |—— SHS
+®® . .O?O OOOOOOQQQ
O O .
0 *ee0000C eeee et TN R000G00
- 00
O o
O (o] b)
AA o o S5Us Sus
AAmax . e® o

o .
0000000 1 Ad
0o [ OO 00 OO Q 5
DS..O?Q??GB BEB.Bgnnunoggg

Q
OO o
e} c)
@] O Sus

05 5 oo ® —
oo’ *e OO 0000000 'x]
» %o 000% Qeessn
0 T..??Q?Q..*. sooet? 00,
300 400 500 600
A/ nm

Figure 6. Transient absorption spectra of CB in argon-saturated aqueous
solution in the presence of a) 1 (0.5 mm) at pH 7, b) 1 at pH 9.5, and ¢) 2’
(0.5 mm, pH 9.5) at 30 ns (0), 10 us (@) and 100 us (o) after the 248 nm
pulse; insets: kinetics at 360 nm (left) and a) 550 nm, or b) and c¢) 650 nm
(right).

a) and K~ (Figure 6, part b) as secondary transients at pH <7
and 8.5-10, respectively. K*~ could also be detected for 2’
(Figure 6, part ¢ and Table 5), but not for 3. Electron transfer
from triplet CB or benzophenone to 1 and 2’, possibly in
addition to energy transfer, is also indicated by the larger rate
constant of quenching with respect to the cases of 3 or 5§
(Table 6).

Transients observed with xanthone, acetophenone and ace-
tone: Excitation of xanthone produces *K* (4,,.=300 and
620 nm) in the absence and presence of Q (Table 5). The
secondary transient in the presence of § with 4., =330 nm
(not shown) is assigned to the triplet state of 5, reactions (4)
plus (8). A similar result was observed for 3, but virtually no
remaining signal (after a few us) appears for 1 or 2 (not
shown). For the system of 3 or 5§ and xanthone, in contrast to
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the cases with benzophenone and acetophenone, the observed
signal at 330 nm increases with time; that is, the 55, value of
3Q* is larger than that of K*. The rate constant of triplet
decay (at 620 nm) increases linearly with [Q], the rate
constant is k, = (4-6) x 10° m~'s™! (Table 6).

The triplet state of acetophenone has A, <330 nm;
addition of 3 (not shown) leads to a longer lived transient
with A,,,~330 nm in argon-saturated acetonitrile. The rate
constant of decay of triplet acetophenone increases with the
concentration of 3, but this effect is partly obscured, due to
comparable overlapping absorption of the secondary transi-
ents; e.g., K= or 3Q*. Similar results were obtained in
aqueous solution for 1 (pH 4-5) and 2 or 3 (pH 7-8). On
increasing the pH to 11, K= (1,,=440nm, e~
4000 m~'cm )7 was observed for 1.

Excitation of acetone in argon-saturated acetonitrile, using
248 or 308 nm laser pulses, produces the triplet state (4., <
330 nm with small AA). The same T-T absorption spectrum
appears in aqueous solution at pH 7; with 1.,.=248 nm at
high intensities the hydrated electron (e,,) also appears in
low yield. Addition of 5’ to acetone in aqueous solution leads
to a new transient with 1,,,, =330 nm (Figure 7, part a). The
value of AAs;,, owing to the small ¢ value of *’K* with respect
to that of 35* markedly increases, reaches a maximum
(AA ;™) and then decays within a few microseconds. For 3, a
build-up (increase of AAs;, with time, see Figure 7, part ¢) with
smaller AA;;™* than for 5 was observed. The increase of
AA ™™ versus [Q] is more pronounced with acetone than
xanthone. The build-up rate constant increases linearly with
[Q]; the slope equals k,. For 1 (Figure 7, part b) or 2, however,
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Figure 7. Transient absorption spectra of acetone in argon-saturated
aqueous solution (1:9) in the presence of a) 5’ (0.1 mm, pH 7), b) 1 (0.1 mm,
pH 4) and ¢) 3 (0.2 mm, pH 7) at 30 ns (0) after the 308 nm pulse and at 0.5
(o) and 2 us (@) for &, 1 and 3, respectively; insets: grow-in and decay
kinetics at 330 nm.

there was triplet quenching but virtually no new transient
could be detected either in acetonitrile or in aqueous solution
(on increasing the pH to 11). The lack of an observable triplet
state of 1 and 2 after quenching of high-energy sensitizers
indicates efficient higher excited state reactivity.
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Discussion

Photoprocesses with N-alkylphthalimides: Generally, low &;
values were observed for compounds 1-5"” (Table 2). The
fluorescing singlet state of N-substituted phthalimides is the
Iy t* state, which is believed to be above the 'n,m*
state, 819 2] but could be below it.l''l The observed lowest
triplet of 3 is probably a 3w, ;t* state. Whether the higher lying
3n,mt* state is below the 'z, ;t* state is controversial even for 5
or §”, and this question cannot be conclusively answered in
the cases of other N-substituted phthalimides, such as 1-3.
The quantum yield of intersystem crossing of 5 in acetonitrile
is @1 =0.7-0.8."- 21 For 3 and 5’ & is slightly smaller, but it is
much smaller for 1, 2 and 2’ (Table 3).

Energy transfer to the phthalimide type acceptor (reactions
(4) and (8)) occurs from the triplet state of high energy
sensitizers, such as acetone, acetophenone or xanthone, with
E+=309, 305 or 300 kJ mol~!, respectively. The quenching rate
constants in acetonitrile at room temperature are close to the
diffusion-controlled limit (Table 6). For benzophenone, with
E;=288 kImol, this rate constant is significantly smaller, in
agreement with the above estimate of E;=293 kJmol~! for
the lowest triplet state of N-substituted phthalimides.

Direct and sensitized photoreactions with 3: In the case of
direct excitation of 3 in several solvents at room temperature,
the lowest triplet state is rather efficiently populated. This is
confirmed by the @rand @, values in Table 3 and Table 4. A
singlet pathway for cyclization of 3 under direct excitation
conditions is unlikely in view of the large @, value and the
short singlet lifetimes for either 3 or those phthalimides (5, 5
and 5”) that are chemically unreactive. Intramolecular
electron transfer should cause charge separation and CO,
elimination, leading mainly to cyclization, to which the
observed chromophore loss of 3 is ascribed. Triplet quenching
by oxygen should strongly reduce the effect of intramolecular
electron transfer. Therefore, one would expect that the @,
values should be much lower in the presence of oxygen. In
fact, the results in ethanol are in agreement with this lowest
triplet pathway (Table 1).

In aqueous solution, however, @4 is only 30% smaller
under conditions of saturation with oxygen than with argon.
Therefore, we propose that the observed 3m,7t* state is mainly
deactivated by intersystem crossing and that photodecompo-
sition as a measure of photocyclization is a fast competing
reaction, involving the spectroscopically undetectable 3n,7*
state. For 3 in aqueous solution, this level should be equal to
or only slightly above the 3m,7t* state, but significantly lower in
organic solvents, in ethanol particularly. An analogous argu-
ment that the 3mwm* state is not reactive with respect to
cyclization (the @, values are not affected by oxygen) has
already been used for the isomerization in the case of 4 in the
absence and in the presence of water.!'] The hypothesis of the
3% state as the observed triplet and the 3n,t* state as a
spectroscopically undetectable triplet has been suggested for
other aromatic compounds containing a nitrogen atom, such
as acridines, although the energy gap here is larger.?’

For the methyl ester 3, cyclization is possible but decar-
boxylation is not. In fact, @, is significantly smaller than for 3
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(Table 1). The triplet properties are reminiscent of those of N-
alkylphthalimides, in which virtually no reactive *n,5t* state is
involved.[' 18191

Efficient triplet population is also the case for ketone-
sensitized excitation (reactions (4) and (8)), since the triplet of
3 was observed under all conditions investigated (Figure 5,
part a and Figure 7, part c¢). Quenching by electron transfer is
unlikely, since neither ‘KH or K*~ could be detected for the 3/
CB or 3/benzophenone systems, in contrast to the cases of 1 or
2. To account for the rather effective acetone-sensitized
photolysis of 3,1l we postulate population of the *n,t* state in
aqueous solution and of the 3t,7t* state in the absence of
water. Intramolecular electron transfer should cause charge
separation, CO, elimination, cyclization and eventually pro-
tonation to complete the formation of 3a (Scheme 2).

Photoreactions of 1 and 2 upon direct excitation: On the basis
of flash photolysis studies of N-substituted phthal-
imides,['* 1% 23 it is conceivable to assign the transient absorp-
tion spectrum of 1 or 2 (Figure 3, part a and b) at room
temperature to the lowest triplet state. The phosphorescence
results from the phthalimides in ethanol at — 196 °C (Figure 2
and Table 2) support this. The shorter triplet lifetime of 1-3
with respect to rather unreactive N-alkylated phthalimides!"]
could be due to subsequent reactions. However, the similar
lifetimes for the N-phthalimides examined (Table 3), or at
least those within the same order of magnitude, rule this out.

Singlet states have been assumed to contribute to the
reactivity of N-substituted phthalimides upon direct excita-
tion.[ 2 The fluorescence lifetime of phthalimide esters in
several solvents at room temperature are approximately
0.2 ns.> 81 Because of the similar @; (Table 2) and 7; values
of reactive 1, 2 and 2’ and unreactive 5 and &', a triplet route
upon direct excitation is more likely than a singlet route. Why,
however, is almost no triplet state detectable for 1 and 2 at
room temperature (Table 3)? The increase in AAs, on
decreasing the temperature (Figure 4) indicates a fast reaction
competing with population of the observed triplet state, and
that this reaction is suppressed at lower temperatures. A
possible explanation for the fast competing reaction in the
cases of 1 and 2 (but not 4)!!l is the population of an upper
excited triplet state, followed by intramolecular electron
transfer and then back-transfer.

sal' ©if

The radiation chemistry of methionine is well known.l
The OH radical-induced decarboxylation involves a sulfur
radical cation with 1,,,, =400 nm and a lifetime of ~ 0.2 us and
a longer lived dimeric sulfur radical cation with 4,,,, =480 nm.
However, under the applied conditions, no transient attribut-
able to a sulfur-centred radical cation was found for 1 or 2.
Instead, the observed weak transient is most probably the
lowest w7 triplet state. The proposed major cyclization of 1
and 2 after excitation occurs by means of intramolecular
charge separation between the thiomethyl and phthalimide
moieties (P'*"—S—Me"*), as illustrated in Scheme 4 and
Scheme 1, respectively. Photoinduced charge separation has
also been proposed for N-(2-methyl-2-propenyl)phthalimides,
to account for the cyclization products.>' The further
reaction steps of 1 and 2 have already been discussed.['?]

Sensitized photoreactions with 1 and 2: Reaction (4) of the
ketone triplet state with the phthalimide is the major process,
since the k, values of 1 and 2 are similar to those of 5 (Table 6).
After quenching of 3K*, however, practically no triplet could
be generated for 1 (Figure 5, parts b and c, Figure 6, parts a
and b) and 2’ (Figure 6, part c); that is, the energy transfer
reaction (8) is too fast for observation or does not take place
at all. The low amount of observed 3w,mt* state should not be
due to physical quenching without chemical reactivity, since
the quantum yield of formation of photoproduct 2a is 0.08
upon acetone-sensitized excitation.> * One possibility might
be a too rapid charge separation in the 3n,mt* state
(**P'—S—Me — P’*~—S—Me"*) and another that quenching of
3K* generates, to some degree, the *n,7t* state in which charge
separation should occur. The most likely reason is intermo-
lecular electron transfer (reaction (5) or reactions (6) plus
(7)). In fact, for benzophenone or CB, formation of the radical
and the radical anion was observed for 1 and gradually for 2’
in the presence of water at pH<7 and>9, respectively
(Figure 5, part b—Figure 6, part c). This could be interpreted
by the respective pathways b) and c) in Scheme 5.

Intermolecular electron transfer: The rate constant for
quenching of the benzophenone or CB triplet state by 1 is
significantly larger than that in the case of 3 (Table 6). This is
in agreement with the redox properties. The measured
oxidation potential (in acetonitrile vs. ferrocene) is E. =

0 L ECFCECY

@P NQ

CO,H

1b 1a

Scheme 4. Photocyclization of 1 through intramolecular charge separation between the thiomethyl and phthalimide moieties, yielding 1a and 1b as products.
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5 - 5 K +e Table 7. Quantum yields of phthalimide derivatives.[!
K +P:S-CH, == K- P-S-CH, 9) P-S-CH, Compound ~ &; S LN @, IET  Typeldl
«|lay b ‘ HY 1 <0001 005 03 <005 <002 yes C
- .KH . 2 <0.001 005 03 <0.01 yes C
P'-S-CH, 2 <0.001 0.4 <0.05 yes C
+.KH ; 3 <0.002 0.5 0.3 0.13 0.3 no Al/B
HC—g l -~ K" |-k ¥ 05 <002 o B
HO } ) 4l <0002 02 05 03 016 no B
0 n . . +Ht o Slel <0.005 0.5 0.6 0.6 <001 no D
©f‘<\N :(PH-5-CH,) -4————— ~“p.s.CcH,
R [a] From Tables 1-4 at 24°C using averages of values in acetonitrile and
& 0 S water. [b] At —196°C. [c] Intermolecular electron transfer upon benzo-
HO phenone- or CB-sensitized excitation. [d] See text. [e] Values taken from
NA(?)N ref. [11].
R
o

Scheme 5. Ketone-sensitized reactions pathways a—c accounting for
cyclization of the thiomethyl and phthalimide (P’) moieties.

1.28, 1.47 and > 1.9 V for 1, 2’ and 3, respectively.’’] The free
energy change for electron transfer is given by the Rehm -
Weller relationship, where the term E. takes account of ion
pairing (<0.06 V in acetonitrile or mixtures with water).5"!

AG=E,—E%—E, ()

Using the energy of the T, state of benzophenone (3.0 V) and
the reduction potential (—1.83 V), it follows that the reduc-
tion potential in the triplet state is EX;=1.2 V (versus SCE,;
note that E,, versus SCE is approximately 0.3 V more positive
than versus ferrocene). Thus, with AG=—0.2,~0and > 0.4 V
(versus SCE), for 1, 2’ and 3, respectively, electron transfer
from the phthalimide to triplet benzophenone is feasible for 1
and 2, but not for 3. The results presented in Table 6 reveal
that the choice of ketone sensitizers examined does not seem
to be critical concerning the reaction step (4). The possibility,
for a given phthalimide, of observing *KH or K*~ (Table 5) is a
consequence of the specific sensitizer properties: essentially
the ¢ values. For time-resolved measurements, benzophenone
or CB are favoured, whereas for product composition analysis
acetone may be better.

Pathways of photocyclization: Four cases can be distinguished
mechanistically, and results supporting the different types of
photochemical reactivity are summarized in Table 7. Virtually
no photochemical reactivity at all (low @,) is expected for 5, 5
or 5”. This case (D) is characterized by efficient triplet
population (large @ and @, values). The other extreme, case
A, of high photochemical reactivity (large @, @, and D,
values), through the 3mm* state accounts for 3 in organic
solvents. A second triplet route (case B), of cyclization
through the higher lying n,t* state for 4 in the absence and
presence of water and for 3 in aqueous solution, has large @,
and somewhat reduced &; and @, values. In case C,
intermolecular electron transfer from 1 and 2 to triplet
benzophenone or CB was observed. Inefficient triplet pop-
ulation (small @and @, values) and low @, (as a measure of
cyclization) upon direct excitation of 1 or 2 can be explained
by intramolecular back electron transfer as a major effect.

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

The excited singlet states of all N-phthalimides investigated
are too short-lived and decay preferentially by intersystem
crossing to the corresponding triplet states and only margin-
ally (@; < 0.01) by fluorescence. The observable triplet state is
of m,m* type and shows strong phosphorescence (®,=0.3-
0.5). The photoreactive N-phthalimides are converted into
products with remarkable differences in their quantum yields
of chromophore decomposition: @,=0.2-0.4 for 3 and
<0.05 for 1 and 2. For 3 in ethanol and water, @, is too
large for the involvement of the singlet pathway. The quantum
yields for formation of phthalimide triplet states and singlet
oxygen are substantial (@;=0.2-0.5, @, = 0.1-0.2) for 3 and
4, but small for 1 and 2. A new triplet pathway and
intramolecular electron transfer are postulated for the photo-
cyclization. The involvement of the spectroscopically unde-
tectable higher lying °n,t* state prior to intramolecular
electron transfer accounts for the difference between @,
and @ in 4 (photoconversion into an isomer) and is suggested
for the photocyclization (in low yield) of 1 and 2. In the case of
3, photodecarboxylation and product formation involve the
S, and Pn,t* states in organic solvents and aqueous
solution, respectively. Thus, the chemical behaviour of excited
3 and 4 points to a situation in which the classical Kasha rule
(in its photochemical version) is circumvented.

Under conditions of sensitized excitation (acetone, aceto-
phenone, xanthone and, less efficiently, benzophenone)
product formation is enhanced for 1 or 2, in contrast to 4.
The evidence for intermolecular electron transfer from 1 or 2
to triplet benzophenone or the carboxy derivative is based on
spectroscopic and kinetic characterization of the radical anion
of the ketone and its conjugated acid. Thus, the triplet state of
the ketone acts as an electron acceptor.

Experimental Section

Compounds 1-3 were as used previously.'>) The molar absorption
coefficient of 2 is £y =1.7 x 10% and &,,=4.7 x 10* M~'cm "2} N-Methyl-
phthalimide (5, EGA), the sensitizers and most solvents (acetone and
acetonitrile: Merck, Uvasol) were used as commercially available; ethanol
was purified by distillation and water was deionized by a Millipore
(Milli Q) system. Where indicated, the pH values refer to ordinary aqueous
solution; otherwise they were adjusted with NaOH. N-Alkylphthalimides
in alkaline solution are known to hydrolyze;?! that is, they are thermally
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unstable. The stability in acetonitrile-water mixtures (1:1) at pH 10.5 was
found to increase in the order 5, 2 and 1; the last two could be used within a
few minutes after establishing the pH, to record transient absorption
spectra. Compound 2’ was used rather than 2 in some cases, due to its better
solubility.

Absorption and emission spectra were recorded on spectrophotometers
(Perkin—Elmer 554 and Hewlett Packard 8453) and spectrofluorimeters
(Perkin—Elmer LS5 and Spex-Fluorolog), respectively. Note that the
fluorescence excitation spectrum does not generally coincide with the
absorption spectrum, owing to a very small @; value and superposition of
fluorescence from trace impurities. Phosphorescence of O,('A,) at
1269 nm*1 was detected after the pulse, using a cooled Ge detector
(North Coast, EO 817FP), a silicon filter, an interference filter and an
amplifier (Comlinear, CLC-103) as described elsewhere.''! The lifetimes
range from 10-14 us in ethanol to 60-90 us in dichloromethane. The
signal, extrapolated to the end of the 20 ns pulse (/,), was found to show a
linear dependence on the absorbed energy and on the laser intensity; the
slope of the latter plot is denoted as q,. The quantum @, in toluene was
obtained from q, values using optically matched solutions (Az; =0.8) and
acridine as reference @%'=0.71.10 For the values in other oxygen-
saturated solvents a correction has to be applied, using the rate constant
k, for radiative deactivation of O,('A,) relative to that in benzene (k). The
k./k? ratios taken from the literature range from 0.12 in D,O to 0.96 in
toluene.!l The 248 or 308 nm output from one of two excimer lasers
(Lambda Physik EMG 200 and EMG 210 MSC; energy less than 100 mJ,
pulse width 20 ns) was used for excitation. The laser flash photolysis
apparatus and the detection system have been described elsewhere.['! %]
For selective production of *KH, 2-propanol was used; the radical anion
was generated by electron transfer from 1,4-diazabicyclo[2.2.2]octane or in
the presence of 2-propanol in water at pH 10—11.1']

For photodecomposition, A;, of 290 nm from a 1000 W Xe/Hg lamp
combined with a monochromator or 254 nm from a low pressure Hg lamp
was used. The concentration was adjusted such that the absorbance (in a
1 cm cell) was 1-3 at 4;,. The quantum yield @, was obtained by using the
decrease of absorbance at 290 nm (or the increase in absorbance at the
initial minimum~ 250 nm). Actinometry was performed with Aber-
chrome 540 for ;,=290 nm.“?) The measurements (unless specified
otherwise) were carried out after purging with argon prior to and during
irradiation at 24 £2°C.
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Phosphacarborane Chemistry: The 7,8,9,11-, 7,9,8,10- and 7,8,9,10-Isomers of
nido-P,C,B,H,—Diphosphadicarbaborane Analogues of 7,8,9,10-C,B,H;,

Josef Holub,'”! Tomas Jelinek,'”! Drahomir Hnyk,'®! Zbynék Plzik,'*! Ivana Cisarova,"!
Mario Bakardjiev,'”! and Bohumil Stibr*!?]

Abstract: The reaction between the
carborane arachno-4,6-C,B,H;; (1) and
PCl; in dichloromethane in the presence
of a “proton sponge” (PS =1,8-dimethyl-
aminonaphthalene) resulted in the iso-
lation of the eleven-vertex nido-diphos-
phadicarbaboranes  7,8,9,11-P,C,B;H,
(2) and 3-Cl1-7,8,9,11-P,C,B,H; (3-Cl-2)
in yields of 54 and 7%, respectively.

tively. The reaction between the isomer-
ic carborane arachno-4,5-C,B;H;; (4)
and PCl; in dichloromethane in the
presence of PS gave the asymmetrical
isomer, nido-78,9,10-P,C,B;H,  (5),
along with the chloro derivatives 4-Cl-
78,9,10-P,C,B;H; (4-Cl-5) and 11-Cl-
78,9,10-P,C,B;Hy (11-Cl-5) (yields of
21, 1 and 13 %, respectively). The struc-

tures of the chlorinated derivatives 3-Cl-
2 and 11-Cl-5 were determined by X-ray
diffraction analysis. In addition, the
structures of all compounds isolated
were geometry-optimised and con-
firmed by comparison of experimental
B chemical shifts with those calculated
by the GTAO-SCF/II//RMP2(fc)/6-31G*
method. The calculations also include

Replacement of the PS by NEt; in the
same reaction gave diphosphadicarba-
boranes 2 and 3-Cl-2 together with the
isomeric species nido-79,8,10-P,C,B,H,
(3) in yields of 28, 15 and 3%, respec-

Introduction

The reaction of borane-based anions with phosphorus halides
in the presence of basic reagents as deprotonation agents,
pioneered by Todd and Little several years ago,!l is known to
generate phosphaboranes containing a bare phosphorus
centre as a cage vertex. The cluster P atom in these species
contributes three electrons and three orbitals into the cluster
bonding proper,!! with two remaining electrons occupying the
exoskeletal orbital. The P vertex is thus isolobal with a CH
vertex and the phosphaboranes are therefore structural
analogues of the corresponding carboranes. The phosphorus
insertion reactions led to the isolation of essential represen-
tatives of the phosphaborane and phosphacarborane families

[a] Dr. B. Stibr, J. Holub, T. Jelinek, D. Hnyk, Z. Plzdk, M. Bakardjiev
Institute of Inorganic Chemistry
Academy of Sciences of the Czech Republic
25068, Rez (Czech Republic)
Fax: (+420)2-20941502
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I. Cisafova

Faculty of Natural Sciences of Charles University
Hlavova 2030, 12842 Prague 2 (Czech Republic)
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the structure and "B NMR shifts of the
isomer nido-7,10,8,9-P,C,B;H, (6) which
has not yet been isolated.

such as, for example, [nido-7-PB,H;,]",”! and to all three
isomers of PCB,,H,;,®! phosphorus analogues of the [nido-7-
CB,H;;]~ and C,B,;H;, carboranes. The P-insertion reaction
can be modified by the use of alkyl- or aryl-substituted RPX,
(X =halogen) compounds and the reaction then leads to
phosphaboranes substituted at the P centre, as exemplified by
the nido compounds 7-R-7-PB;;H;, (R=Me and Ph)™ and
7-R-7.8,9-PC,BgH,,.’! In a preliminary communication, we
have recently reported the synthesis of the parent tricarbol-
lide analogues nido-78,11-PC,BgH,; and [nido-78,11-
PC,BgH,o]- which is based on the reaction between [6,9-
C,BgH,o]>~ and PCl;.[! As a continuation of this search for
parent phosphacarboranes, we report here on PCl; insertion
reactions into the clusters of the two isomeric arachno
dicarbaboranes 4,6- and 4,5-C,B;H,;. The reactions lead
unexpectedly to the incorporation of two P atoms into the
cluster area and to the formation of three of the four possible
nido-P,C,B;H, isomers of open-face configuration of heter-
oatoms. The compounds are the first parent (unsubstituted)
representatives of the diphosphadicarbaborane family and
structural analogues of the previously reported nido-7,8,9,10-
C,B;H,, tetracarbaborane.l”? The numbering systems for the
nine-vertex arachno and eleven-vertex nido cages employed
in this work are given in general structures I and II,
respectively.
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Results and Discussion

Syntheses: A room-temperature reaction between the carbor-
ane arachno-4,6-C,B;H; (1)¥! and PCl, in dichloromethane in
the presence of “proton sponge” (PS=1,8-dimethylamino-
naphthalene), followed by decomposition of the reaction
mixture with water and column chromatography of the
products soluble in CH,Cl, on silica gel resulted in the
isolation of two main products. These were identified by NMR
spectroscopy and mass spectrometry as the eleven-vertex nido
diphosphadicarbaboranes 7,8,9,11-P,C,B;H, (2) (yield 54 %)
and 3-C1-7,8,9,11-P,C,B;H; (3-Cl-2) (yield 7 % ). The structure
of compound 3-Cl-2 was determined by X-ray diffraction
analysis. Modification of this reaction by the use of NEt; as
the deprotonation agent also led to the formation of
compounds 2 and 3-Cl-2 (yields 28 and 15 %, respectively);
however, in this case, they were accompanied by the isomeric
species 7,9,8,10-P,C,B;H, (3) (yield 3%). The compound
mixture could be readily separated by column chromatog-
raphy on silica gel.

A similar reaction with the isomeric carborane arachno-4,5-
C,B,H,; () in the presence of PS gave the isomeric, parent
species nido-7,8,9,10-P,C,B;H, (5) (yield 21 %) along with two
monochloro derivatives of 5. These were identified by NMR
spectroscopy and mass spectrometry as 4-Cl-7,8,9,10-
P,C,B;Hy (4-Cl-5) and 11-CI-78,9,10-P,C,B,H; (11-Cl-5)
(yields 1 and 13%, respectively). The structure of the
chlorinated compound 11-CI-5 was also determined by a
single-crystal X-ray diffraction study. It should also be noted
that the reactions are stoichiometric only with respect to the
formation of the chlorinated derivatives [Eq. (1)].

C,B,H,; + 2PCL, + 5PS— P,C,B,H,Cl + 5PSHCI 1)

Although there is no direct experimental evidence, it can be
surmised that the parent compounds 2, 3 and 5 are formed by
the reduction of the chloro derivatives at some stage in the
reaction at the expense of oxi-
dation of the starting com-
pound. Another interesting fea-
ture is that the chlorine sub-
stituent in all chloro derivatives
isolated resides on a boron
vertex adjacent to at least one
of the cluster P atoms, that is,
close to the reaction centre.

As outlined in Scheme 1, the 1
formation of both diphosphadi-
carbaboranes 2 and § and their

# P-insertion

“break

centre.

Chem. Eur. J. 2001, 7, No. 7
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double P-insertion

- =

P—P bond formation

double P-insertion )%\
-
P—P bond formation c=C
4 5

Scheme 1. Insertion of P into carboranes 1 and 4.

chlorinated derivatives as well, is consistent with the incor-
poration of two P vertices into the open hexagonal face of the
isomeric C,B;H,; carboranes 1 and 4 with concomitant
formation of a P—P bond. This process generates symmetrical
and asymmetrical P-P-C-B-C and P-P-C-C-B pentagonal
faces, respectively, within an eleven-vertex nido framework
without significant movement of the original carbon positions.
The formation of compound 3 seems more complex, being
consistent with a two-step P insertion associated with a shift of
one of the C vertices towards the P centre (Scheme 2).

X-ray diffraction studies: The structures of the chlorinated
derivatives 3-CI-2 and 11-CI-5 were determined unambigu-
ously by an X-ray diffraction analysis (for selected crystallo-
graphic parameters see Table 1 and Table 2). As seen from
Figure 1, the arrangement of the P and C vertices within the
open pentagonal face confirms both reaction paths outlined in
Scheme 1. The structure of compound 3-Cl-2 (Figure 1 top) is
consistent with a C; symmetry plane that bisects the P7—P8
bond and intersects the chlorinated B3 vertex together with
the bottom B1 atom. The P—P and two P—C bond lengths of
2.1931(9) and 1.865(3), 1.856(3) A, respectively, are similar to
those found for other phosphaborane and phosphacarborane
compounds.'> 'l The other P-B, C—B, and B—B (Table 2)
separations also fall within the usual limits.'! The structure of
compound 11-CI-5 (Figure 1 bottom) reveals an asymmetrical
disposition of the P and C vertices in the open face and
confirms that the Cl substituent lies on the open-face boron. A
comparison of intracluster distances in Table 2 with those of

.~ second
/ P-insertion

Scheme 2. Formation of compound 3 by a two-step P insertion and shift of one of the C vertices towards the P
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Table 1. Crystal data and structure refinement for 3-Cl-2 and 11-Cl-5

mers 2, 5, 3 and 6. Since the

3.C1-2 11-C1-5 charge distribution in the open-
o P .

empirical formula C,HB,P,Cl C,HB,P,Cl face of [nido-B,H,]* is uni
M, 205.14 205.14 form, there does not seem to be
crystal system orthorhombic monoclinic a special preference as for the
space group Pna2, Qe individual accommodations of
a[A] 13.648(2) 12361(3) two Ps and two Cs (N.B. the
b[A] 7.0560(9) 6.6826(8) ! ity of P i .
c[A] 9.5490(9) 23.176(3) electronegativity o 1S quite
B[] 98.36(1) close to that of B!) from the
z 4 8 energetical point of view. In-
VIAT 919.6(2) 1894.1(6) deed, the four possible posi-
#[mm ] 0684 0664 tional isomers of nido-
Peaeas [Mgm~] 1.482 1.439 ‘
/'{[A] 0.71073 0.71073 P2C2B7H9 are Computed to dif-
F(000) 408 816 fer in their energies only slight-
6 range ] 3-28 3.3-25 ly, as revealed in Table 3. The
scan mode ¢ and & 0-20 fact that the symmetrical com-
h, k, [ collected 0<h<17,0<k<9,-12<I<12 0<h<14,0<k<7,-27<1<27 d 6 is hich .
no. of reflections measured 2443 1725 poun 1s ighest mn e'nergy
no. of unique reflections 1463 1659 may account for the experimen-
no. of parameters 140 141 tal unavailability of this cluster
GOF= I a]] data 1.030 1.137

final Rl indices [I>20(])]
R indices (all data)

wiw,

Ap, max/min [e A~

R10.031, wR2 0.073
R10.037, wR2 0.077
0.028/0.114

0.179/ - 0.272

R10.037, wR2 0.113
R10.042, wR2 0.122
0.072/2.077

0.335/ —0.326

[a] ROF) =3[ |F| — |F| [/Z/F,|, wR2=[S(w(F2 = F2)*)E(w(F2)"]'", GOF =[S(w(FZ = F2)*)(Nretos = Nyarams)] -
[b] Weighting scheme w = [0*(F2) + (w,P) + w,P]™"; P=[max(F20)+2F2]/3

3-Cl-2 does not disclose any surprising differences and those
found can be attributed to the asymmetry of the molecule. As
far as intermolecular interactions are concerned, these appear
to have purely vander Wals character for both crystals.
However, the crystal packing is more efficient for the
symmetrical 3-Cl-2 compound, where the volume fraction of
the unit cell per molecule is 229.9 A3, whereas that for 11-CI-5
amounts to 236.7 A3,

Geometry optimisation: According to Gimarc’s topological
charge stabilisation rule,'” elements more electronegative
than boron, namely C, S, N and P (although the electro-
negativity of P does not differ too much from that of B), prefer
cluster sites of the highest negativity. The systems under study
are formally derived from the hypothetical parent [nido-
B,;H,,]*" ion (derived from closo-[B,H;,]*~ by removal of one
[BH]* vertex; the solid-state structure of [nido-B;H,,] is
known"l) in which the charge distribution in the open
pentagonal face is uniform (RMP2(fc)/6-31G* natural pop-
ulation analysis (NPA) charge —0.334, in contrast to —0.170
associated with the B; pentagonal belt capped by B1; NPA for
B1=-0.250)[". Consequently, an 11-vertex nido heterobor-
ane of a [nido-B,;H,,]* -type deltahedral shape will prefer its
heteroatoms to occupy the open-face sites.'”] The presence of
more than one heteroatom, for example three, in such a
structural arrangement leads to a number of positional
isomers.[% 151 Herein, we extend such studies and examine
the possibility of accommodating two pairs of two kinds of
heteroatoms, namely C and P, both experimentally and
computationally. This evidently results in four positional
isomers with contiguous open-face {C-P-P-C}, {P-P-C-C}, {P-
C-P-C} and {P-C-C-P} configurations corresponding to iso-

1548

to date. The chloro derivatives
differ also in their energies
marginally (see Table 3). The
fit between the computed and

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

experimental shifts was found
to be consistently good (see
Table 4), the maximum devia-
tion was ~4 ppm. As anticipat-
ed, the chlorine substitutions do not affect the NMR patterns
too much with respect to the corresponding parent com-
pounds, with the exception of the substituted boron atom.[']

The RMP2(fc)/6-31G*-optimised geometries of the parent
diphosphadicarbaboranes 2, 3, § and 6 are shown in Figure 2,
and those of the chlorinated species 3-Cl-2, 4-Cl-5 and 11-CI-5
are depicted in Figure 3. The most striking features of the
computed molecular structures of these systems are the
considerable deformations of the open-pentagonal belts.
Thus, the X-P-X angles (X = C,B,P) lie in the narrow interval
94.5-974°; these values are very close to 96.6° computed for
the B-S-B angle in 78,10-C,SBgH,, at the same level.['
Interestingly, the P-P-P angles in the two newly prepared
nido-P;CB;H, deviate from a regular pentagonal angle of 108°
by only ~7°.'1 This may be the consequence of the similar
electronegativities of B and P, whereas in the P,C,B;H,
derivatives the electronegativity of C, which affects the X-P-
X angles, differs considerably from that of B and P. These
pentagons are far from being planar, as demonstrated by the
dihedral angles given in Table 5. The P—P and B—P separa-
tions determined for all seven compounds span narrow
intervals of 2.21-2.23 A and 2.03-2.09 A, respectively. The
relatively high electron densities between the paired atoms
that constitute the open-face rings were revealed by the WBI
and NBO values (Table 6).

NMR studies: Entirely consistent with the X-ray diffraction
studies are the NMR characteristics of the compounds
isolated (Table 4). In accord with the C, symmetry, the ''B
NMR spectrum of 2 consists of 1:2:2:1:1 patterns of doublets
while in the spectrum of 3-Cl-2 one of the doublets with an
intensity of 1 collapses to a singlet. The !B NMR spectrum of
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Table 2. Selected bond lengths [A] and angles [°] for 3-Cl-nido-7,8,9,11-
P,C,B,H (3-C1-2) and 11-Cl-nido-7,8,9,10-P,C,B,Hy (11-C1-5)

Compound 3-Cl-2

B1-B2 1.774(4) B1-B3 1.768(5)
B1-B4 1.764(4) B1-B5 1.797(5)
B1-B6 1.798(5) B2-B3 1.840(5)
B2-B6 1.785(5) B2-P7 2.048(3)
B2-Cl11 1.730(5) B3-B4 1.839(5)
B3—P7 2.110(3) B3—P8 2.118(4)
B4-B5 1.779(5) B4—P8 2.048(3)
B4-C9 1.728(5) B5-B6 1.737(5)
B5-C9 1.709(4) B5-B10 1.805(5)
B6—B10 1.804(5) B6—Cl11 1.716(4)
P7-P8 2.1931(9) P7-Cl11 1.856(3)
P8—C9 1.865(3) C9-B10 1.615(5)
B10—-C11 1.617(5) B2-P7-B3 52.50(13)
B2-P7-P8 100.54(8) B3-P7-P8 58.91(10)
B3-P8-P7 58.59(9) B4-P8-B3 52.37(13)
B4-P8-P7 100.16(9) C9-P8-B3 90.61(13)
C9-P8-B4 52.15(15) C9-P8-P7 97.61(10)
C9-B10-Cl11 111.8(3) C11-P7-B2 52.34(16)
C11-P7-B3 90.62(13) C11-P7-P8 97.30(10)
B10-C9-P8 114.6(2) B10-C11-P7 115.2(2)
Compound 11-Cl-5

B1-B2 1.778(4) B1-B3 1.759(4)
B1-B4 1.754(4) B1-BS5 1.774(4)
B1-B6 1.777(4) B2-B3 1.824(4)
B2-B6 1.742(4) B2-P7 2.053(3)
B2-B11 1.833(4) B3-B4 1.815(4)
B3—P7 2.088(3) B3-P8 2.107(3)
B4-B5 1.776(4) B4-P8 2.026(3)
B4—C9 1.749(4) B5—B6 1.758(4)
B5—C9 1.711(4) B5—C10 1.725(4)
B6—C10 1.728(4) B6—B11 1.783(4)
P7-P8 2.2029(10) P7-B11 1.957(3)
P8—C9 1.843(3) C9—C10 1.535(4)
C10-B11 1.599(4) B2-P7-B3 52.26(12)
B2-P7-P8 99.15(9) B3-P8-P7 57.91(9)
B3-P7-P8 58.75(9) B4-P8-B3 52.06(12)
B4-P8-P7 100.77(9) C9-P8-B3 90.21(12)
C9-P8-B4 53.53(12) C9-P8-P7 98.07(9)
C9-C10-B11 115.2(2) C10-C9-P8 117.43(18)
C10-B11-P7 113.60(17) B11-P7-B2 54.33(11)
B11-P7-B3 92.10(12) B11-P7-P8 95.22(9)

the parent compounds 3 and § show seven doublets of
intensity 1 and the spectra of the 4-chloro and 11-chloro
derivatives of 5 display six doublets and one singlet of equal
intensities. Application of the ["'B,''"B]-COSY['®l spectroscopy
together with 'H{!'B-selective)} spectroscopy,!'”) assigned all
resonances to individual BH vertices. The comparison of the
B chemical shifts shows that the diphosphadicarbaboranes
of types 2, 3 and 5 are analogues of the previously reported!”
nido tetracarbaborane 7,8,9,10-C,B,H,;. This similarity is also
demonstrated by similar trends in !B chemical shifts (spectral
range 0~32-35); however, a comparison reveals that the
isolobal substitution of two CH vertices for P produces
systematic deshielding (average 6~ 10) of all BH positions.
The geometry optimisation of all compounds isolated was
used as a basis for GIAO-SCF/II calculations?”! of the
underlying "B shifts and the comparison between experi-
mental and calculated values (see Table 4) reveals satisfactory
agreement (maximum differences are in the range of
4.0 ppm).

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

Figure 1. ORTEP representation of the crystallographically determined
molecular structures of 3-Cl-nido-78,9,11-P,C,B;Hg (3-Cl-2; top) and 11-
Cl-nido-728,9,10-P,C,B,H; (11-CI-5; bottom).

Table 3. Energy data for positional isomers of nido-P,C,B;H, and its
chloro derivatives.

Isomer Sym-  ZPE[ RMP2/6-31G*Pl  Relative energies!

metry  [kcalmol™!]  [Hartree] [kcal mol~']
P,C,B,H,
2 C 90.337(0) —936.388998 0.000
5 C 90.559(0) —936.388054 0.817
3 o 90.287(0) — 936.386866 1.294
6 C, 90.579(0) —936.386390 1.851
CL-P,C,B,H;
11-CI-5 C, 85.380(0) —395.464404 0.0001!
4-CI-5 C, 83.961(0) —395.462471 12110
3-Cl-2 C, 85.062(0) —395.462138 1.42204

[a] Zero point energies calculated at the RHF/6-31G* level. The number of
imaginary frequencies NIMAG is given in parentheses. [b] Total energies at
the RMP2/6-31G*level. [c] Relative energies with ZPEs corrections scaled
by 0.89. [d] Relative energies without ZPE corrections; upon inclusion of
the ZPEs, scaled by 0.89, 11-CI-5 is destabilised by 0.052 kcalmol .
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Table 4. NMR data of the compounds (CDCl;, 293 K).
Compound Nucleus o
nido-1.8,9,11- 1B b ~0.5[d, B10, 150], — 2.5 [d, B(5,6), 162], — 4.8 [d, B(2,4), 169], —17.5 [d, B3, 170], —34.5 [d, B1, 154]
P,C,BH, (2) B(caled)¥ — 1.7 [B10], — 0.8 [B5.6], — 1.4 [B2,4], —17.2 [B3], —35.1 [B1]
BBkl all theoretical cross-peaks observed
H{UB)% e 3.02 [s, H10], 2.91 [brs, H(2,4)], 2.52 [s, H(5,6)], 2.21 [brs, H(9,11)], 2.16 [t (asym.) H3, 35/20], 2.07 [s, H1]
SP{HE 434 [s, P(7,8)]
3-Clnido-7,89,11- Bl —08[s, B3, —], —2.1 [d, B(2:4), ~165], —2.1 [d, B(5.,6), ~165], —4.7 [d, B10, 150], —32.2 [d, B1, 150],
P,C,B,H, (3-Cl-2) "'Bf(caled)l —1.2 [B3], 0.7 [B(2,4)], — 0.6 [B(5,6)], — 5.1 [B10], —31.1 [B1],
g Bkl all theoretical cross-peaks observed
H{'B)4¢  3.37 [s, H(2.4)], 2.77 [d, H(9,11), 20], 2.73 [s, H10], 2.48 [s, 2H, H(5,6)], 1.98 [s, 1 H, H1]
Mp{H)Ite  —252 [s, P(7,8)].
nido-7,9,8,10- 1. ] ~12[d, B6, ~177], — 2.4 [d, B3, ~180], —4.2 [d, B11, 146], — 7.5 [d, BS, ~162], — 8.4 [d, B2, ~142], —13.3 [d, B4, 173],
P,C,BH, (3) ~363 [d, BL, 150]
1B(caled) 1.6 [B6], 1.6 [B3], — 5.0 [B11], — 5.9 [BS], — 6.5 [B2], — 12.1 [B4], —36.9 [B1]
1 Bl all theoretical cross-peaks observed
TH{UB)4¢  3.06 [d, H3,10],2.70 [s, H6], 2.55 [d, H11, 45], 2.55 [d, H5, 15], ~2.55 [d, H4, ~15], 2.33 [d, H10, 35], 2.10 [d, H2, 20], 2.01 [s,
H1], 1.73 [t (asym.), H8, ~35/25]
Sp{H) e —38.8[s, P(7 or 9)], —41.3 [s, P(7 or9)]
nido-7,8,9,10- 11pla. bl ~0.1 [d, BS, ~170], — 0.1 [d, B6, ~170], —2.9 [d, B11, 150], — 4.7 [d, B2, ~176], — 5.9 [d, B3, ~177], —12.0 [d, B4, 170],

P,C,B;H, (5)
1B (calced)l

—34.6[d, 1B, B, 158]
1.1 [B5], 1.9 [B6], —4.3 [B11], — 1.6 [B2], —2.6 [B3], —10.3 [B4], — 35.5 [B1]

3.23 [s, H10], 2.90 [s, H5], 2.87 [d, H9, 32], 2.86 [d, H4, 22], 2.79 [s, H6], 2.72 [d, H11, 37], 2.62 [t (asym.), H3, 15/20], 2.41 [d,

1.0[d, BS, ~2170], 0.5 [s, B4], — 0.6 [d, B6, ~165], — 3.8 [d, B2, ~150], 3.8 [d, B3, ~150], — 7.8 [d, B11, 150], —34.3 [d, B1,
2.2 [B5, ~170], 2.7 [B4], 1.1 [B6], —0.7 [B2], — 1.2 [B3], — 8.1 [B11], —34.6 [B1]

3.56 [s, H10], 3.25 [s, HS], 3.22 [t, H3, ~20], 3.21 [d, HY, 34], 2.79 [s, H6], 2.66 [d, H11, 38], 2.40 [d, H2, 20], 2.13 [s, H1]

1B,"B all theoretical cross-peaks observed
IH{IIB}[d, e]
H2, 22], 2.07 [s, H1]

Sp{IH)E e —492 [d (asym.), P8, 240], —58.2 [d (asym.), P7, 240].
4-Cl-nido-7,8,9,10- "Bl "l
P,C,B,H; (4-CI-5) 157]

1B (calcd)l!

1B,1BL all theoretical cross-peaks observed

IH{IIB}[d. e]

SP{H)b e —30.6 [d (asym.), P8, 244], —60.8 [d (asym.), P7, 244]

11-Cl-nido-7,8,9,10- "'Bla-]
P,C,B;H; (11-Cl-5) '"B(calcd)!
”B,”B[a]

7.6 [s,B11],2.0/4.0 [d, B6], — 1.9 [d, BS, ~180], —3.1 [d, B2, ~190], — 7.7 [d, B3, 170], — 18.0 [d, B4, 173], —34.9 [d, B1, 158]
7.3 [B11], 4.0 [B6], —0.7 [B5], 0.6 [B2], —4.6 [B3], —14.7 [B4], —35.9 [B1]

all theoretical cross-peaks observed

3.57 [s, H10], 2.84 [s, HS], 2.83 [d, H2, 26], 2.83 [d, H4, ~15], 2.82[d, H9, 32] 2.51 [t (asym.), H3, ~20/15], 2.39 [s, 1 H, H6],

TH{1B)i. <l
2.04 [s, H(1)]
SP{'H)t e —66.6 [d (asym.), P8, 238], —73.7 [d (asym.), P7, 238]
nido-7,10,8,9- 1B(caled)? — 1.2 [B6], — 2.4 [B3], —4.2 [B11], —7.5 [BS], — 8.4 [B2], —13.3 [B4], — 363 [B1]

P,C,B;H, (6)

[a] 160.4 MHz. [b] 6(''B) [multiplicity, assignment, 'J(B,H) in Hz]. [c] GIAO-SCF/AI/RMP2(fc)/6 -31G*. [d] 500 MHz. [e] 6('H){"'B} [multiplicity,
assignment, 2/(P,H) in Hz (if applicable)]. [f] 202.4 MHz. [g] 6(*'P){'H} [multiplicity, assignment, 'J(P,P) in Hz (if applicable)].

The 'H NMR spectra of 2 and 3-CI-2 display one intensity
with two CH(9,11) signals which exhibits doublet splitting as a
result of "TH-3'P coupling. The 'H NMR spectrum of the
parent compound 3 exhibits two different CH resonances,
CH(8) (asym. t) and CH(10) (d), the asymmetrical triplet
splitting of the former resonance arises from interaction with
two non-equivalent 3'P nuclei. The corresponding spectra of 5,
4-Cl-5 and 11-CI-5 contain two CH(9) and CH(10) resonan-
ces, the former being split into a doublet by 'H—-3'P coupling.
In all cases, the 'H{!'B} resonances of the BH vertices
adjacent to the P sites exhibit clear doublet splittings and
those of BH connected to two P vertices are split into triplets,
which helps the unambiguous assignment of all the proton
resonances. The *'P NMR spectra of the symmetrical com-
pounds 2 and 3-CI-2 consist of one singlet resonance, while
that of 3 contains two different singlets. As a consequence of
the P—P bond between the magnetically non-equivalent P
vertices, the corresponding spectra of compounds 5, 4-Cl-5
and 11-CI-5 consist of two asymmetrical doublets.
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Conclusions

Even though there is a mention in the literature of the
isolation of a mixture that contains nido-Ph,Et,P,C,B,H, as
one of the components,?] the compounds described in this
work are first parent representatives of the diphosphadicar-
baborane series isolated in a pure state and their synthesis
further demonstrates the viability of the PCl;-mediated
insertion reactions into borane clusters.l! A very interesting
aspect of the reactions described is the explicit trend for the
incorporation of a maximum number of the P vertices under
the formation of very stable eleven-vertex nido-phosphacar-
borane cages. These readily available compounds are struc-
tural analogues of the previously reported tetracarbaborane
7.8,9,10-C,B,H,;;"l however, in the present case, it should be
also noted how much the presence of the two P centres
increases the number of isomeric structures. The molecules of
the phosphacarboranes, that contain a contiguous electron-
rich heteroatomic string in the open pentagonal face, thus
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Figure 2. RMP2(fc)/6-31G* energy/geometry-optimised structures of the parent nido diphosphadicarbaboranes 7,8,9,11-P,C,B,H, (2), 7,9,8,10-P,C,B;H, (3),

78,9,11-P,C,B,H, (5) and 7,10,8,9,-P,C,B,H, (6).

constitute new chemical systems. These can be employed for
further developments in the general area of heteroborane
chemistry. For instance, metal complexation and boron-
degradation reactions are expected to generate novel metal-
laheteroborane and heteroborane compounds and to extend
considerably the area of boron-cluster chemistry. We are
currently developing this chemistry and relevant experiments
in this interesting area are in progress in our laboratories.

Experimental Section

General procedures: All reactions were carried out with use of standard
vacuum or inert-atmosphere techniques as described by Shriver,??]
although some operations, such as preparative TLC, were carried out in
air. The starting carboranes 1 and 4 were prepared according to the
literature.l® ) Hexane, benzene and dichloromethane (Fluka) were dried
over CaH, and freshly distilled before use. Other chemicals were reagent or
analytical grade and were used as purchased. Column chromatography was
carried out on silica gel (Aldrich, 130-270 mesh) as the stationary phase.
The purity of individual chromatographic fractions was checked by
analytical TLC on Silufol (silica gel on aluminum foil; detection by

Chem. Eur. J. 2001, 7, No. 7
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diiodine vapor, followed by 2% aqueous AgNOj; spray). Melting points
were measured in sealed capillaries under nitrogen and are uncorrected.
Low-resolution mass spectra were obtained with a Finnigan MAT MAG-
NUM ion-trap quadrupole mass spectrometer equipped with a heated inlet
option, as developed by Spectronex AG, Basle (Switzerland) (70 eV, EI
ionisation). Proton (*H) and boron (!'B) NMR spectroscopy was performed
at 11.75 Tesla on a Varian XL-500 instrument. The [''B,"'B]-COSY"" and
'H{""B-selective)}l'”) NMR experiments were essentially as described in
other related papers from our laboratories.?! Chemical shifts are given in
ppm to high-frequency (low field) of £=232.083971 MHz (nominally F;B -
OEt, in CDCI;) for "B (quoted £0.5 ppm) and = =100 MHz (SiMe,) for
'H (quoted +0.05 ppm), = being defined as in ref. [24]. Solvent resonances
were used as internal secondary standards. Coupling constants 'J(!B,'H)
are taken from resolution-enhanced ''B spectra with digital resolution
+8 Hz and are given in Hz. IR spectra were obtained on a EU9512 Pye-
Unicam Fourier transform spectrometer.

Synthesis of nido-78,9,11-P,C,B;H, (2) and 3-Cl-nido-7,8,9,11-P,C,B;Hg
(3-C1-2): A solution of arachno-4,6-C,B;H;; (1, 510 mg, 4.5 mmol) in
dichloromethane (25 mL) was treated with PS (3.0 g, 14 mmol). PCl,
(3.14 g, 23 mmol) was added under stirring and cooling to 0°C. The stirring
was continued at room temperature for 24 h and the mixture was then
cooled to 0°C and decomposed by the addition of water (50 mL, dropwise).
The dichloromethane layer was separated and evaporated with silica gel
(5 g). The solids were mounted onto a silica gel column (2.5 x 30 cm) and
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3-Cl-2

4-CI-5

11-Cl-5

Figure 3. RMP2(fc)/6-31G* energy/geometry-optimised structures of the chlorinated nido diphosphadicarbaboranes 3-Cl-nido-7,8,9,11-P,C,B;H; (3-Cl-2),
4-Cl-nido-17.8,9,10-P,C,B,H; (4-Cl-5) and 11-Cl-nido-7,8,9,10-P,C,B,H; (11-CI-5).

the column was eluted gradually with hexane. The purity of individual
fractions was checked by analytical TLC. The chromatography led to the
separation of two main fractions of R;=0.33 and 0.16, which were
evaporated to dryness. The solids thus obtained were purified by vacuum
sublimation at 70—100°C (bath) and identified by NMR spectroscopy and
mass spectrometry as compounds 2 and 3-CI-2, respectively.

2: M.p. 295°C; IR (KBr): #=2920, 2852 (C-H), 2576 (B—H) cm™'; MS
(70 eV, EI): miz (%): 172 (45) [M]*, 170 (100) [M —2H]"; elemental
analysis calcd (%) for C,HB-P, (170.8): C 14.07, H 5.31; found: C 14.22, H
5.20.

3-Cl-2: M.p. 232°C; IR (KBr): v=3020 (C-H), 2576(sh), 2540 (B—
H) cm™'; MS (70 eV, EI): m/z (%): 208 (12) [M]*, 204 (100) [M —4H]*;
elemental analysis calcd (%) for C,HgB,P,Cl (205.2): C 11.70, H 3.93;
found: C 11.90, H 3.76.

Synthesis of nido-7,9,8,10-P,C,B,H, (3) and alternative synthesis of nido-
7.8,9,11-P,C,B,H, (2) and 3-Cl-nido-738,9,11-P,C,B;H; (3-Cl-2): A solution
of arachno-4,6-C,B;H;; (1, 2.0 g, 17.2 mmol) in dichloromethane (50 mL)
was treated with NEt; (2.2 g, 22 mmol). PCl; (15.7 g, 120 mmol) was added
under stirring and cooling to 0°C. The stirring was continued and room
temperature for 24 h and the mixture was then cooled again to 0°C and
decomposed by the addition of water (50 mL, dropwise). The dichloro-
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methane layer was then worked up as in the preceding experiment.
Chromatography led to the separation of three main fractions of R;=
(hexane) 0.33, 0.25 and 0.16, which were evaporated to dryness. The solids
thus obtained were purified by vacuum sublimation at 70—100°C (bath)
and identified by NMR spectroscopy and mass spectrometry as compounds
2, 3 and 3-Cl-2, respectively (yields 28, 3 and 15%).

3: M.p. 165°C; IR (KBr): #=2920, 2852 (C-H), 2576 (B—H) cm~'; MS
(70 eV, EI): m/z (%): 172 (45) [M]*, 170 (100) [M —2H]"; elemental
analysis calcd (%) for C,HoBP, (170.8): C 14.07, H 5.31; found: C 14.22, H
5.20.

Synthesis of nido-7,8,9,10-P,C,B-H, (5), 4-Cl-nido-7,8,9,10-P,C,B,H; (4-Cl-
5) and 11-Cl-nido-7,8,9,10-P,C,B,H; (11-Cl-5): A solution of arachno-4,5-
C,B;H; (4, 1.1 g, 9.6 mmol) in dichloromethane (100 mL) was cooled to
0°C and PS (5.5g, 25.7 mmol) was added together with PCl; (4.0g,
29.1 mmol) (dropwise) under stirring. After the initial exothermic reaction
had ceased, the mixture was stirred at room temperature for additional
12 h. The mixture was then cooled to 0°C and decomposed by the addition
of water (20 mL, dropwise). The dichloromethane layer was separated and
evaporated with silica gel (5 g). The solids were mounted onto a silica gel
column (2.5 x 30 cm) and the column was eluted with chloroform to collect
a fraction of R;=0.75. This was evaporated to dryness and re-chromato-
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Table 5. Selected geometrical parameters at the RMP2(fc)/6-31G* level.
2 3-Cl-2 5 4-Cl-5 11-Cl-5 3 6

Bond lengths[A]
1-20 1.762 1.762 1779 1774 1782 1.783 1.772

1-3 1.762 1.764 1765 1.768 1.766 1.768 1.778
1-4 1.762 1.762  1.755 1757 1756 1.757 1.778
1-5 1.792 1786 1772 1.772 1.773 1769 1.772
1-6 1.792 1786 1.787 1.785 1.782 1.783 1.755
3-7 2.088 2.104  2.087 2094 2081 2.047 2.056
3-8 2.088 2104 2.095 2.09 2.094 1.723 1.800
2-7 2.036 2039 2035 2.040 2.044 2051 2.043
4-8 2.036 2.039 2.031 2048 2028 1.722 1.800
2-11 1.722 1.724  1.834 1.834 1.836 1.830 1.743
4-9 1.722 1.724 1743  1.748 1.744 2.046 2.056
6-11 1.696 1.699 1775 1.772 1.781 1.775 1.709
5-11 1.696 1.699

5-9 1.712 1714 1712 2.048 2.043
5-10 1.803 1.799 1714 1712 1713 1.722  1.743
6-10 1.803 1.799  1.718 1.723 1.722 1.699 1.709
7-8 2.206 2210 2231 2224 2232 1900 1.958
7-11 1.880 1.875 1962 1960 1969 1951 1.882
9-8 1.880 1.875 1868 1.871 1.868 1.857 1.958
9-10 1.617 1.618 1526 1525 1525 1.860 1.882
10-11 1.617 1.618 1.613 1.615 1.611 1.628 1.517

(B—H)mean 1.189 1.189 1.189 1.189 1.188 1.189 1.189
(C—H)mean 1.089 1.090 1.089 1.090 1.090 1.091 1.089
B-Cl 1.779 1.777  1.794

Bond angles [°]

9-10-11 111.7 1114 1161 1162 1159 1153 1169
8-9-10 115.2 1155 1177 1173 1178 956 952
11-7-8 97.2 971 95.7 95.8 954 945 952
9-8-7 97.2 971 97.1 97.4 973 1151 1108
7-11-10 115.2 1155 1130 113.0 1133 1122 1169
Dihedral angles [°]

7-11-10-9  -203 -201 -29 -33 -27 8.1 0.0
7-8-9-10 -113 -113 -68 -69 -67 279 213

[a] For numbering schemes, see Figures 2 and 3.

Table 6. Wiberg bond indices (natural atomic bond orders) for individual bonds in
the open-pentagonal faces of the four positional isomers of nido-P,C,B;H,.

Com- Bond

pound 7-8 8-9 9-10 10-11 7-11

2 0.877 (0.685) 0.775 (0.682) 0.783 (0.804) 0.783 (0.804) 0.775 (0.682)
5 0.814 (0.652) 0.801 (0.707) 0.955 (0.824) 0.791 (0.997) 0.864 (0.607)
3 0.728 (0.652) 0.795 (0.709) 0.797 (0.708) 0.770 (0.786) 0.886 (0.817)
6 0.856 (0.798)  0.856 (0.798) 0.767 (0.686) 0.966 (0.841) 0.767 (0.686)

[a] For the atom numbering scheme, see Figures 2 and 3.

graphed with hexane as the liquid phase. This separation led to the isolation
of three main fractions (R;=0.39, 0.21 and 0.10), the purity of which was
checked by analytical TLC. Individual fractions were evaporated to dryness
and the white, crystalline solids thus obtained were purified by vacuum
sublimation at 70—100°C (bath) and identified by NMR spectroscopy and
mass spectrometry as compounds 5 (yield 350 mg, 21 %), 4-Cl-5, (yield
25mg, 1%) and 11-CI-5 (yield 250 mg, 13 %), respectively.

5: M.p. 312-313°C; IR (KBr): 7=3016, 2916 (C-H), 2584 (B—H) cm™;
MS (70 eV, EI): m/z (%): 172 (45) [M]*, 170 (100) [M —2H]*; elemental
analysis calcd (%) for C,HoB,P, (170.8): C 14.07, H 5.31; found: C 14.36, H
5.27.

4-CI-5: M.p. 201-202°C; IR (KBr): 7#=3016, 2916 (C-H), 2604(sh), 2584
(B-H)cem™!; MS (70eV, EI): m/z (%): 208 (12) [M]*, 204 (100)
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[M — 4H]"; elemental analysis caled (%) for C,HyB,P, (205.2): C 11.70,
H 3.93; found: C 11.94, H 3.68.

11-CI-5: M.p. 196°C; IR (KBr): #=3024 (C-H), 2612(sh), 2588, 2552 (B -
H) cm™; MS (70 eV, EI): m/z (%): 208 (15) [M]*, 205 (100) [M —3H]*;
elemental analysis caled (%) for C,HB,P, (205.2): C 11.70, H 3.93; found:
C11.87, H3.71.

X-ray crystallography: A colourless crystal of the compound 3-CI-2 of
dimensions 0.3 x 0.3 x 0.2 mm was mounted on glass fibers with epoxy
cement and measured on four-circle diffractometer KappaCCD with a
CCD area detector at 293(2) K with Moy, radiation. Similar measurements
on a colourless crystal of 11-Cl-5 (dimensions 0.9 x 0.6 x 0.2 mm) were
carried out on a four-circle diffractometer CAD4-MACHIII at 293(2) K
with Mok, radiation. The crystallographic details are summarised in
Table 1. The structures were solved by the direct method (SIR97) and
refined by a full-matrix least-squares procedure based on F?
(SHELXL97).”%1 The absorption was neglected. Hydrogen atoms were
localised on a difference Fourier map and refined isotropically. The final
difference map had no peaks of chemical significance. Scattering factors
were those implemented in the SHELX programs.

Computational details: All calculations used the Gaussian94 program
packagel’’l and were performed on the Power Challenge XL computer of
the Supercomputing Centre of the Charles University in Prague (Czech
Republic). The structures proposed on the basis of experimental ''B and
'"H NMR spectroscopy were optimised first at RHF/6-31G* within the
given symmetry restriction. Frequency calculations, carried out at the same
level, determined the nature of the stationary points and gave the zero
point energies (ZPE).” Minima were characterised with zero imaginary
frequency (NIMAG =0). Further optimisations at RMP2(fc)/6-31G*
included the effect of electron correlation and gave the relative energies
(see Table 3). Selected geometry parameters are given in Table 5. The
natural population analysis (NPA)" obtained at the RMP2(fc)/6-31G*
level for the hypothetical [nido-B;H,,]*~ fragment, from which all seven
molecules examined are formally derived, is discussed. The Wiberg bond
indices (WBI)®] and the overlap-weighted natural atomic orbital (NAO)
bond orders!' are also included. The chemical shieldings were calculated at
a SCF level with the GIAO (gauge-invariant atomic orbital) method
incorporated in the Gaussian 94 package and employed a IT Huzinaga basis
set® well-designed for the calculations of magnetic properties.*’]

Full crystallographic data for the structures of 3-Cl-2 and 11-CI-5 reported
in this paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication nos. CCDC-148121 and CCDC-
148122, respectively. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). Coordinates for the
RMP2(fc)/6-31G* calculated structures for all compounds reported in this
paper are available from the authors on request (e-mail: hnyk@iic.cas.cz)
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Abstract: Zeolites adsorb biopolymers
on their surface and may be suitable as a
new type of chromatographic carrier
material for proteins, nucleic acids, and
their conjugates. We report here various
parameters that influence the adsorp-
tion of biopolymers on synthesized zeo-
lites with regard to the Si/Al, ratio and

lombic attraction similar to ion-ex-
change chromatography; 2) at pI, hydro-
phobic interactions (a kind of van der
Waals attraction) plus the three-dimen-
sional mesopore structure; and 3) above
pL, the sum of the Coulombic repulsion
and attraction forces, such as the hydro-
phobic interaction, and also substitution

reaction of water on the Al molecule
with a protein amino-base. At high
Si/Al, ratio in the presence of a small
amount of Al and with mesopores
between the zeolite particles, maximal
adsorption was seen at pl and was
suggested to be dependent on the num-
ber of hydrophobic interaction points on

three-dimensional structure. There are
three physicochemical principles that
may underly the adsorption: 1) below
the isoelectric point (pI), mainly Cou-

Introduction

The purpose of this study was to find new chromatographic
carriers for the separation of biopolymers under extreme
conditions unlikely to occur in conventional biochemistry; for
example, fractionation of biopolymers at temperatures below
0°C under high pressure and fractionation of conjugated
proteins and/or glycoconjugates that precipitate at the point
of neutralization. Many proteins that are released and
solubilized from biological structural matrices become very
unstable and, consequently, are essentially irrelevant from a
biochemical perspective. The biochemical solvent is water,
and high pressure can maintain this solvent in the liquid state
at temperatures below 0°C. Unstable proteins may survive
under such conditions, and carriers must be ultrastable and
tough. The microscopically visible structures within cells and/
or biological structural matrices are mostly comprised of
conjugated proteins and glycoconjugates, and most of these
are water-insoluble in that they cannot be separated into their
chemical components in water. The development of methods
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the mesopores, and their morphology.
The application of zeolites to biochem-
istry and biotechnology is also discussed.

nucleic

for chromatography of unstable proteins at temperatures
below 0 °C and direct fractionation of conjugated proteins and
glycoconjugates in the insoluble state could have far-reaching
consequences in the field of biochemistry.

New adsorption carriers based on principles different from
those underlying conventional chromatography methods must
therefore be investigated. Previously, we reported a new
chromatographic carrier made up of silica, a new type of
optically active organic—inorganic composite.l*? In the
present study, we found that zeolites are much better carriers
than this composite. During the course of our experiments, the
results of a few preliminary studies attempting to purify
proteins by using zeolite Y appeared in the literature.*-¢l In
these studies, adsorption was reported to be dependent on pH
value and ionic strength, and was shown to occur at the
isoelectric point (pl), the pH value in solution at which the
sum of charges on the protein is zero, as the aggregate lost its
electrical charge. These reports were quite interesting for the
reasons given above, but the conclusions were based only on
the results of preliminary experiments analyzing the adsorp-
tion of a few proteins to zeolite Y. Very little is known about
the principles underlying this adsorption. In the present study,
therefore, the physicochemical principles underlying the
adsorption were systematically investigated by using many
species of zeolites and various biopolymers. Since zeolites can
be synthesized from aqueous basic aluminosilicate precursor
gels under hydrothermal conditions at elevated tempera-
tures,"] we analyzed various parameters that influence the
adsorption of proteins and nucleic acids on synthesized
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zeolites with regard to Si/Al, ratio and morphology, and we
also examined why proteins were selectively adsorbed to
zeolites. Our results indicated that physicochemical principle
was more complex than the previous explanation that
adsorption occurred at pl as the aggregate lost its charge.

Results and Discussion

Zeolites are crystalline porous solids, with pores and channel
systems in the molecular size range of 0.3 to 3 nm; they are
also tectosilicates that consist of corner-sharing AlO, and SiO,
tetrahedra. These physicochemical characteristics are thought
to be the basis for their immense importance in catalysis,
separation, and ion exchange. 4l The Si/Al, ratio of zeolites
can be varied either during synthesis or postsynthetically. The
Si/Al, ratio is also used to denote the hydrophobicity of
zeolites, with higher ratios indicating a higher degree of
hydrophobicity and lower ion-exchange capacity. The mor-
phology of the structure can also be varied.

The zeolites used in this study were chosen by considering
the molecular sizes of pores and the Si/Al, ratios. Proteins with
varied isoelectric points (pI) and molecular weights (MW),
and nucleic acids were chosen as chromatographic markers.
The zeolite species tested included zeolite Y, zeolite USY,
zeolite beta (Na-BEA), ferrierite (FER), zeolite L (K-LTL),
and mordenite (MOR). The Si/Al, ratios and the pore sizes of
zeolites used are shown in Table 1. Zeolite Y included proton
type (H-Y) and Na type (Na-Y). Zeolite USY included three
species with different Si/Al, ratios (6.3, 10.7, and 13.7), while
both zeolites FER and MOR were each composed of two
species, K-FER and H-FER, and H-MOR and Na-MOR,
respectively. Zeolite X was not used because its crystal
structure is the same as that of Y except for the higher Si/Al,
ratio. Zeolite A was also not used because it is water soluble.
In general, zeolites have a low Si/Al, ratio and therefore a
high ion-exchange capacity. If the Al content and, thus, the
ion-exchange capacity, of a zeolite is reduced, it becomes
more hydrophobic or organophilic in its adsorptive character-
istics. Y zeolites with high Si/Al, ratios are ultrastable due to
their high thermostability.['’] All the zeolites examined in the
present study with the exception of MOR were made up of
particles with a rough surface and many small pores, and may
have had mesopores among the aggregated particles. Only

Table 1. Adsorption of proteins and nucleic acids to various zeolites.*")

MOR had a needle-like form and smooth surface, and probably
had no mesopores. As markers, we used bovine serum albumin
(BSA), cellulase, chymotrypsinogen A, cytochrome C, elas-
tase, hemoglobin, urease, and bovine DNA and RNA.

Table 1 shows adsorption of biopolymers by zeolites at
pH75. Proteins with basic pI and chymotrypsinogen A
(pI 7.2) bound to all the zeolite species except H-USY, with
the lowest Si/Al, ratio, and MOR. On the other hand,
hemoglobin (pI below 7.0), proteins with acidic pl, and
nucleic acids selectively bound to H-USY zeolites irrespective
of the Si/Al, ratio. Only urease bound to the two MORs and
H-FER. These observations suggested that the adsorption of
each biopolymer is zeolite-species specific. Some exceptions,
however, were also observed (Table 1). The molecular sizes of
the intrinsic pores (size ranges less than 1 nm) of zeolites
shown in Table 1 are too small to allow the proteins (size
range 1-20 nm@) to pass or enter, but the external surfaces
must be able to adsorb proteins because of their hydro-
phobicity and ion-exchange capacity. For example, BSA is an
oval globule with a long radius of 7 nm. At pH 7.5, Na—Y
efficiently adsorbed only proteins with pI values higher than
7.2, such as chymotrypsinogen A, cytochrome C, elastase, and
hemoglobin, but showed no adsorption of those with acidic pI
values (Table 1). Hemoglobin bound to H-Y but not Na-Y
(Table 1). If the adsorption was dependent only on pl of the
biopolymers as concluded previously by other researchers,*-
chymotrypsinogen A and hemoglobin should have bound to
all the zeolites shown in Table 1. However, this was not the
case. Adsorption of the biopolymers did not occur only at pl.
As described in the Introduction, the conclusions of earlier
studiesP were based only on the results of preliminary
analysis of the adsorption of a few proteins only to zeolite Y.
Therefore, the physicochemical principle underlying adsorp-
tion should be systematically investigated by using many
species of zeolites and various biopolymers. The candidates of
the dominant driving forces for the adsorption of biopolymers
include hydrophobic interactions (a kind of van der Waals
attraction), ion-exchange of Bronsted acid (Coulombic
force) and water substitution at Lewis acid site. When a
Lewis acid is bound to a substance such as water, the hydroxyl
(OH) group of the water could be substituted to the ionized
form when it comes into contact with a stronger base such as
an ionized carboxyl base. Proteins may bind to zeolites at the
basic side above pl through substitution of the ionized

Zeolite (Si/Al; pore sizel) Cytochrome C  FElastase = Chymotrypsinogen A Hemoglobin Urease BSA  Cellulase DNA RNA
Na-Y (5.7;7.4) + + + + + + [ — — - - _ _
H-Y (5.7;74) + + + + + + + + + - - - - - -
H-USY (6.3;7.4) - - - - - - - + + ++ ++ ++ 4+
H-USY (10.7;7.4) + + + + - - + + + 4+ ++ ++  ++
H-USY (13.7;7.4) + + + + + + + + ++ ++ ++ 4+
Na-BEA (27.4;7.6x6.4,55x5.5) + + + + + + + + + - - - R
K-LTL (6.0; 7.1) + + + + + + R - - - - - _ B
K-FER (17.7; 42 x 5.4, 3.5 x 4.8) + + + + + + S - _ _ _
H-FER (19.7; 42 x 5.4, 3.5 x 4.8) + + + + + + + o+ + + - - 4+ 1) o

H-MOR (15.7; 6.5 x 7.0, 2.6 x 5.7) - - - - - - - + - - - - - — -
Na-MOR (15.7; 6.5 x7.0,2.6 x57) — — - - - - + o+ - - - 1) o

[a] For details of the proteins and zeolites used, see Experimental Section. [b] — —: 0-25%; —: 25-50%; +: 50-75%; + +: 75-100%; @: not studied.

[c] The pore size is given in A.
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carboxyl base. Since the overall
charge of the zeolites them-
selves is negative, the sum of
substitution (attraction) and
the negative charge (repulsion)
influences binding at the basic
side above pl (see Figure 1).
Furthermore, the morphology
of each of the zeolites and their
relationship to the three-di-
mensional structures of bio-
polymers should be considered.
Since Table 1 suggests a rela-
tionship between changes in
pH and adsorption, we exam-
ined the pH-dependency of
adsorption.

Figure 1 shows the adsorp-
tion curves of cytochrome C,
hemoglobin, and BSA, selected
as representative proteins with
basic pl, neutral pI and acidic
pl, respectively, at various pH
values. The maximum adsorp-
tion on the zeolites tended to
occur when the pH was at or just below the pI of each of the
proteins. Some proteins that adsorbed to the zeolites with high
Si/Al, ratios could bind to the zeolites at a pH above the pl
value. The nucleic acids, which have no pI, were adsorbed only
to H-USY with a high Si/Al, ratio at pH 4 or above (data not
shown). The MW of the biopolymers seemed hardly to
be related to adsorption. The data shown in Table 1 and
Figure 1 indicate that each of the biopolymers tends to bind
well at or around its pl to zeolites with higher Si/Al, ratio,
suggesting that not the ion-exchange capability but the
hydrophobicity has the strongest influence on adsorption.
These observations, especially the adsorption at pl, partially
supported the preliminary results reported by Klint et al. [
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Figure 1. Adsorption of cytochrome C, hemoglobin, and BSA to various zeolites under different pH conditions.
Figures in the parentheses after the zeolite names show the ratios of Si/Al,. The experimental conditions are listed
in Table 1 and in the Experimental Section.

indicate that protein aggregates that had lost their charge at pI
bound to zeolite Y nonspecifically and the adsorption was
maximized subsequently. However, protein adsorption also
occurred at pH below pl and even at higher pH’s the
adsorption to some zeolites occurred (see BSA in Figure 1).
Aside from the adsorption at pl, with the exception of MOR,
most zeolites efficiently adsorbed all the biopolymers at pH
below the pl. This could be explained by the negative charge
on zeolites. Since proteins have a net negative charge at pH
above the pl value and a net positive charge at more acidic
pH, the negative charge seems to be a factor that reduces
adsorption of protein on zeolite, and a positive charge may be,
through cationic ion exchange, a factor that increses adsorp-

Figure 2. IR spectra of zeolites and silica compounds without Al. Fourier transform infrared (FT-IR) spectra were obtained on a Nicolet MAGNA-IR 750
instrument at a resolution of 4 cm~! with 100 scans at room temperature. Figures in the parentheses after the zeolite names show the ratios of Si/Al,.
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tion between the proteins and zeolites. The driving force could
be the Coulombic force derived from the positive charges of
ionized proteins and the negative charges of the zeolite itself.
When Si** ions in zeolites are partially substituted by Al**
ions, the negative charge could be stronger. This could explain
adsorption of biopolymers at pH below the pI (Figure 1).
However, protein adsorption at a pH above the pI value, for
example, H-USYs and BSA, cannot be explained in this
way. Of course, the strongest protein—protein interaction at
about the pl of the protein could not be explained by ion
exchange.

Figure 2 shows IR spectra of the zeolites used in the present
study. The purpose of this experiment was to determine
whether the hydroxyl groups on the zeolite surface play a role
in adsorption. The signal of the OH group occurs around at
960 cm~! in IR spectrum. As shown in Figure 2, the zeolites
that efficiently adsorbed biopolymers had much fewer OH
groups; this suggests that the OH groups would have a
repulsive effect. These observations indirectly suggest that the
charge of zeolites is not necessarily related to adsorption. The
interaction between zeolites and biopolymers may be based
on both the hydrophobicity and charge of the zeolites, and the
strength of the hydrophobic interaction may be reduced in
accordance with the charge on the biopolymers. Since
proteins with the same net charge repel each other, and since
the proteins at pl neutralized the surface charge, adsorption
may occur due to hydrophobic interaction, that is, van der
Waals attraction, between zeolites and biopolymers.

Zeolites with higher Si/Al, ratio and fewer OH groups
showed much better adsorption (Figures 1 and 2). Higher Si/
Al, ratios were associated with a higher degree of hydro-
phobicity and lower ion-exchange capacity. Adsorption at or
above pl is probably related to hydrophobic interaction
between zeolites and biopolymers. The reason why the
proteins could not bind to zeolites with lower Si/Al, ratio
and more OH groups is not yet clear. One possibility is that
since the proteins could not bind to silicalite, which has no Al,
Al atoms in zeolites may play a role in the adsorption.
Alternatively, since silicalite has no mesopores (see Figure 3),
the number and size of the mesopores may be important for
adsorption. The adsorption of biopolymers to zeolites could
be considered analogous to salt precipitation in that the
dominant driving force is the hydrophobic interaction be-
tween the biopolymers and zeolites. If this is indeed the case
partitioning would be similar to that in hydrophobic chroma-
tography, in which proteins are bound to fatty-acid-agarose
gel in the presence of high salt concentration and then eluted
by reducing the salt level. However, all the biopolymers used
could bind to zeolites in the absence of salt and could be
eluted by increasing the salt levels (data not shown). These
results did not support the above suggestion. Moreover, the
observation that zeolites adsorbed the biopolymers most
efficiently at their pI values without salts is markedly different
from the case of hydrophobic chromatography.

As shown in Table 1 and Figure 1, there was one exception
in that MOR, one of the zeolites with high Si/Al, ratio and few
OH groups, was not capable of adsorbing biopolymers. The
morphological structure of MOR is markedly different from
those of the other zeolites with have high Si/Al, ratio and few
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OH groups such as USYs. MOR has a needle-like form with a
smooth surface, and intrinsic pores are present at both sides of
the needle edge. The other zeolites with high Si/Al, ratio and
few OH groups are particles with a rough surface and tend to
form aggregates. As described above, the so-called mesopores
form between the aggregated particles. Only MOR does not
have mesopores because of its smooth surface. If adsorption
occurs mainly by hydrophobic interaction, the surface struc-
ture is important. Since the hydrophobic interaction is
thought to be much weaker for binding than Coulombic force
(about one eight hundredth in vacuum, and about one
thirtieth in water),l'! the binding between zeolite and
biopolymer must require many van der Waals force points
on both sides of the bound surfaces. The adsorption at pI may
greatly depend on the surface structure, especially the
mesopores, and its relation to the hydrophobic interaction,
because the adsorption and repulsion mediated by the
Coulombic force does not occur at the pl point. The results
reported here suggest that the Coulombic force may disturb
the hydrophobic interaction on the zeolite surface.

We next measured the mesopores of zeolites such as Y,
USY, BEA, LTL, FER, and MOR. Figure 3 shows the
determined radii (Rp) of the mesopores of zeolites. Many of
the zeolites possess mesopores of over 2 nm, and, in partic-
ular, USYs and FER have large mesopores in the range of 5—
40 nm (Figure 3). Interestingly, the zeolites in Table 1 that
efficiently adsorbed the biopolymers tended to have relatively
large mesopores in the range of 5-40 nm, but those with
mesopores less than 2nm showed less efficient binding.
Comparison of the two Ys (Si/Al, ratio 5.4 and 5.7) and three
USYs (Si/Al, ratio 6.3, 10.7, and 13.7) suggest that zeolites
with high Si/Al, ratio are likely to form larger numbers of
mesopores with larger radii. USY (13.7), which showed the
most efficient adsorption, had many mesopores with a radius
>10nm (Figure 3). A pore radius size of 5 to 10 nm is
sufficient to hold most of the proteins used here (range 0.5 to
5 nm). Although urease and nucleic acids are larger than 10 nm,
their stringlike structures should be taken into consideration.
Under conditions in which adsorption and repulsion mediated
by the Coulombic force does not occur, hydrophobic inter-
actions may occur at many points on the surface of the
mesopores by surface-to-surface interaction resulting in
adsorption of the biopolymers. On the other hand, since the
proteins shrink at pI due to loss of their surface charge, they
would be more readily adsorbed into the mesopores. At pl,
the binding to zeolites can be considered analogous to
neutralized precipitation between the biopolymer molecules
and zeolites, in that the dominant driving force is the
hydrophobic interaction with the zeolite mesopores.

Above pl, some zeolites such as H-USYs adsorbed the
biopolymers efficiently, although the repulsion mediated
Coulombic force occurs and the biopolymers are active and
swollen. This phenomenon, therefore, could not be explained
only by the hydrophobic interaction and the mesopores. In
this case, the dominant driving force might be the water
substitution reaction on Al of the zeolite surface. Since it is
well known that carboxylate anions can easily be substituted
for water coordinating to metal ions, the negative charges on
the biopolymers above pl may cause substitution of water on
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Figure 3. Size and distribution of pores in zeolites. The adsorption and
desorption isotherms of N, were measured using a BELSORP 28 instru-
ment. The pore size distribution was calculated according to the D-H
method from the desorption branch. Rp=radius of the pore. AVp/
Alog(Rp) = differential pore volume A) Silica compounds without Al: SiO,
from TEOS (amorphous silica) and H-Silicalite. B) Zeolite Y: Na-Y (Si/Al,
ratio, 5.7), H-Y (Si/Al, ratio, 5.4), H-USY (Si/Al, ratio, 6.3), H-USY (Si/Al,
ratio, 10.7) and H-USY (Si/Al, ratio, 13.7). C) Other zeolites: Na-BEA
(Si/AlL ratio, 27.4), K-LTL (Si/Al, ratio, 6.0), K-FER (Si/Al, ratio, 17.7) and
H-MOR (Si/Al, ratio, 15.7).
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Lewis acid sites of Al, resulting in efficient polymer binding to
H-USY, but not to most of the other zeolites, which have
fewer Lewis acid points on their surface.

In conclusion, zeolites selectively adsorbed biopolymers on
their surface; this may be as a result of the following factors:
1) below pI, mainly the Coulombic attraction similar to ion-
exchange chromatography; 2) at pl, probably hydrophobic
interactions and the mesopore structure; and 3) above pI,
hydrophobic interactions and substitution of water at the
Lewis acid sites of Al. When the Si/Al, ratio is high, but Al
level low, and in the presence of mesopores between the
zeolite particles the adsorption was maximal at pl; this
suggests that the adsorption is markedly dependent on the
number of hydrophobic interaction points on the mesopores
and on their morphology.

Preliminary reportst®! indicated that under high salt con-
ditions proteins conformed to the expected behavior typical of
hydrophobic interaction, that is, increased binding with
increasing salt concentrations, but at low salt concentrations
the binding first underwent a decrease. The charge-mediated
repulsion is quenched by ions, and excess adsorption occurred
as a result of less strong hydrophobic interactions, which can
be altered by a change in pH, was removed beforehand by
adjusting the ion composition of the solution. This explan-
ation appeared to be applicable to the zeolite Ys based on the
present results, but not for the other zeolites used here
(Table 1 and Figure 2). Most of the zeolites adsorbed biopol-
ymers in the absence of high salt concentration, and some
showed good adsorption regardless of pH. Previously, it was
concluded, that adsorption occurred at the isoelectric point
(pI) due to a loss of charge of the protein aggregate.l]
However, in the presence of 8M urea, a concentration that is
sufficient to solubilize the aggregate at the pl, most of the
zeolites were still able to adsorb the biopolymers (data not
shown). In the earlier report,! no reasonable explanation for
this phenomenon was given, and the results of the present
study obtained with various zeolites suggest that another
interpretation of their findings is required. Our explanation
outlined above is more suitable.

As described here, some zeolites could selectively adsorb
proteins and nucleic acids at their pI and may release them
under special conditions. Zeolites could be used for the
purification of proteins according to different physicochem-
ical principles as used in standard chromatographic proce-
dures. The adsorption of biopolymers, including nucleic acids,
may provide preliminary information regarding whether
conjugated proteins could be directly fractionated in future
experiments. Many biological structural matrices, for exam-
ple, chromosomes and membranes, that contain conjugated
proteins are lost when precipitated or have a reduced net
charge. Even cells are caused to precipitate by the net surface
charge. This makes it possible to utilize zeolites in the
purification of conjugated proteins, the structural matrix, and
even cells in a differential state.

Experimental Section

Zeolite Y, zeolite USY, zeolite beta (Na-BEA, HSZ-930NHA, Si/Al, ratio
is 274), ferrierite (K-FER, HSZ-720KOA), zeolite L (K-LTL, HSZ-
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500 KOA) and mordenite (H-MOR, HSZ-620HOA) were obtained from
Tosoh (Japan). Zeolite Y included proton-type (H-Y, HSZ-320HOA, Si/Al,
ratio 5.7) and Na-type (Na-Y, HSZ-320NAA, Si/Al, ratio 5.4). Zeolite USY
(H-USY, HSZ-330,350,360HUA) included three species with different Si/
Al, ratios (6.3, 10.7, and 13.7). Zeolite FER and MOR both included two
species, K-FER (Si/Al, ratio, 17.7) and H-FER (Si/Al, ratio, 17.7), and
H-MOR (Si/Al, ratio, 15.7) and Na-MOR (Si/Al, ratio, 15.7), respectively.
The proteins used as markers were bovine serum albumin (BSA, MW
69 kDa, pl 4.9), cellulase (MW 35 kDa, pI 3.7), chymotrypsinogen A (MW
25 kDa, pl72), cytochrome C (MW 12.4 kDa, pI 10.1), elastase (MW
25.9 kDa, pI 9.5), hemoglobin (MW 65 kDa, pI 6.8—7.0) and urease (MW
480 kDa, pI5.0-5.1), and were purchased from Wako Pure Chemical
Industries (Japan). Nucleic acids, that is, DNA from calf thymus and RNA
from calf liver, were purchased from Sigma (St. Louis, MO).

All the zeolites used in this study were shown to have reagent grade purity
and crystallinity by X-ray powder diffraction. The average particle size and
size range of zeolites were 0.3 um and 0.3-15um, respectively, as
estimated from scanning electron microscopy images. The size of the
primary crystals was 0.3 pm, and some big crystal particles were aggregates
that consisted of small primary crystals.

Ton exchange of zeolites (K-FER to H-FER and H-MOR to Na-MOR) was
performed as follows. K-FER and H-MOR were suspended in 0.5Mm
NH,NO; and 0.5Mm NaNO; respectively. After stirring for 6 h, both samples
were filtered and washed with distilled water. Finally, samples were dried at
50°C for 20 h and calcined at 400°C for 20 h. Adsorption of proteins and
nucleic acids was carried out by incubation of each suspension (proteins;
3mgmL-!, nucleic acids; 250 pgmL~') with zeolites (100 mg). Zeolites
were suspended in of Tris-EDTA buffer (1 mL; 10m™m Tris-HCI (pH 7.5)/
1mm EDTA), degassed and centrifuged at 10000 rpm. Then, aliquots of
500 pL of the supernatant were removed, and 500 pL of each suspension
(proteins; 6 mgmL~!, nucleic acids; 500 pgmL~') was added. Incubation
was carried out for 1h on a ROTARY CULTURE RCC-100 (IWAKI
GLASS) at room temperature, because the adsorption equilibrium was
reached around 0.5h after mixing. Supernatants were obtained by
centrifugation at 12000 rpm (twice). Absorbance was determined at
595 nm (except for cellulase; 280 nm) and 260 nm to calculate the amounts
of proteins and nucleic acids adsorbed to zeolites. The following buffers
were used: pH 4.0, acetate buffer [acetic acid (82mwm) /sodium acetate
(18 mm) (CH;COONa/3H,0)]; pH 4.8, acetate buffer [acetic acid (40 mm)/
sodium acetate (60mm) (CH;COONa/3H,0)]; pH 5.0, acetate buffer
[acetic acid (29.6mM)/sodium acetate (70.4mm) (CH;COONa/3H,0)];
pH 6.8, MOPS [MOPS (78 mm)/NaOH (22mwm)]; pH 7.0, MOPS [MOPS
(71mM)/NaOH  (29mwm)]; pH 10.0, glycine—NaOH buffer [glycine
(50mm)/NaOH (32mm)].
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Synthesis of Deuterium-Labeled Cryptophane-A and Investigation of
Xe@Cryptophane Complexation Dynamics by 1D-EXSY NMR Experiments

Thierry Brotin,* Thomas Devic, Anne Lesage, Lyndon Emsley,* and André Collet!?!

Abstract: We present the synthesis of a
series of deuterated cryptophanes 2-6
by a slightly modified procedure used
for cryptophane-A. We show that for
[Xe@cryptophane] complexes the use of
variable-temperature one-dimensional
12Xe magnetization transfer (1D-EX-
SY) allows the measurement of ex-
change rates. From these data the de-

xenon

Introduction

Two-dimensional exchange (2D-EXSY) NMR experiments
have been widely used for the study of host—guest complex-
ation dynamics in many chemical systems with more than two
exchanging sites.!!l For instance, this method has recently been
extensively used in '?Xe high-field NMR spectroscopy to
study xenon exchange processes in various media.”! In a
recent example we have shown that high-field '*Xe NMR
spectroscopy is sensitive enough to distinguish at low temper-
ature two cryptophanes differing only by their degree of
deuteration (Figure 1).B! Although smaller, a similar effect
was observed for derivatives 2—S5. This unusual and intriguing
effect, which is the sole example reported in the literature for
host —guest complexes, can only be observed at low temper-
ature (238 K), because of the slowing of the exchange
dynamics. By way of demonstration, the effect was then used
to extract rate constants from a 2D-EXSY experiment. Rate
constants were obtained from several independent experi-
ments (eight mixing times were used) by fitting the exper-
imental data to a model. However, the large chemical shift
difference observed between the free and complexed xenon,
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complexation activation energy E, has
been estimated to be 37.5+2 kJmol-.
The decomplexation activation enthal-

Keywords: cryptophanes - deuteri-
um - isotopic labeling - molecular
recognition - NMR spectroscopy -
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py, AH*=355+2kJmol"!, and entro-
py, AS*=—60+5 Jmol-!K~!, have also
been calculated. The calculated negative
activation entropy suggests that the
activated complex associated with de-
complexation is conformationally more
strained than the complex in its ground
state.

o o

T T T T T ' T T T
250 230 214 1K1 11 1] &

Figure 1. '¥Xe NMR spectrum, recorded at 238 K, of an approximately
0.07M solution of cryptophanes 1 and 6 in (CDCL,),, ['*Xe]/[1 or 6] 2
(462 scans, pw=_8 us, d1 =4.0s; a Gaussian apodization (gf =0.045) was
applied). An expansion of this spectrum is depicted in the insert.

combined with the long relaxation time of monoatomic
xenon, make these experiments extremely time-consuming
(for each mixing time, a spectrum requires about 24 h), and
these prohibitively long acquisition times prevented the
determination of the activation parameters of this system.
This problem could possibly be overcome by the use of, for
instance, isotopically enriched *Xe, which would decrease
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the acquisition time required approximately by a factor 16.
However the cost of this material makes these experiments
expensive (though not impossible). An alternative solution
would be to improve the NMR method used. The use of a
single (relatively short) mixing time at a given temperature is
also an option, but the resulting rate constant values may be
inaccurate owing to the low signal-to-noise ratio of the cross-
peak intensities observed for the 2D-NMR experiments, and
uncertainties as large as 50 % may result. Herein we show that
one-dimensional magnetization transfer experiments involv-
ing selective irradiation of the three sites are particularly well
adapted to this problem and result in a substantial decrease of
the instrumentation time required to obtain the data. This has
allowed us, for the first time in this type of system, to obtain
rate constants as a function of temperature, thereby permit-
ting the determination of the decomplexation activation
energy E, and the associated activation parameters AH* and
AS*. We also present the details of the new synthetic approach
to the synthesis of the novel deuterated cryptophanes used in
this study.

Results and Discussion

12Xe 1D-EXSY NMR experiments: One-dimensional mag-
netization transfer is one of the simplest NMR techniques
used in organic chemistry to obtain information on chemical
exchange.[! Selective inversion of one peak followed by
examination of this effect on the other sites allows the
determination of rate constants. The selective irradiation is
then applied systematically to each of the other sites to yield
the complete set of rate constants. This technique is of
particular interest when the number of sites is relatively low,
as observed in our case (monoatomic xenon exchanges
between only three sites: two bound states and unbound
xenon). However, the two bound states resonate at very
similar frequencies, whose chemical shift difference is only
1.2 ppm, for a total chemical shift range of 200 ppm. Therefore
the selective pulses must be chosen and calibrated with care.
Also, since the chemical shift of the three sites is strongly
temperature-dependent, and since very narrow-band excita-
tion pulses are required, care must be taken to obtain
sufficient temperature stability. Thus the sample was kept
for about three hours at 238 K before 1D-EXSY experiments

Abstract in French: Des modifications apportees a la synthese
du cryptophane-A ont permis d’obtenir les cryptophanes-A
deuteres 2—6. Nous montrons pour le systeme [Xe@crypto-
phanes] que des experiences de transfert d’aimantation par
RMN du '#Xe (I1D-EXSY) permettent la détermination des
vitesses d’échange d differentes temperatures. A partir de ces
données nous avons determine [’énergie d’activation de
décomplexation E,=375+2 kimol~. L’enthalpie d’activa-
tion de décomplexation AH*=35.5+2 kimol™! et I'entropie
d’activation de décomplexation AS*= —60+5 Jmol' K~ ont
egalement eté calculées. La valeur negative de [’entropie
d’activation de décomplexation suggere une conformation du
complexe active plus rigide qu’a etat fondamental.
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were commenced. Over about 24 hours of acquisition time,
variations of the chemical shift of as little as 10—15 Hz were
observed for the peaks corresponding to xenon in solution or
xenon trapped in cages 1 and 6. Since the observed chemical
shift difference [Xe@1 — Xe@6] is about 165 Hz, the variation
observed as a function of slight temperature fluctuations is
small enough to permit the successful performance of EXSY
experiments.

A Gaussian 180° shaped pulse was used to carry out these
experiments.*’! The pulse length and power were adjusted in
order to irradiate selectively one site at a time, and a time
domain pulse of 4.45 ms was found to be suitable. In our case,
note that the need to use such a long pulse affects the signal-
to-noise ratio. Indeed, the pulse length is of the same order of
magnitude as the exchange rates for this system observed at
238 K between xenon in solution and xenon trapped in cages 1
and 6. Therefore, significant chemical exchange occurs during
the pulse; this will tend to decrease the polarization difference
created by the pulse, and thus reduce the sensitivity of the
experiment. However, we were able to achieve sufficient
polarization differences to obtain adequate spectra. One
should note that apart from the sensitivity, exchange or
relaxation processes during the pulse do not affect the
quantification and analysis of the spectra.

The magnetization of the three sites involved in the
exchange obeys the modified Bloch equations, and the
amplitude of each resonance as a function of the mixing time
is given by the following matrix equation [Eq.(1)],

I(Tmi) =exp (L)l — L) + I )

where [}, is the initial magnetization of the nucleus i at 7,,;, =0,
and I., is the magnetization at this site for infinite relaxation
time. The matrix L is a function of the rate constants k; and
the longitudinal relaxation times 73; of each site for a given
kinetic model. As previously reported, the following pseudo-
first-order model may be proposed (Scheme 1) for exchange

‘ '

\/

unbound

Scheme 1. Pseudo-first-order kinetic model assumed to describe the 1D-
EXSY experiments.

between xenon in solution and xenon encapsulated in cages 1
and 6. This model assumes that exchange between the three
sites may occur independently in two different ways. Firstly,
exchange of xenon between cage 1 and 6 is likely to proceed
through solution. Although less probable, monoatomic xenon
may also move from one cage to another by direct collision
between 1 and 6. Therefore, using the pseudo-first-order
model proposed in Scheme 1, the matrix L can be written as in
Equation (2).
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—1/Ty (k1o +ki3) ko ks
L= ki, —1/Ty,—(ksy +kp3) ks, )
kl,3 k2,3 71/T137(k3.1 +k3,2)

Relaxation time properties of monoatomic xenon in solution
lead to a simplification of the matrix L. The spin-Ilattice
relaxation time 75 of free xenon in [D,]tetrachloroethane was
found to be several hundred seconds.l! The relaxation time
Ty, of ¥Xe trapped in cage 1 was measured in the same
solvent and found to be shorter, 16s. The longitudinal
relaxation time T, of ['*Xe@6] has not yet been measured,
but longitudinal relaxation times of xenon in deuterated
cryptophanes are expected to be greater than 7, since the
main relaxation process of ??Xe is believed to occur through
dipolar coupling between hydrogen and '*Xe (though fluc-
tuations of the Xe chemical shift anisotropy also play a
role).?> 7 Thus, since the exchange occurs on the 10-milli-
second time scale, a mean value of the spin —lattice relaxation
time (7';) much longer than any of the k; of the system is
expected to be valid for the three sites.®l This leads therefore
to the simplification of the L matrix to that given in
Equation (3).

7(1{1.2 + klﬁ) kz,l k3.1
L= ki, —(kyy + ka3) ks, (3)

kis ka3 —(ksy + ksp)

Moreover, similar rate constants are expected for k;;=k,3,
ks =ks,, and k;, =k, , since the physical properties of cages
1 and 6 towards xenon complexation are assumed to be the
same to a very good degree of approximation. Finally, the
equilibrium condition also implies k;,/k,3=M{/MY; ks lk, 3=
M3YIMY; and kylki,=M9MY where M9, M9, and MY are,
respectively, the initial magnetization (z,, = 0) of xenon bound
to cage 1, xenon bound to cage 6, and xenon in solution. Since
magnetizations are modified during pulse excitation, M9, M9,
and MY are measured by integrating peaks in the 1D »Xe
NMR spectrum.

A first set of experiments was performed at 238 K, using
16 scans for each acquisition. The same selective 180° pulse of
4.45 ms was applied successively to each site. A long delay of
30s was applied between each scan to allow efficient
relaxation of magnetizations, and seventeen values for mixing
times ranging from 10 pus to 5s were used for the three
independent experiments. This required about eight hours of
instrumentation time. The intensity of each signal was then
measured, and the rate constants were obtained by iteratively
fitting the observed intensities versus 7, to the model of
Equation (1).”) This yielded values for the rate constants
ki3=52s"! and k,;=86s"!, whereas k;, and its reverse
constant were found to be negligible. Even though these
values are close to those previously reported, there is a clear
difference between them, although k, ; and k, ; are expected to
be the same. Since the determination of all rate constants
requires three independent experiments, 15 independent
parameters (nine for initial magnetizations, three for magnet-
ization at equilibrium, and three for rate constants) must be
used to fit the experimental data. Therefore, the accurate
determination of initial magnetizations, which is strongly
dependent on the signal-to-noise ratio, must be determined
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with increased precision to fit the experimental data better.
Thus, a second set of experiments was performed with
64 scans per spectrum under the same experimental condi-
tions. About 28 hours of instrumentation time were needed to
complete the experiment. Figure 2 shows the redistribution of

T,=50s

Jﬂﬁ o
WUL .
e

T,=15ms

T,=5.0ms

M.\L W
Thn=2.5ms NJ\/\
U

246.0 242.0

55.0 53.00

Figure 2. Evolution of the magnetization of the three sites (1D-EXSY
experiments at 238 K) as a function of the mixing time. a) After selective
excitation of the peak corresponding to ['*Xe@1]. b) After selective
excitation of the peak corresponding to ['*Xe@6].

magnetization as a function of mixing time for the three sites
when the sites corresponding to [Xe@1] or [Xe@6] have been
selectively irradiated. It also gives an idea of the signal-to-
noise ratio obtained for the three sites. The two NMR spectra
displayed for 7, =0 in Figure 2 show two peaks of the same
intensity with opposite sign, thus demonstrating that the pulse
width has been well calibrated to selectively irradiate one site
at a time without affecting the other. The selective irradiation
may affect the intensity of the second peak a little, as
evidenced by the decrease in its intensity. However, even
though the signal-to-noise ratio is modified, the fit of the
experimental data is not affected, since initial magnetizations
are used as variables.

After the intensity of all peaks had been measured, the rate
constants were determined by fitting the experimental data as
a function of 7,. Figure 3 shows nine panels corresponding to
the evolution of magnetization of the three sites when each
peak has been selectively irradiated (negative intensity at
7, =0), and the effect of that perturbation on the two other
sites. The experiments were repeated twice to evaluate the
experimental error. In both cases, the fits agree fairly well (see
Figure 3) with experimental data, and the resulting rate
constant values are given in Table 1.
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Figure 3. Evolution of magnetization as a function of mixing time, after
selective irradiation of one of the three sites (negative intensity). Each
panel represents a particular site and its evolution with 7., (only mixing
times ranging from 10 us to 0.075s are shown). Experimental data are
represented by dots and the solid lines represent the best fit of the data
(obtained by least-squares fitting).

Table 1. Rate constants k; (s™') obtained from 1D-EXSY experiments
(Exp. 1 and 2) at 238 K in [D,]1,1,2,2-tetrachloroethane in the presence of a
1:1 mixture of hosts 1 and 6 (0.07m), ['*Xe]/[1 or 6] ~2.

Exp. 1 Exp. 2
kis 0 0
k. 0 0
ki3 62+10 58+10
ky3 62+10 56+10
ks, 31+5 29+5
ks, 31+5 28+5

Rate constants deduced from experiments 1 and 2 give
similar results and are in good agreement with those
previously reported. Although it is difficult to evaluate the
experimental error precisely, the estimate of +10 s™! given in
Table 1 is conservative. The main sources of error are
temperature variations during the experiment and the sig-
nal-to-noise ratio. Both experiments yield similar rates for
either cages 1 or 6 as expected for this system. The constant
ki, and the reverse constant were found to be very close to
zero, suggesting that these values were overestimated in the
previous paper.P! Therefore our result suggests that xenon
only exchanges between cages 1 and 6 through solution and
that other exchange mechanisms between xenon and both
cages 1 and 6 are negligible.

Better precision in the results was probably obtained for
1D-EXSY experiments for the following reasons. First, the
signal-to-noise ratio of signals recorded for 1D-EXSY experi-
ments is better than those for cross-peak intensities measured
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in the previous paper, especially for small mixing times. In
addition the fits of the experimental data were performed
with 17 values for mixing times instead of eight, as previously
reported for 2D-EXSY experiments, thus improving the
quality of the fitting procedure and giving more accurate
data. A substantial decrease of the instrumentation time was
also observed between experiments 1 and 2 and 2D-EXSY
experiments; the former were performed approximately
seven times faster than the latter, with a consequently
improved precision in the final results (note that when
available, the use of isotopically enriched Xe in combination
with 1D-EXSY will of course further reduce the instrumen-
tation time required to perform these experiments and may
allow their extension to even more complex or dilute systems
than those considered here).

Variable-temperature ?Xe 1D-EXSY NMR experiments:
The significant decrease of the instrumentation time obtained
for Xe 1D-EXSY with respect to ¥Xe 2D-EXSY experi-
ments allows the determination of rate constants at several
temperatures. In addition, since k,, and its reverse constant
have been found to be negligible, this leads to a possible
simplification of the '*Xe 1D-EXSY experiment in which
both [¥Xe@1] and ['*Xe@6] signals can now be irradiated at
the same time, thus further decreasing the instrumentation
time. Under the experimental conditions described in the
Experimental Section, the complete set of rate constants can
now be measured with high precision at a given temperature
in approximately 6 h 30 min.

The physical characteristics of our system prevent us from
measuring rate constants over a very large temperature range.
At temperatures higher than 253 K, peak resolution and the
signal-to-noise ratio decrease significantly as a result of an
increase in the exchange rates and below 238 K the solvent
solidifies. In order to enlarge the temperature window used
for variable-temperature experiments, we used a sealed tube
containing equimolar amounts of derivatives 1 and 6 dissolved
in a mixture of solvents (tetrachloroethane/toluene: 75/25).
Toluene was chosen because it cannot be encapsulated by host
1 and 6 and therefore it does not compete with monoatomic
xenon, and because cryptophanes are also moderately soluble
in this solvent. Since direct exchange is negligible and, as both
cages 1 and 6 show similar complexation properties to a very
good degree of approximation, the use of a solution contain-
ing a mixture of cryptophanes is not really necessary.
However, the use of a mixture of cage 1 and 6 in the solution
appears useful since it duplicates the data and thus yields an
idea of the precision of the measurements. It was found that
the rate constants k,; and k5 calculated from a series of *Xe
1D-EXSY experiments change by roughly one order of
magnitude when the temperature varies from 253K to
228 K (see Table 2). We have also noticed that the use of a
mixture of solvents does not change the complexation
dynamics significantly since similar rate constant values were
obtained at 253 K and 238 K with the sample containing only
tetrachloroethane as a solvent.

The Arrhenius plot shown in Figure 4 yields a straight line
which allows the determination of the decomplexation
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Table 2. Rate constants k,; and k;; [s7'] obtained from 1D-EXSY
experiments at several temperatures (7 [K]) in a mixture of [D,]1,1,2,2-
tetrachloroethane and toluene (75/25) in the presence of hosts 1 and 6
(0.074m), [**Xe]/[1 or 6] ~2.0.

T 253 248 243 238 233 228

kys 182.0+£10 1340+£8 1040+6 67.0+£10 43.0+4 26.0+2
ki3 200.0+10 136.0+8 102.0£6 66.0+10 44.0+4 260+2

In (k)

Ey=37.5KJ mol”

A=11x10"5"

54

3 . . . L

39 4.0 4.1 42 43 44

1/Tx10°
Figure 4. Arrhenius plot of In(k,;) and In(k,;) vs 1/T (r»=0.995). o:
Values of k, ; and k;; obtained from '*Xe 1D-EXSY NMR experiments at
various temperatures (ranging from 253 K to 228 K) in a sealed tube
containing a mixture of solvent ([D,]1,1,2,2-tetrachloroethane/toluene:
75/25); A: values of In(k,3) and In (k, ;) obtained at two temperatures in a
sealed tube containing only [D,]1,1,2,2-tetrachloroethane as a solvent,
[*Xe]/[1 or 6] = 2.

activation energy F,=237.5+2kJmol™! and the correspond-
ing preexponential factor A =1.1 x 10'°s~1. The experimental
error given for E, was calculated by propagating the
experimental error obtained for the rate constants k,; and
k5. Since this is the first measurement of the kind for this type
of host —guest system a discussion of the measured activation
energy seems difficult in the absence of comparative values
for related systems, but we observe that the value reported for
this system is close to that obtained by Ripmeester and co-
workers for diffusional process of xenon in a zeolite.??l As
mentioned by those authors, the magnitude of E, depends
strongly on the size of the intercage windows (in our case the
size of cryptophane windows) used by xenon to go from one
site to another.

A linear relationship was also obtained by plotting In (k/T)
versus 1/T (activated complex theory, Eyring plot) over the
temperature range studied. This result allows the determi-
nation of both the decomplexation activation enthalpy AH* =
35.5+2 kJmol~! and entropy AS*=—60=+5Jmol'K! (see
Figure 5) and thus the Gibbs activation energy AG*=
50 kJmol~! at 238 K. The calculated AS* value suggests a
significant change of conformation between the activated
complex and the [Xe@cryptophane] complex in its ground
state. This result is not surprising, since the exit of a xenon
atom from the cryptophane cavity probably requires a
significant conformational reorganization of the cryptophane

Chem. Eur. J. 2001, 7, No. 7
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o 41D

AH*=35.5KJ mol”!
AS* =- 60 mol K!

39 4.0 4.1 42 43 44
1/Tx 10°

Figure 5. Eyring plot of In (k /T) vs 1/T (r*=0.996). For each temperature a
mean value was used for k;; and k, ;.

windows. Additional interactions such as organization of
solvent molecules around the activated complex, which is
thought to be more polar than the complex in the ground state
(it has no permanent dipole moment owing to its symmetry),
also probably contribute significantly to the measured neg-
ative activation entropy, and to the stabilization of the
activated complex.

Synthesis and characterization: The synthesis of cryptophane-
A and related compounds has already been described in the
literature.['”) Briefly, it may be obtained in two different ways.
The direct method or two-step method allows the formation of
cryptophane-A by trimerization of dimers of vanillic alcohol
linked by an ethylenedioxy moiety under acidic conditions.['!
This method furnishes cryptophane-A with a yield of a few per
cent and is therefore not appropriate for the synthesis of
deuterium-labeled cryptophanes. Although more time-con-
suming, the template method has been successfully applied for
the preparation of cryptophane-A and related derivatives.['?]
This multistep synthesis based on the formation of the two
cyclotriveratrylene moieties at different stages of the syn-
thesis allows the preparation of cryptophane-A with a fair
yield. An improvement of the template method is described in
the following for the preparation of deuterated cryptophanes
2-6. These derivatives were first prepared from 3,4-dihy-
droxybenzaldehyde (7), with [Ds;]methyl iodide and [D,]1,2-
dibromoethane as sources of deuterium. Molecule 7 was first
selectively protected by an allyl group in the para position in
the presence of lithium carbonate as base to give compound 8
in 56% vyield (Scheme 2).["] Monoprotection in the para
position was required to avoid production of a mixture of
regioisomers which would be more difficult to separate at a
later stage, and the preparation of cyclotriveratrylene com-
pound 9 as well. Alkylation of 8§ with [D;]methyl iodide was
then achieved with potassium carbonate as base resulting in
compound 10 with a 90 % yield. Benzyl alcohol 11, obtained
by reduction of 10 with sodium borohydride in methanol, was
then used as a precursor to prepare molecules 9 and 12.
Molecule 11 was then protected with a tetrahydropyranyl
ether moiety to give compound 13. The introduction of a
protecting group such as the tetrahydropyranyl ether moiety,
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A =

Li,CO3 , DMF, 50°C
OH BrCH,CH=CH, oH 80 °C
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J

7 8 (56 %)

THPO THPO

PPh; , Pd(OAC), , NHE,

CD3l , DMF, K,COs
—_—T

DHP , PPTS

Oy 19 and 20 was necessary to

allow the purification of cryp-
tophane precursors as de-
scribed below. Then the conver-
sion of molecules 15, 19, and 20
)/ into their corresponding iodo
# derivatives 21, 22, and 23 was
easily achieved in the presence
of an excess of iodine in ace-
tone with excellent yield. Sev-
eral attempts to prepare pure
cryptophanes 2 and 4 from start-
ing materials 23 and 21 led us to
the conclusion that the unpro-
tected derivative 24, obtained
by deprotection of the tetrahy-

OCDs

10 (94 %)

1- NaBH4 , MeOH

2- HCI, H,0

HO

ocp,  THF,H0,80°C

/

13 (93 %)

OCD;
OH

14 (77 %)

PPh3 , NHEt, , Pd(OAC),
-

Z/

D3CO
3 OH HO

oH THF H,0,80°C

D
0CDs §cp,

9 (67 %)

Scheme 2. Synthesis of deuterated cyclotriveratrylene 9 and phenol 14.

which is required to achieve the deallylation step successfully,
was also found to play an important role in the purification of
intermediates of deuterated cryptophanes 2—6. Deallylation
of derivative 13 was finally carried out with a palladium
catalyst ([Pd(OAc),], PPh;) in the presence of diethylamine
and water according to a known procedure.['¥

The experimental conditions used leave the tetrahydropyr-
anyl ether moiety unaltered and derivative 14 can thus be
used directly to prepare molecule 15, which was obtained by
treating 14 with excess [D,4]1,2-dibromoethane in the presence
of potassium carbonate (Scheme 3). Similarly, vanillic alcohol
(16) gives derivative 17 in 48% yield under the same
experimental conditions. A significant increase of this yield
was observed for molecules 15 and 17 because of a deuterium
isotope effect, whereas molecule 18, prepared according to a
known procedure, was only obtained with a 20-30% yield
under the same experimental conditions.['’] The protection of
the alcoholic function of molecules 17 and 18 with a
tetrahydropyranyl ether group for the synthesis of compounds

1566 ——

CH,Cl, , THF , 1t

/

3CO o o 0OCD3 oo, H
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dropyranyl ether moiety with

OCD; pyridinium p-toluenesulfonate
o in methanol, was also needed.
/|/ Cyclotriveratrylene deriva-
tives 9 and 25 were then used
as starting materials for the
preparation of cages 1-6. Mol-
ecules 26, 27, 28, and 29 used as
precursors of cryptophanes 1, 3,
5, and 6 were prepared respec-
tively from compounds 25 or 9
(Scheme 4) and the appropriate
iodo derivatives 21, 22, or 23 in
presence of cesium carbonate.
The tetrahydropyranyl ether
group was found to be very
o useful in improving the purifi-
cation procedures for the final
materials by decreasing their
polarity and thus allowing their
purification on silica gel. In
addition it was found that the
introduction of these protecting
groups does not alter the cycli-
zation step under acidic conditions in the preparation of
cryptophanes 1-6. The synthesis of cages 2 and 4 is more
difficult. Indeed, the use of an equimolar amount of starting
materials 21 and 23 with cyclotriveratrylenes 9 and 25,
respectively, resulted in an inseparable mixture of mono-,
bi-, and trisubstituted compounds. In order to improve the
purification procedure, the nonprotected derivatives 24 and
30 were used. This allowed us to purify monosubstituted
derivatives 31 and 32 by column chromatography on silica gel,
because of the better separation of the desired compounds
and the side-products (consisting mainly of bi- and trisub-
stituted derivatives). However, the low selectivity observed
for this reaction led to a poor yield (20—30% ) of monosub-
stituted derivatives 31 and 32 even though a non-negligible
amount of starting material 9 or 25 can be collected by column
chromatography (first eluted spot) and reused for another
experiment. Compounds 33 and 34 were then obtained by
treating molecules 31 and 32 with derivative 22 (Scheme 4), in
order to increase the solubility of the desired product and thus

11 (91 %)

HCIO,4 (65%)

MeOH, rt

(2

12 (39 %)
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THPO HO.

BrCX,CX,Br, K,CO3
—_—

OCD3 OCH; Acetone, 80° C OCHj

OH OH

14 16

HO especially difficult to analyze,
but their interpretation was
possible through a close ex-
amination of the C NMR
spectra of their congeners.
XaG Cryptophanes 1-6, also iso-
lated as glassy products, have
been obtained as [CHCL@1-
6] complexes after purifica-

BrCD,CD,Br, K,CO3 x: 17 (48%)
Acetone, 80° C X =H, 18 (20 %) tion. The symmetry of crypto-
18, Nal, 80° C i DHP.PPTS phanes 1-6 combined with an
Acetone CH,Clp, THF, 1t increasing degree of deutera-
THPO Ho THPO tion led to very simple
'H NMR spectra, depicted
for compounds 2, 4, and 6 in
ocD; OCH; ocH Figure 6.
e 5 3 Molecule 6, for example,
D¢ H2$/ displays only four signals, two
g, ~CP2 | ~CHz Br/cxz for the aromatic rings located
at 0=6.65 and 6.75 and two
15 (56 %) 30 (90 %) X =D, 19 (83 %) coupled signals for the meth-

Nal, Acetone

80°C
THPO HO
PPTS
E—
OCD3 OCD3
MeOH, 50° C
(o] , (o]
DoC” DL
I/CDZ I/CDz
21 (97 %) 24 (97 %)

Scheme 3. Synthesis of compounds 22 -24.

facilitating the purification procedure. The cyclization steps
for compounds 26, 27, 28, 29, 33, and 34 were subsequently
carried out in formic acid at 55°C, and produced the desired
cryptophanes 1-6 in fair yields (Scheme 5).

Compounds 7-25 were characterized by the usual techni-
ques. Cyclotriveratrylene derivatives 26—-34 were isolated
with a purity exceeding 95 % (by NMR). However, they were
obtained as glassy products and they still contained solvent
after purification by column chromatography; this prevented
their full characterization by elemental analysis. They were
successfully characterized by means of '"H and *C high-field
NMR techniques and by mass spectroscopy. 'H NMR spectra
of derivatives 31 and 32 show four independent signals located
between 6 =3.84 and 3.71 characteristic of the four methoxy
groups, and two peaks of the same intensity located at 6 =5.4
and 5.38, characteristic of the two unreacted hydroxy groups.
Whereas both 'H and *C NMR spectra of compounds 26, 27,
28, and 29 were easy to interpret owing to their symmetry, the
low symmetry of derivatives 33 and 34 complicated their 'H
and *C NMR spectra significantly. The latter were found

Chem. Eur. J. 2001, 7, No. 7
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X=H, 20(80%) ylene bridge protons. We have

also observed for compounds
4 and 5 that the replacement of
a methoxy group by its deu-
terated congener affects the
aromatic proton signals. For
instance, the aromatic proton
signals of compound 5, usually

OCH; located at 6 =6.65, split into
o) two signals of the same inten-
sity located very close to each
other. This effect is also ob-
served to a lesser extent for
compound 4 where only one
methoxy group has been re-
placed by its deuterated con-
gener.

More interestingly, we have
observed that the liquid secondary ion mass spectroscopy
(LSIMS) technique leads to very simple mass spectra.
Although a complicated mass spectrum was expected for
each cryptophane precursor, all the spectra reveal the
presence of only two major peaks. One peak corresponds to
the cryptophane precursor molecular ion; the mass of the
second peak was found to increase with the degree of
deuteration, and it has been unambiguously identified as the
molecular peak of the corresponding cryptophanes [M+H]*.
The ability of the LSIMS technique to reproduce some
results observed in solution makes it extremely useful for
the organic chemist, and numerous examples dealing with
the use of this or related techniques in the field of supra-
molecular chemistry have already been reported.'”] In our
particular case, LSIMS seems to be an easy method with
which to investigate the formation of new cryptophanes from
their precursors. We have recently shown, with a series of
examples, that LSIMS could be used to study analytically the
formation of new cryptophanes with more complicated
structures.!'”]

Nal, Acetone
80° C

THPO

X =D, 22 (95 %)
X =H, 23 (94 %)
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CH3, Y= CH3, 27 (85 %)
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Scheme 4. Synthesis of cryptophane precursors 26 —29 and 33-34.
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- A° AR R
HCOOH, 55° C X v v
26,27,28,29,33,34 —— > | \ /
R4 Rsg e} O
o) Re

X = CH,CH, ; Y = CHoCH, ; Ry = OCH3 ; R,
X = CH,CH, ; Y = CD,CD; ; Ry = OCH3 ; R,
X =CD,CD; ; Y = CD,CD; ; Ry = OCH3 ; Ry
X =CD,CD; ; Y = CD,CD; ; Ry = OCD3 ; R,

o g~ W NP

: X=CDyCD5;Y =CD,CD;,;R; — Rg=0CD3

Scheme 5. Synthesis of cryptophanes 1-6.
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Conclusion

We have described the synthe-
sis of deuterated cryptophanes
3, 5, and 6 based on a modifi-
cation of the experimental pro-
cedure given for compound 1.
The use of the tetrahydropyr-
anyl ether moiety as a protect-
ing group for the benzyl alcohol
moiety allowed us to facilitate
significantly the purification of
the intermediates, and to intro-
duce selectively two deuterated
alkyl chains connecting the two
cyclotriveratrylene units, or to
add a single deuterated methyl
group to prepare pure crypto-
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activation E, =375+
2 kJmol-!. The activation en-
thalpy and entropy associated
with this process were estimat-
ed to Dbe AH*=355%+
2kJmol™! and AS*f=-60+
5Jmol'K-!, suggesting the
formation of a more rigid acti-
vated complex than the com-
plex in its ground state.

Experimental Section

[D;]Methyl iodide (99-99.5 % deuter-
ation) and [D,4]1,2-dibromoethane
(>99% deuteration) were purchased
from Eurisotop. 3,4-Dihydroxybenzal-
dehyde was purchased from Aldrich.
1,2-dibromoethane, allyl bromide and
pyridinium p-toluenesulfonate (PPTS)
were purchased from Acros Organics.
Cesium carbonate and potassium car-
bonate were dried under vacuum be-
fore use. All the solvents were distilled
before use (DMF from calcium hy-
dride under reduced pressure, acetone
and CH,Cl, from calcium chloride,
THF from benzophenone ketyl). Col-
umn chromatographic separations
were carried out over Merck silica

- '14
o 5.97
CHCl4

u ﬂ

15.03

gel 60 (0.040-0.063 mm). Analytical
thin-layer chromatography (TLC) was
performed on Merck silica gel TLC
plates F254. Melting points were
measured on a Perkin-Elmer DSC7
microcalorimeter. The NMR sample,
containing an equimolar amount of
cages 1 and 6 in the presence of

ethane, is as described in ref. [3].

h monoatomic xenon in [D,]tetrachloro-

NMR measurements: '2’Xe-NMR ex-

35 3.0 25 d

8.0 7.5 7.0 8.5 6.0 55 5.0 4.5 4.0

Figure 6. 'H NMR spectra of cryptophanes 2, 4, and 6 in deuterated chloroform, recorded at 293 K. Integration

of some peaks for compounds 2 and 4 is also shown.

phanes 2 and 4. More generally, this new synthetic approach
has allowed us to synthesize “asymmetric cryptophanes” (i.e.
having different linker chains) for the first time. Indeed, this
experimental procedure was also found to be very useful in
preparing new cryptophanes with interesting properties
towards xenon complexation, and these results will be
published in due course.[®!

We have further shown that in [Xe@cryptophane] com-
plexes, one-dimensional '¥Xe magnetization transfer (1D-
EXSY NMR spectroscopy) could be used to measure
exchange rate constants. This technique presents several
advantages with respect to 2D-EXSY experiments, and
renders practical for the first time the quantitative determi-
nation of the kinetic parameters for this exchange. We show
that there is no direct exchange between cages, and we obtain
from an Arrhenius plot the decomplexation energy of

Chem. Eur. J. 2001, 7, No. 7
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periments were carried out at
138.4 MHz (proton frequency
500 MHz) on a Varian Unity" spec-
trometer using a 10 mm double reso-
nance probe. 2Xe-NMR spectra were
recorded at 238 K, and the sample was
kept for about three hours before
starting 1D-EXSY experiments. The mixing times were varied in the range
0.01 ms to 5 s (17 values of 7,, were used). A Gaussian pulse was used for the
180° selective pulse (pulse width of 4.45 ms). A long relaxation delay of 30 s
was used for each increment. Each spectrum was recorded with 64 scans for
a given mixing time value for experiments 1 and 2. The length of the 90°
pulse was 25 us. Prior to the Fourier transform a Gaussian apodization
(gf =0.03) was applied. The intensity of each peak was then measured for a
given vertical scale value, which was kept the same for all experiments.

Complexation dynamics as a function of temperature: The NMR sample
used for variable-temperature experiments was prepared by mixing equal
amounts of cages 1 and 6 (115 mg of each) in a minimum quantity of 1,1,2,2-
tetrachloroethane. The solvent was stripped off, and the operation was
repeated to remove any bound substrate (mostly CHCL;). Then a mixture of
[D,]1,1,2,2-tetrachloroethane and toluene (75/25) was added, and the
solution was poured into a 10 mm NMR tube. Xenon gas ('*Xe, natural
abundance, 26.4 % ) was bubbled through the solution. The NMR tube was
frozen in liquid nitrogen and sealed under vacuum. The overall crypto-
phane concentration was [C] & 0.074 M (using a mean molecular weight for
1 and 6, M =910.105 gmol ).
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12X e 1D-EXSY experiments were performed from 253 K to 228 K (step
5 K, 6 experiments), using 12 mixing times for each given temperature. This
requires about 6 h 30 min to complete an experiment. After each change of
temperature the sample was left for 30 min before starting another
experiment. In order to follow the evolution of rate constants with
temperature and thus to obtain a better fit, a different set of mixing times
was chosen for each temperature. A Gaussian pulse was used for the 180°
selective pulse (pw =556 ps). A relaxation delay of 30 s was used for each
increment. Each spectrum was recorded with 32 scans for each mixing time.
The length of the 90° pulse was 25 ps. Prior to the Fourier transform an
exponential apodization (Ib=20.0) was applied.
4-Allyloxy-3-hydroxybenzaldehyde (8):'”) Allyl bromide (30.24 g,
0.25 mol) was added in one portion to a stirred solution of 3,4-dihydroxy-
benzaldehyde (7, 13.81 g, 0.1 mol), lithium carbonate (18.47 g, 0.25 mol),
and freshly distiled DMF (250 mL). The mixture was then stirred
overnight at 55°C under argon. The mixture was poured into acidic water
and the product extracted with ethyl acetate. The combined organic
extracts were washed three times with a diluted HCI solution, then with
brine. After drying over Na,SO, the solvent was stripped off under reduced
pressure and the oily residue chromatographed twice on silica gel (eluent:
AcOEt/CH,Cl,; 20/80) to give 8 as white crystals (10 g, 56 % ). These were
washed three times with a few mL of a mixture of pentane and diethyl ether
(60/40) and collected on a frit. M.p. 57-58°C (by DSC); 'H NMR
(200 MHz, CDCl;,20°C): 6 =9.82 (s, 1H; CHO), 7.43 (d, “J(H,H) = 1.9 Hz,
1H), 7.39 (dd, */(H,H) =1.9 Hz, *J(H,H) =82 Hz, 1H), 6.95 (d, */(H,.H) =
8.2 Hz, 1H), 6.05 (m, 1H), 5.77 (s, 1H; OH), 5.4 (m, 2H), 4.68 (m, 2H;
OCH,); additional information: *C NMR (125.67 MHz, CDCL): 6=
191.12, 150.86, 146.2, 131.72, 130.43, 124.41, 119.03, 114.20, 111.35, 69.76.
4-Allyloxy-3-[D;]methoxybenzaldehyde (10): [D;]Methyl iodide (12.2 g,
84.2 mmol, 1.5 equiv) was added under argon to a stirred solution of 8 (10 g,
56.1 mmol), potassium carbonate (15.5 g, 0.112 mol) in 80 mL of freshly
distilled DMF. The mixture was stirred overnight at 80°C under an argon
atmosphere. The product was extracted with ethyl acetate and the
combined organic layers were washed several times with a dilute HCl
solution, then with brine, and were finally dried over Na,SO,. Evaporation
of the solvent under reduced pressure left a yellow, oily residue. Column
chromatography (silica gel, eluent: AcOEt/pentane; 60/40) yielded 10
(10.26 g, 94 %) as a slightly yellow oil. 'H NMR (200 MHz, CDCl;, 20°C):
0=9.83 (s, 1H; CHO), 7.41 (d, *J(H,H) = 8.5 Hz, 1 H), 7.39 (s, 1H), 6.95 (d,
3J(H,H) =8.5 Hz, 1H), 6.05 (m, 1H), 5.37 (m, 2H), 4.68 (m, 2H; OCH,);
3C NMR (125.67 MHz, CDCl,): 6 =190.44, 153.05, 149.44, 131.91, 129.79,
126.13, 118.31, 111.53, 108.84, 69.33, 54.77 (h, 1C, ! J(C,D)=22.0 Hz;
OCD;); elemental analysis caled (%) for C,;HyD;0; (195.2): C 67.67, H
4.65; found C 67.86, H 4.38.

(4-Allyloxy-3-[D;]methoxyphenyl)methanol (11): Sodium borohydride
(2.6 g, 0.069 mol) was added in portions to a cooled solution of 10
(9.56 g, 0.049 mol) in 55 mL of methanol. Then the solution was allowed to
warm to room temperature and was stirred overnight at this temperature
under an argon atmosphere. Most of the solvent was removed under
reduced pressure and the solution was then acidified at 0°C with
portionwise addition of a concentrated HCI solution. The product was
then extracted with ethyl acetate. The combined organic extracts were
washed three times with brine and dried over Na,SO,. The solvent was then
stripped off to give 11 (8.79 g, 91 %) as a colorless solid. These crystals were
recrystallized in 75 mL of isopropanol ether. M.p. 68.0—69.0°C (by DSC);
'H NMR (200 MHz, CDCl;, 20°C): 6 =6.87 (m, 3H; Ar), 6.05 (m, 1H),
5.33 (m,2H),4.59 (m, 4H; 2 x OCH,), 1.64 (t, 1H, *J(H,H) =5.6 Hz; OH);
3C NMR (125.67 MHz, CDCl,): 6 =149.37, 147.30, 133.88, 133.17, 119.11,
117.90, 113.13, 110.62, 69.79, 65.06, 55.1 (h, 1 C, 'J(C,D) =22.0 Hz; OCD;);
elemental analysis caled (%) for C,;H;;D;0; (197.3): C 66.98, H 5.62; found
C 66.86, H 5.74.

2-(4-Allyloxy-3-[D;]methoxybenzyloxy)tetrahydropyran (13): A solution
of pyridinium p-toluenesulfonate (1.0 g, 3.95 mmol) in 16 mL of CH,CIl,
was poured into a solution of 11 (7.8 g, 39.5 mmol) and dihydropyran (5.0 g,
59.3 mmol, 1.5equiv) in dry THF (125 mL). The solution was stirred
overnight at room temperature under argon. The solvent was then stripped
off under reduced pressure to leave a residue, which was extracted with
diethyl ether. The combined organic extracts were washed twice with brine
and then dried over Na,SO,. After the solvent had been evaporated, the
oily residue was purified by chromatography on silica gel (eluent: diethyl
ether/pentane; 50/50) to give 13 as a slightly yellow oil (10.36 g, 93%).
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'H NMR (200 MHz, CDCl,, 20°C): 6 =6.84 (m, 3H; Ar), 6.05 (m, 1H),
5.32 (m, 2H), 4.70 (d, 1 H, 2J(H,H) = 11.7 Hz), 4.68 (m, 1H), 4.59 (m, 2H),
442 (d, 1H, %J(H,H) =11.7 Hz), 3.91 (m, 1H), 3.51 (m, 1 H), 1.90—1.48 (m,
6H); “C NMR (125.67 MHz, CDCl,): 6 =149.30, 14740, 133.31, 131.03,
120.33, 117.89, 113.08, 111.60, 97.53, 69.84, 68.75, 62.25, 55.01 (h, 1C,
1J(C,D) =23.0 Hz; OCD;), 30.57,25.43, 19.45; elemental analysis calcd (%)
for C;xH,sD;0, (281.4): C 68.30, H 6.81; found C 68.57, H, 6.52.

2-[D;]Methoxy-4-(tetrahydropyran-2-yloxymethyl)phenol (14): A solution
of 13 (3.0 g, 10.7 mmol), palladium acetate (0.180 g, 0.8 mmol), triphenyl-
phosphine (0.3 g, 1.16 mmol), diethylamine (60 mL), THF (150 mL), and
H,O (30 mL) was stirred at 80°C under argon for about three hours. The
dark solution was then stripped off under reduced pressure to leave a dark
residue, which was extracted with ethyl acetate. The organic layer was
washed once with water followed by filtration with filter paper to remove
insoluble dark material. The combined organic extracts were then washed
three times with brine and dried over Na,SO,. After removal of the solvent
under reduced pressure the oily residue was purified twice by chromatog-
raphy on silica gel (eluent: CH,Cl,/ Et,0; 85/15) to give 14 as a yellow oil
(2.01 g, 77%). '"H NMR (200 MHz, CDCl;, 20°C): 6 =6.87 (m, 3H; Ar),
5.57 (s, 1H; OH), 4.69 (d, 2J(H,H) =11.5 Hz, 1H), 4.64 (m, 1H), 4.40 (d,
2J(H,H)=11.5 Hz, 1H), 3.89 (m, 1H), 3.53 (m, 1H), 1.90-1.48 (m, 6 H);
13C NMR (125.67 MHz, CDCly): 0 =146.42, 145.16, 130.01, 121.32, 114.09,
110.75, 97.50, 68.91, 62.31, 55.06 (h, 1C, J(C,D) =22.0 Hz; OCD,), 30.61,
25.45,19.50; elemental analysis calcd (%) for C,;H;sD;0,, 0.1 H,O (243.1):
C 64.23, H 6.30; found C 64.02, H 6.14.

2-[4-(2-Bromoethoxy)-3-methoxybenzyloxy Jtetrahydropyran (20): A solu-
tion of PPTS (0.33 g, 1.3 mmol) in 5 mL of CH,CL, was added in one
portion to a mixture of 18 (3.4 g, 13 mmol) and dihydropyran (1.64 g,
20 mmol) in 40 mL of THF. The solution was stirred overnight at room
temperature under argon. The solvent was stripped off to leave a residue,
which was extracted with diethyl ether. The combined organic layers were
washed twice with brine, dried over Na,SO, and evaporated to leave an oily
residue. Chromatography on silica gel (diethyl ether/pentane; 40/60)
yielded compound 20 (3.6 g, 80 %) as a white solid. M.p. 46°C (by DSC);
'H NMR (200 MHz, CDCl;, 20°C):  =6.91-6.87 (m, 3H; Ar), 4.70 (d,
2J(H,H) =11.8 Hz, 1 H), 4.65 (m, 1H), 4.42 (d, */(H,H) = 11.8 Hz, 1 H), 4.30
(t,*J(H,H) =70 Hz, 2H; OCH,), 3.90 (m, 1 H), 3.86 (s, 3H; OCH,), 3.62 (t,
3J(H,H) =7.0 Hz, 2H; CH,Br), 3.55 (m, 1 H), 1.90-1.40 (m, 6 H) ; *C NMR
(125.67 MHz, CDCl;): 6 =149.75, 146.81, 132.34, 120.45, 114.60, 112.09,
97.61, 69.25, 68.63, 62.26, 55.94, 30.56, 28.84, 25.41, 19.44; elemental analysis
caled (%) for C;sH, O,Br (345.2): C 52.19, H 6.13; found: C 52.46, H 5.92.

2-[4-(2-[D,|Bromoethoxy)-3-[D;Jmethoxybenzyloxy]tetrahydropyran
(15): [D,4]1,2-Dibromoethane (5.01 g, 26.1 mmol) was added to a stirred
solution of 14 (1.98¢g, 8.2 mmol) and potassium carbonate (2.37 g,
17.2 mmol) in 40 mL of dry acetone. The mixture was stirred overnight at
80°C under an argon atmosphere. The solvent was stripped off to leave a
residue, which was extracted with diethyl ether. The combined organic
layers were washed three times with brine, dried over Na,SO,, and
evaporated under reduced pressure to leave a yellow, oily residue.
Chromatography on silica gel (diethyl ether/pentane: 40/60) yielded 15
(1.63 g, 56%) as a white solid. M.p. 45-46°C (by DSC); 'H NMR
(500 MHz, CDCl;, 20°C): 6 =6.91 (s, 1H; Ar), 6.86 (m, 2H; Ar), 4.70 (d,
2J(HH)= 12.0 Hz, 1H), 4.67 (m, 1H), 442 (d, 2/(H,H)=12.0 Hz, 1H),
3.91 (m, 1H), 3.53 (m, 1H), 1.90-1.80 (m, 1H), 1.78-1.66 (m, 1H), 1.66—
1.46 (m, 4H); *C NMR (125.67 MHz, CDCl,): 6 =149.76, 146.81, 132.33,
120.46, 114.55, 112.08, 97.64, 68.67, 68.42 (p, 'J(C,D) =22.0 Hz, 1C; OCD,),
62.30, 55.15 (h, 'J(C,D) =22.0 Hz, 1 C; OCD3), 30.58, 28.34 (p, 'J(C,D) =
22.0 Hz, 1C; BrCD,), 25.44, 19.47; elemental analysis calcd (%) for
C,5H,,0,D,Br (352.3): C 51.14, H 4.01; found C 50.94, H 4.22.

2-[4-(2-[D,IBromoethoxy)-3-methoxybenzyloxy]tetrahydropyran 19):
The workup described for the synthesis of 20 was applied. Derivative 19
(1.1 g, 83 %) was obtained from compound 17 (1.0 g, 3.8 mmol) in 20 mL of
THF, dihydropyran (0.48 g, 5.7 mmol) and PPTS (95 mg, 0.38 mmol)
dissolved in 3mL of CH,CL,. M.p. 45-46°C (by DSC); 'H NMR
(500 MHz, CDCl;, 20°C): 6 =6.91 (s, 1H; Ar), 6.86 (m, 2H; Ar), 4.70 (d,
2J(H,H) =11.5 Hz, 1 H), 4.66 (m, 1 H), 4.42 (d, */(H,H) = 11.5 Hz, 1 H), 3.90
(m, 1H), 3.86 (s, 3H; OCHs;), 3.53 (m, 1H), 1.90-1.80 (m, 1H), 1.78-1.66
(m, 1H), 1.66-1.46 (m, 4H); 3C NMR (125.67 MHz, CDCL;): 6 =149.72,
146.78, 132.30, 120.44, 114.53, 112.07, 97.60, 68.62, 68.36 (p, J(C,D)=
22.5Hz, 1 C; OCD,), 62.26, 55.93, 30.55, 28.13 (p, 'J(C,D)=22.5Hz, 1 C,
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BrCD,), 25.40, 19.43; elemental analysis caled (%) for C,sH,,0,D,Br
(349.3): C 51.58, H 4.91; found C 51.65, H 4.77.

2-[4-(2-Iodoethoxy)-3-methoxybenzyloxy]tetrahydropyran (23)

General procedure A: Sodium iodide (18 g, 0.12 mol, 10 equiv) was added
in one portion to a stirred solution of 20 (4.15 g, 12.0 mmol) in dry acetone
(55 mL). The solution was refluxed overnight under argon atmosphere.
After it had cooled to room temperature, the solvent was stripped off under
reduced pressure to leave a yellow residue. Chromatography on silica gel
(eluent: diethyl ether/pentane; 60/40) yielded 23 as a white solid (4.40 g,
94%). M.p. 47-48°C (by DSC); 'H NMR (500 MHz, CDCl;, 20°C): 6 =
6.91 (s, 1H; Ar), 6.85 (m, 2H; Ar), 4.70 (d, 2/(H,H) = 11.5 Hz, 1 H), 4.67 (m,
1H), 442 (d, 2J(HH)=115Hz, 1H), 4.27 (t, 3J(HH)=75Hz, 2H;
OCH,), 391 (m, 1H), 3.86 (s, 3H; OCH;), 3.53 (m, 1H), 3.41 (t,
3J(HH)=75Hz, 2H; CH,I), 1.90-1.80 (m, 1H), 1.78-1.66 (m, 1H),
1.66-1.46 (m, 4H); C NMR (125.67 MHz, CDCl;): 6 =149.72, 146.63,
132.29, 120.48, 114.57, 112.10, 97.63, 70.19, 68.66, 62.29, 55.97, 30.57, 25.42,
19.45, 1.06; elemental analysis caled (%) for C;sH,,0,1 (392.2): C 45.93, H
5.40; found C 45.74, H 5.42.

2-[4-(2-[D,]Iodoethoxy)-3-methoxybenzyloxy]tetrahydropyran (22): Ac-
cording to general procedure A, compound 22 (1.67 g, 95 %) was obtained
from 19 (1.55 g, 4.4 mmol) and sodium iodide (6.6 g, 44 mmol) in dry
acetone (40 mL). M.p. 47-48°C (by DSC); 'H NMR (500 MHz, CDCl;,
20°C): 6 =6.915 (d, */(H,H) =2.0 Hz, 1 H; Ar), 6.87 (dd, */(H,H) =2.0 Hz,
3J(HH)=8.0 Hz, 1H; Ar), 6.84 (d, *J(H,H)=8.0 Hz, 1H; Ar), 4.71 (d,
2J(HH) =12.0 Hz, 1H), 4.67 (m, 1 H), 4.42 (d,%/(H,H) = 12.0 Hz, 1H), 3.91
(m, 1H), 3.86 (s, 3H; OCHs;), 3.53 (m, 1H), 1.90-1.80 (m, 1H), 1.76-1.68
(m, 1H), 1.65-1.48 (m, 4H); *C NMR (125.67 MHz, CDCl;):  =149.67,
146.58, 132.23, 120.45, 114.48, 112.06, 97.59, 69.30 (p, 'J(C,D)=22.0 Hz,
1C; OCD,), 68.62, 62.25, 55.93, 30.54, 25.40, 19.43, 0.56 (p, 'J(C.D)=
22.0Hz, 1C; CD,l); elemental analysis caled (%) for C;sH;;O,D,I
(396.3): C 45.47, H 4.32; found C 45.20, H 4.13.

2-[4-(2-[D,]Iodoethoxy)-3-[D;]Jmethoxybenzyloxy]tetrahydropyran (21):
According to general procedure A, compound 21 (1.16g, 97%) was
obtained from 15 (1.02 g, 3.0 mmol) and sodium iodide (4.43 g, 30 mmol) in
dry acetone (30 mL). M.p. 47-48°C (by DSC); 'H NMR (500 MHz,
CDCl,;, 20°C): 6 =6.91 (s, 1 H; Ar), 6.86 (m, 2H; Ar), 4.70 (d, 2J(HH) =
11.5 Hz, 1 H), 4.66 (m, 1H), 4.42 (d, 2/(H,H) = 11.5 Hz, 1 H), 3.91 (m, 1H),
3.53 (m, 1H), 1.90-1.80 (m, 1H), 1.76-1.68 (m, 1H), 1.65-1.48 (m, 4H);
BC NMR (125.67 MHz, CDCLy): 6 =149.68, 146.58, 132.24, 120.43, 114.49,
112.04, 97.60, 69.31 (p, YJ(C.D) =22.0 Hz, 1 C; OCD,), 68.64, 62.27,55.11 (h,
1J(C,D)=22.0Hz, 1C; OCD;), 30.55, 25.41, 19.44, 0.56 (p, J(C.D)=
22.0Hz, 1C; CD,l); elemental analysis caled (%) for C;sH;,0O,D-I
(399.3): C 45.12, H 3.53; found C 45.37, H 3.30.

[4-(2-[D,]Iodoethoxy)-3-[D;]methoxyphenylJmethanol (24): Pyridinium
p-toluenesulfonate (83 mg, 0.33 mmol) was added in one portion to a
stirred solution of 21 (1.3 g, 3.3 mmol) in ethanol (15 mL). The solution was
heated at 55°C for 5 hours. The solvent was stripped off under reduced
pressure to leave a residue, which was extracted with ethyl acetate. The
combined organic extracts were washed with brine and then dried over
Na,SO,. Evaporation of the solvent under reduced pressure left a solid,
which was purified by chromatography on silica gel (AcOEt/pentane:
50/50), yielding 24 (0.99 g, 97 %) as a white solid. M.p. 85°C (by DSC);
'H NMR (200 MHz, CDCl;, 20°C): 6 =6.93-6.85 (m, 3H; Ar), 4.62 (d,
*J(H,H) =5.1 Hz, 2H; CH,), 1.60 (t, *J(H,H) = 5.1 Hz, 1H; OH); *C NMR
(125.67 MHz, CDCly): 6 = 149.82, 146.62, 134.99, 119.29, 114.55, 111.09,
69.31 (p, J(C,D) =22.1 Hz, 1 C; OCD,), 65.10, 54.94 (h, 'J(C,D) =22.0 Hz,
1C, OCDs;), 0.68 (p, 'J(C,D) =22.0 Hz, 1 C; CD,I); elemental analysis calcd
(%) for C,,H;O;D,I (315.2): C 38.11, H 1.92; found C 38.30, H 1.97.

[4-(2-[D,]Bromoethoxy)-3-methoxyphenylmethanol (17): [D,]1,2-dibro-
moethane (6.4 g, 33.3 mmol) was added to a stirred solution of vanillic
alcohol (1.5 g, 9.73 mmol) and potassium carbonate (2.69 g, 19.5 mmol) in
acetone (40 mL). The mixture was stirred overnight at 80 °C under an argon
atmosphere. The solvent was stripped off under reduced pressure to leave a
residue, which was extracted with ethyl acetate. The combined organic
layers were washed twice with water, dried over Na,SO,, and evaporated
under reduced pressure. Chromatography on silica gel (CH,Cl,/AcOEt:
70/30) yielded 17 as a white solid (1.23 g, 48%). The solid was then
recrystallized in a mixture of diethyl ether and pentane. M.p. 71.5°C;
'"HNMR (200 MHz, CDCl;,20°C):  =6.94 (s, 1 H; Ar), 6.865 (m, 2H; Ar),
4.62 (d,*J(H,H) = 6.0 Hz, 2H; CH,), 3.87 (s, 3H; OCH,), 1.60 (t, 3/(H,H) =
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6.0 Hz, 1H; OH); *C NMR (125.67 MHz, CDCl;): 6 =149.79, 146.74,
135.06, 119.26, 114.55, 111.10, 68.36 (p, J(C,D)=22.0 Hz, 1C; OCD,),
64.96, 55.87, 28.14 (p, J(C,D) =22.5 Hz, 1C; CD,Br); elemental analysis
caled (%) for C,,HoO3D,Br (265.1): C 45.30, H 3.42; found C 45.39, H 3.71.
2,7,12-Tris(allyloxy)-3,8,13-[ D;]trimethoxy-10,15-dihydro-5H-tribenzo-
[a,d,g]lcyclononene (12): This compound was prepared according to a
known procedure.?! Deuterated starting material 11 (21.1 g, 0.107 mmol)
gives derivative 12 (7.5 g, 39 %) as a white solid after chromatography on
silica gel (CH,CL/Et,0: 97/3). M.p. 171-172°C; 'H NMR (500 MHz,
CDCl;,20°C): 0 =6.83 (s,3H; Ar), 6.77 (s, 3H; Ar), 6.04 (m, 3H), 5.28 (m,
6H), 4.72 (d, 2J(H,H)=13.6 Hz, 3H), 4.58 (m, 6H), 3.49 (d, 2J(HH) =
13.6 Hz, 3H); C NMR (125.67 MHz, CDCl;): 6 =148.06 (3C), 146.60
(30), 133.65 (3C), 132.22 (3C), 131.59 (3C), 11747 (3C), 115.37 (3C),
113.38 (3C), 70.08 (3C), 55.16 (h, 'J(C,D)=22.0 Hz, 3C; OCD;), 36.45
(3C); elemental analysis calcd (% ) for Cy3H,,04Dy (537.7): C 73.72, H 5.06;
found C 73.69, H 5.41.

3,8,13-[D;] Trimethoxy-10,15-dihydro-5H-tribenzo[ a,d,g]cyclononene-
2,7,12-triol (9): A solution of 12 (2.2 g, 4.1 mmol), palladium acetate (61 mg,
0.28 mmol), triphenylphosphine (0.21 g, 0.8 mmol), diethylamine (20 mL),
THF (50 mL), and H,O (10 mL) was stirred at 80°C under an argon
atmosphere for about three hours. The dark solution was then stripped off
under reduced pressure and the product extracted with ethyl acetate. The
organic layer was washed once with water followed by filtration with filter
paper to remove insoluble dark material. The combined organic layers
were washed three times with brine and then dried over Na,SO,.
Evaporation of the solvent under reduced pressure left a yellow solid,
which was filtered on a frit and washed three times with diethyl ether to
yield 9 (1.15 g, 67 %) as white solid. M.p. >300°C; 'H NMR (500 MHz,
CDCl;,20°C): 6 =6.86 (s, 3H; Ar), 6.76 (s, 3H; Ar), 5.39 (s, 3H; OH), 4.69
(d, 2J(H,H)=13.5Hz, 3H), 3.48 (d, 2J(H,H)=13.5 Hz, 3H); *C NMR
(125.67 MHz, CDCl,): 6 =145.18 (3C), 144.07 (3C), 132.40 (3C), 131.18
(30), 115.39 (3C), 112.19 (3C), 55.0 (h, J(C,D)=22.0 Hz, 3C; OCD;),
36.27 (3C); elemental analysis calcd (%) for C,,H,;s04Dy, 3/4 H,O (431.0):
C 66.88, H 3.86; found C 66.80, H 3.86; HRMS (LSIMS) exact mass calcd
for C,,H;504Dy [M]* 4172138, found 417.2144.
12-[2-(4-Hydroxymethyl-2-methoxyphenoxy)ethoxy]-3,8,13-trimethoxy-
10,15-dihydro-5H-tribenzo[a,d,g]cyclononene-2,7-diol (31): Compound 30
(0.44 g, 1.43 mmol) was added in one portion to a stirred solution of 25
(0.6 g, 1.47 mmol) and cesium carbonate (0.96 g, 2.95 mmol) in dry DMF
(35 mL). The solution was then heated for 18 h at 80°C under argon. After
cooling, the dark mixture was poured into water and the product extracted
with ethyl acetate. The combined organic layers were washed several times
with brine and then dried over Na,SO,. The solvent was stripped off by
rotary evaporation to leave a residue, which was purified by chromatog-
raphy on silica gel (eluent: AcOEt). The second spot observed by TLC was
collected and identified, after evaporation of the solvent, as the expected
derivative 31 (0.258 g,30 % ). '"H NMR (500 MHz, CDCl;, 20°C): 6 =6.98 —
6.77 (m, 9H; Ar), 5.40 (s, 1H; OH), 5.38 (s, 1H; OH), 4.72 (d, 2(H,H) =
13.5 Hz, 1H), 4.70 (d, 2/(H,H) =13.5 Hz, 2H), 4.605 (d, *J(H,H) = 6.0 Hz,
2H; OCH,), 4.32 (m, 4H; OCH,CH,0), 3.84 (s, 3H; OCHs;), 3.81 (s, 3H;
OCH,), 3.79 (s, 3H; OCHj;), 3.71 (s, 3H; OCHj;), 3.50 (d, 2/(H,H) =
13.5 Hz, 1H), 3.49 (d, 2J(H,H) =13.5 Hz, 2H), 1.60 (t, 3J(H,H) =6.0 Hz,
1H; OH); BC NMR (125.67 MHz, CDCL;): 6 =149.62, 148.48, 147.55,
146.62, 145.21 (2C), 144.09, 144.06, 134.31, 133.05, 132.48, 132.20, 131.92,
131.22, 131.15, 119.39, 116.73, 115.52, 115.48, 113.73, 113.68, 112.15 (2C),
110.92, 68.14, 67.66, 65.23, 56.13, 56.02, 55.99, 55.76, 36.36, 36.26, 36.21;
HRMS (LSIMS): exact mass calcd for C3H3;Oo [M]" 588.2366, found
588.2359.
12-[2-(4-Hydroxymethyl-2-[D;]methoxyphenoxy)-[D,]ethoxy]-3,8,13-tri-
methoxy-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene-2,7-diol 32):
Compound 24 (0.46 g, 1.46 mmol) was added in one portion to a stirred
solution of 25 (0.6 g, 1.47 mmol) and cesium carbonate (0.96 g, 2.94 mmol)
in DMF (35 mL). The mixture was stirred for 18 h at 80 °C under argon and
then poured into water. The same workup used for compound 31 was
applied to yield 32 as a white glassy solid (0.173 g, 20%). 'H NMR
(500 MHz, CDCl;, 20°C): 6=6.97-6.77 (m, 9H; Ar), 5.42 (s, 1H; OH),
5.39 (s, 1H; OH), 4.72 (d, */(H,H)=13.5Hz, 1H), 4.69 (d, 2/(HH)=
13.5Hz, 2H), 4.605 (d, 3J(H,H)=5.0Hz, 2H; OCH,), 3.84 (s, 3H;
OCH,), 3.81 (s, 3H; OCHj;), 3.71 (s, 3H; OCHj;), 3.50 (d, 2/(H,H) =
13.5 Hz, 1H), 3.49 (d, 2J(H,H) =13.5 Hz, 2H), 1.61 (t, 3J(H,H)=5.0 Hz,
1H; OH); BC NMR (125.67 MHz, CDCl;): d =149.59, 148.45, 14751,
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146.59, 145.23, 145.21, 144.08, 144.05, 134.30, 133.03, 132.48, 132.19, 131.92,
131.22, 131.14, 119.35, 116.65, 115.54, 115.48, 113.74, 113.64, 112.17 (2C),
110.89, 68.0 (m, 2C; OCD,CD,0), 65.20 (s, 1C; CH,OH), 56.11 (s, 1C;
OCH;), 56.01 (s, 1C; OCHj;), 55.98 (s, 1C; OCH;), 55.0 (m, 1C; OCD3),
36.34,36.23 (2C); MS (LSIMS, NBA-Li*): m/z (%): 602.1 (30.3) [M+Li]",
244.0 (18.5), 209.0 (20.0), 90.8 (35).

2,7,12-Trimethoxy-3,8,13-tris-{2-[2-methoxy-4-(tetrahydropyran-2-yloxy-
methyl)phenoxy]ethoxy}-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene (26):

General procedure B: Derivative 23 (1.77 g, 4.5 mmol) was added to a
stirred solution of 25 (0.46 g, 1.12 mmol) and cesium carbonate (2.20 g,
6.76 mmol) in dry DMF (20 mL). The mixture was heated for 18 h at 80°C
under argon. After cooling the mixture was poured into water and the
product extracted with ethyl acetate. The combined organic layers were
washed several times with brine and were then dried over Na,SO,. The
solvent was stripped off by rotary evaporation to leave a yellow residue,
which was purified by chromatography on silica gel (AcOEt/CH,Cl,:
50/50). Compound 26 was collected as a white, glassy solid (0.95 g, 71 %).
'"H NMR (500 MHz, CDCl;, 20°C): 6 =7.01-6.83 (m, 15H; Ar), 4.72 (d,
2J(H,H) =13.0 Hz, 3H), 4.70 (d, 2J(H,H) = 12.0 Hz, 3H), 4.66 (m, 3H), 4.42
(d,2J(H,H) =12.0 Hz, 3H), 4.34 (m, 12H; OCH,CH,0), 3.90 (m, 3H), 3.85
(s, 9H; OCHs;), 3.72 (s, 9H; OCH,), 3.525 (m, 3H), 3.52 (d, 2J/(H,H) =
13.0 Hz, 3H), 1.90-1.80 (m, 3H), 1.78-1.66 (m, 3H), 1.66-1.46 (m, 12H);
BCNMR (125.67 MHz, CDCl,): 6 =149.41 (3C), 148.42 (3C), 14747 (3C),
146.78 (3C), 132.89 (3C), 131.75 (3C), 131.52 (3C), 120.46 (3C), 116.52
(3C), 113.70 (3C), 113.50 (3C), 111.83 (3C), 97.52 (3C), 68.65 (3C), 68.10
(3C), 67.58 (3C), 62.22 (3C), 56.11 (3C), 55.80 (3C), 36.33 (3C), 30.53
(3C), 2538 (3C), 19.42 (3C); HRMS (LSIMS): exact mass calcd for
CyoHgO15 [M]* 1200.5658, found 1200.5666.

2,7,12-Trimethoxy-3,8,13-tris-{2-[ 2-methoxy-4- (tetrahydropyran-2-yloxy-
methyl)phenoxy]-[D,]ethoxy}-10,15-dihydro-5SH-tribenzo[a,d,g]cyclonon-
ene (27): According to general procedure B, derivative 27 (0.98 g, 85%)
was obtained from cyclotriveratrylene 25 (0.4 g, 0.98 mmol), compound 22
(1.4 g, 3.54 mmol), and cesium carbonate (1.92 ¢, 5.9 mmol) in DMF
(20 mL). "H NMR (500 MHz, CDCl;, 20°C): 6 =7.00-6.83 (m, 15H), 4.72
(d, 2J(H,H) =13.5 Hz, 3H), 4.70 (d, 2/(H,H) = 11.5 Hz, 3H), 4.66 (m, 3H),
4.42 (d,%J(H,H) =11.5 Hz, 3H), 3.915 (m, 3H), 3.85 (s, 9H; OCHj;), 3.72 (s,
9H; OCH,), 3.525 (m, 3H), 3.52 (d, 2J(H,H) = 13.5 Hz, 3H), 1.90 - 1.80 (m,
3H), 1.78-1.66 (m, 3H), 1.66-1.46 (m, 12H); “C NMR (125.67 MHz,
CDClL;): 6=149.46 (3C), 148.47 (3C), 14753 (3C), 146.82 (3C), 132.92
(30C), 131.81 (3C), 131.56 (3C), 120.54 (3C), 116.51 (3C), 113.75 (3C),
113.50 (3C), 111.87 (3C), 97.60 (3C), 68.72 (3C), 68.0-66.0 (m, 6C;
OCD,(CD,0), 62.30 (3C), 56.18 (3C), 55.87 (3C), 36.41 (3C), 30.59 (3C),
25.44 (3C), 19.48 (3C); HRMS (LSIMS, NBA-Li"): exact mass calcd for
CgH7,0,3Dy;Li; 12176430 [M — D+Li]*, found 1217.6471.

2,7,12-[ D;] Trimethoxy-3,8,13-tris-{2-[2-[ D;]methoxy-4-(tetrahydropyran-
2-yloxymethyl)phenoxy]-[D4]ethoxy}-10,15-dihydro-5SH-tribenzo[a,d,g]cy-
clononene (29): According to general procedure B, derivative 29 (1.05 g,
89%) was obtained from deuterated cyclotriveratrylene 9 (0.4 g,
0.96 mmol), derivative 21 (1.38g, 3.5 mmol), and cesium carbonate
(1.88 g, 5.8 mmol) in dry DMF (20 mL). 'H NMR (500 MHz, CDCl;,
20°C): 6=700-6.82 (m, 15H; Ar), 4.72 (d, 2J(H,H) =12.5 Hz, 3H), 4.70
(d, 2J(H,H) =11.5 Hz, 3H), 4.66 (m, 3H), 4.42 (d, 2J(H,H) =11.5 Hz, 3H),
3.89 (m,3H), 3.525 (m, 3H), 3.52 (d, 2/(H,H) = 12.5 Hz, 3H), 1.90 - 1.80 (m,
3H), 1.78-1.66 (m, 3H), 1.66-1.46 (m, 12H); C NMR (125.67 MHz,
CDClL): 6=149.43 (3C), 148.44 (3C), 147.50 (3C), 146.78 (3C), 132.91
(3C), 131.76 (3C), 131.54 (3C), 120.50 (3C), 116.49 (3C), 113.71 (3C),
113.48 (3C), 111.83 (3C), 97.58 (3C), 68.70 (3C), 68.0-66.0 (m, 6C;
OCD,(CD,0), 62.28 (3C), 56.0-54.0 (6C, m; OCDs), 36.39 (3C), 30.58
(3C), 2543 (3C), 19.46 (3C); MS (LSIMS, NBA): m/z (%): 1230.8 (60)
[M]*, 925.6 (100).

2,7,12-Trimethoxy-3,8,13-tris{2-[2-[D;]methoxy-4-(tetrahydropyran-2-
yloxymethyl)phenoxy]-[D,]ethoxy}-10,15-dihydro-5H-tribenzo[a,d,g]cy-
clononene (28): According to general procedure B, compound 28 (0.83 g,
69%) was prepared from cyclotriveratrylene 25 (0.4 g, 0.98 mmol),
compound 21 (1.38 g, 3.5 mmol), and cesium carbonate (1.88 g, 5.8 mmol)
in DMF (20 mL). '"H NMR (500 MHz, CDCl;, 20°C): 6 =7.00-6.83 (m,
15H; Ar),4.72 (d,%/(H,H) =13.0 Hz, 3H), 4.70 (d, 2/(H,H) = 11.5 Hz, 3H),
4.66 (m, 3H), 4.42 (d, */(H,H) =11.5 Hz, 3H), 3.89 (m, 3H), 3.72 (s, 9H;
OCH,), 3.525 (m, 3H), 3.52 (d, 2/(H,H) = 13.0 Hz, 3H), 1.90- 1.80 (m, 3H),
1.78-1.66 (m, 3H), 1.66-1.46 (m, 12H); C NMR (125.67 MHz, CDCl,):

1572

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

6=149.44 (3C), 148.46 (3C), 14751 (3C), 146.80 (3C), 132.90 (3C), 131.80
(3C), 131.55 (3C), 120.50 (3C), 116.49 (3C), 113.74 (3C), 11349 (3C),
111.84 (3C), 97.59 (3C), 68.71 (3 C), 68.0—66.0 (m, 6 C; OCD,CD,0), 62.29
(3C), 56.17 (3C), 55.04 (h, 3C, 'J (C.D)=22.1 Hz; OCD), 36.40 (3C),
3059 (3C), 25.43 (3C), 19.47 (3C); MS (LSIMS, NBA): m/z (%): 1221.1
(53.1) [M]*, 916.4 (100).

{3-[D;]Methoxy-4-[2-(3,8,13-trimethoxy-7,12-bis{2-[2-methoxy-4-(tetrahy-
dropyran-2-yloxymethyl)phenoxy]-[D,]ethoxy}-10,15-dihydro-5H-triben-
zo[a,d,g]cyclononen-2-yloxy)-[D,]ethoxy]phenyljmethanol (34): Accord-
ing to general procedure B, compound 34 (0.63 g, 78 % ) was obtained from
derivative 32 (0.43 g, 0.71 mmol), compound 22 (0.68g, 1.7 mmol,
2.4 equiv) and cesium carbonate (0.93 g, 2.85mmol) in dry DMF
(20 mL). '"H NMR (500 MHz, CDCl;, 20°C): 6=7.00-6.79 (m, 15H;
Ar), 4.72 (d, 2J(HH) =13.0 Hz, 3H), 4.70 (d, 2/(H,H) = 11.5 Hz, 2H), 4.66
(m, 2H), 4.59 (d, 3/(H,H)=6.0Hz, 2H; CH,0H), 4.42 (d, 2J(H.H)=
11.5 Hz, 2H), 3.91 (m, 2H), 3.84 (s, 6H; OCH;), 3.725 (s, 3H; OCHj;),
3.72 (s, 3H; OCH,), 3.67 (s, 3H; OCH,), 3.525 (m, 2H), 3.52 (d, 2/(H,H) =
13.0 Hz, 3H), 1.90-1.50 (m, 13H; THP + OH); BC NMR (125.67 MHz,
CDCl,): 0 =149.36, 149.24 (2 C), 148.27, 148.22, 148.16, 147.31 (2C), 147.07,
146.55 (2C), 146.53, 134.56, 132.75, 132.74, 132.71, 131.64 (2C), 131.58,
131.32 (2C), 120.31 (2C), 118.98,116.43,116.29, 116.24,113.51 (4 C), 113.33
(2C), 111.68 (2C), 110.62, 97.36 (2C), 68.48 (2C), 68.0-66.0 (m, 6C;
0OCD,(CD,0), 64.65, 62.03 (2C), 55.93 (s, 1 C; OCH3;), 55.90 (s, 1 C; OCH,),
55.87 (s, 1C; OCH,), 55.62 (s,2C; OCH3;), 54.48 (1C, h, 'J(C,D) =22.0 Hz;
0OCD;), 36.09 (3C),30.35(2C),25.21 (2C), 19.23 (2C); MS (LSIMS, NBA):
miz (%): 1131.7 (65.6) [M]*, 910.4 (100).

{3-Methoxy-4-[2-(3,8,13-trimethoxy-7,12-bis{2-[ 2-methoxy-4-(tetrahydro-
pyran-2-yloxymethyl)phenoxy]-[D,]ethoxy}-10,15-dihydro-5H-tribenzo-
[a,d,g]cyclononen-2-yloxy)ethoxy]phenyljmethanol (33): According to
general procedure B, derivative 33 (0.30 g, 78%) was prepared from
derivative 31 (0.2 g, 0.34 mmol), compound 22 (0.30 g, 0.75 mmol), and
cesium carbonate (0.44 g, 134 mmol) in DMF (15mL). 'H NMR
(500 MHz, CDCl;, 20°C): 6=6.99-6.78 (m, 15H; Ar), 4.72 (d,
2J(HH)=13.5Hz, 3H), 4.70 (d, 2J(H,H)=11.5Hz, 2H), 4.65 (m, 2H),
4.58 (d, 3J(H,H) =6.0 Hz, 2H; CH,0H), 4.41 (d, 2J(H,H) =11.5 Hz, 2H),
4.32 (m, 4H; OCH,CH,0), 3.89 (m, 2H), 3.83 (s, 6H; OCH3,), 3.74 (s, 3H;
OCHs;), 3.71 (s,3H; OCHj;), 3.705 (s, 3H; OCH3), 3.66 (s, 3H; OCH,), 3.515
(m, 2H), 3.51 (d, ¥/(H,H)=13.5Hz, 3H), 1.90-1.50 (m, 13H; THP +
OH); BC NMR (125.67 MHz, CDCL;): 6 =149.59, 149.38 (2C), 148.47,
148.39, 148.32, 14745 (2C), 147.34, 146.74, 146.72, 146.71, 134.54, 132.94,
132.88, 132.83, 131.78 (2C), 131.72, 131.49 (2C), 120.47 (2C), 119.25,
116.68, 116.43, 116.39, 113.74, 113.68 (2C), 113.45 (3C), 111.81 (2C),
110.84, 97.52 (2C), 68.65 (2C), 68.08, 68.0-66.0 (m, 4C; OCD,CD,0),
67.69, 65.02, 62.21 (2C), 56.11 (OCHj;), 56.08 (OCHs;), 56.04 (OCH,), 55.79
(2C, OCH3), 55.66 (OCHs;), 36.31 (3C), 30.51 (2C), 25.36 (2C), 19.39 (2C);
MS (LSIMS, NBA): m/z (%): 1124.5 (72.7) [M]*, 903.3 (100). HRMS
(LSIMS): exact mass caled for CgHgO;Dg 1124.5585 [M]*, found
1124.5637.

(£)-Cryptophane-A (1): General procedure C: In a 1 L rotary evaporator
flask, 26 (550 mg) was dissolved in chloroform (6 mL). Then 600 mL of
formic acid was added in one portion and the solution was heated at 55—
60°C for three hours with slow rotation. Then the solvent was stripped off
under reduced pressure and chloroform was added to remove residual
formic acid by azeotropic distillation. The cryptophane was purified by
column chromatography on silica gel (CH,Cly/acetone: 90/10) and then
washed with a few mL of diethyl ether on a frit. A second run of column
chromatography (CH,Cl,/acetone: 90/10) yielded pure 1 (0.27 g, 60%).
M.p. decomp above 300°C.I']

(+)-Cryptophane 2: According to general procedure C cryptophane 2
(0.30 g, 74 % ) was obtained from starting material 33 (0.51 g, 0.45 mmol) in
550 mL of formic acid. M.p. decomp above 300°C; 'H NMR (500 MHz,
CDCl;, 20°C): 0 =6.74 (s, 6H; Ar), 6.65 (s, 6H; Ar), 4.58 (d, 2/(H,H) =
13.5 Hz, 6H; CHa), 4.15 (m, 4H; OCH,CH,0), 3.78 (s, 18H; OCHj;), 3.39
(d, 2J(H,H)=13.5Hz, 6H; CHe); *C NMR (125.67 MHz, CDCLy): 6 =
149.50 (6C), 146.47 (6C), 134.02 (6C), 131.46 (6C), 120.68 (6C), 113.55
(6C), 69.21 (2C, OCH,CH,0), 69.0-68.0 (m, 4C; OCD,CD,0), 55.56 (s,
6C; OCD;), 36.10 (s, 6C; CH,); elemental analysis caled (%) for
C5,H,s01,Dg - 1.9CHCI; (1129.9): C 59.42, H 4.27; found: C 59.25, H 4.24.

(£)-Cryptophane 3: According to general procedure C, cryptophane 3
(0.3 g, 73%) was obtained from starting material 27 (0.55 g, 0.47 mmol) in
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formic acid (550 mL). M.p. decomp above 300°C; 'H NMR (500 MHz,
CDCl;, 20°C): 6 =6.74 (s, 6H; Ar), 6.66 (s, 6H; Ar), 4.58 (d, 2J(H,H) =
14.0 Hz, 6H; CHa), 3.78 (s, 18 H; OCHj), 3.39 (d, 2J(H,H) =14.0 Hz, 6 H;
CHe); BC NMR (125.67 MHz, CDCl;): 6 =149.48 (6C), 146.43 (6C),
133.99 (6C), 131.43 (6C), 120.65 (6C), 113.51 (6C), 68.37 (m, 6C;
OCD,CD,0), 55.53 (6C), 36.06 (6C); elemental analysis calcd (%) for
CyH,;,0,,D, - 2.0CHCI, (1145.8): C 58.70, H 3.87; found C 58.79, H 3.61.
(£)-Cryptophane 4: According to general procedure C, cryptophane 4
(0.35 g, 70 %) was obtained from starting material 34 (0.625 g, 0.55 mmol)
in formic acid (650 mL). M.p. decomp above 300°C; 'H NMR (500 MHz,
CDCl;, 20°C): 6=6.74 (6H, s, Ar), 6.66 (2s, SH + 1H; Ar), 4.58 (d,
2J(H,H)=13.5Hz, 6H; CHa), 3.78 (s, 15H; OCHj;), 3.39 (d, 2/(H,H) =
13.5Hz, 6H; CHe); C NMR (125.67 MHz, CDCl;): 6 =149.56 (6C),
146.52 (6C), 134.06 (6C), 131.52 (5C), 131.48 (1C), 120.73 (6C), 113.61
(50), 113.57 (1C), 69.0-68.0 (p, J(C,D)=21.0Hz, 6 C; OCD,CD,0),
55.61 (5C, OCH,;), 54.61 (h, 'J (C,D)=22.0 Hz, 1C; OCD;), 36.16 (6C);
elemental analysis calcd (%) for Cs,H300;,D;5- 1.9 CHCl; (1136.9): C 59.06,
H 3.63; found C 59.10, H 3.64.

(£)-Cryptophane 5: According to general procedure C, cryptophane 5
(0.375 g, 63 %) was prepared from starting material 28 (0.8 g, 0.65 mmol) in
formic acid (500 mL). M.p. decomp above 300°C; 'H NMR (500 MHz,
CDCl;,20°C): 6 =6.74 (s, 6 H; Ar), 6.65 (s, 3H; Ar), 6.648 (s, 3H; Ar), 4.58
(d, 2J(H,H) =13.5 Hz, 6 H; CHa), 3.78 (s, 9H; OCH,), 3.39 (d, 2/(H,H) =
13.5Hz, 6H; CHe); *C NMR (125.67 MHz, CDCl,;): 6 =149.51 (6C),
146.47 (6C), 134.02 (6C), 131.48 (3C), 131.44 (3C), 120.68 (6C), 113.56
(3C),113.53 (3C), 68.40 (m, 6 C; OCD,CD,0), 55.57 (3C, OCHj;), 54.75 (h,
1J(C,D)=22.5Hz, 3C, OCD;), 36.11 (6C); elemental analysis calcd (%)
for Cy,H3;0,,D,, - 1.7CHCl; (1119.1): C 59.78, H 3.13; found C 59.99, H
3.10.

(£)-Cryptophane 6: According to general procedure C, cryptophane 6
(0.30 g, 72% ) was prepared from starting material 29 (0.556 g, 0.45 mmol)
in formic acid (550 mL). M.p. decomp above 300°C; 'H NMR (500 MHz,
CDClL,, 20°C): 8 =6.74 (s, 6H; Ar), 6.65 (s, 6H; Ar), 4.58 (d, 2/(H,H) =
14.0 Hz, 6H, CHa), 3.39 (d, %J(H,H)=14.0 Hz, 6H; CHe); 3C NMR
(125.67 MHz, CDCly): 6=149.51 (6C), 146.46 (6C), 134.03 (6C), 131.45
(6C), 120.68 (6C), 113.53 (6C), 68.42 (m, 6C; OCD,CD,0), 54.57 (h,
1J(C,D)=22.0 Hz, 6C, OCH,), 36.11 (6C); HRMS (LSIMS): exact mass
caled for Cs4H,,0,,D3, 924.5498 [M]*, found 924.5491.
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